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EXECUTIVE SUMMARY

Methylmercury, an organic form of mercury, is present in at least trace amounts in the vast majority of fish.  Because it occurs naturally in the environment as a result of geologic and biological processes, it is part of the food chain and humans have been ingesting it ever since fish became part of the human diet.  In recent times it is being added to the environment as a result of human activity. 

In the United States, fish are essentially the only source of exposure to methylmercury.  Concerns about adverse health effects from methylmercury in fish have led the Food and Drug Administration (FDA) in conjunction with the Environmental Protection Agency (EPA) to issue advice to: (a) pregnant women, (b) women who might become pregnant, (c) lactating mothers, and (d) young children, about how much and what kinds of fish they should eat.  This report is intended to improve FDA’s understanding of the health consequences of exposure to methylmercury from eating fish that are sold in interstate commerce (“commercial fish”).   It includes a review of peer-reviewed and published research studies reported in the scientific literature that are germane to this matter.  It also includes a quantitative risk assessment of several health effects from eating commercial fish containing methylmercury.  

The Health Endpoints Studied in this Report
This report focuses on the two categories of health endpoints for which there are reports in the scientific literature of statistical associations between methylmercury and adverse effects:  neurological and cardiovascular.  
Neurological

Methylmercury is neurotoxic at high levels of exposure.  Extreme poisoning incidents in Japan and Iraq in the mid 20th century, where exposures were often at least 100 times greater than ordinary exposures in the United States today, caused epidemics of neurological effects ranging from mild to fatal.  Developing fetuses were harmed from methylmercury that had been passed to them by their mothers.  The fetus was often more sensitive to methylmercury than the mother.   Consequently, this report examines both prenatal exposure to methylmercury and postnatal exposure by children and adults.  We examine children’s postnatal exposure separately because their nervous systems are still developing.  

Prenatal Exposure (the Developing Fetus)

Exposures to methylmercury as high as those in the Japan and Iraq poisoning events have not been reported again.  Nevertheless, because of the fetal sensitivity revealed by those events, a focus of research has been whether methylmercury can still be neurotoxic to the fetus as a result of the mother’s consumption of fish containing typical background levels of methylmercury.  Studies have examined whether children who had experienced greater prenatal exposure to methylmercury tended to have lower scores on tests of neurodevelopment than children who had been less prenatally exposed.  A number of studies have also examined whether more or less maternal fish consumption affects children’s scores on tests of neurodevelopment.  

Two major studies, in the Seychelles and Faroe Islands, where exposure to methylmercury is roughly an order of magnitude higher than it is in the United States on average, produced mixed results, i.e., the Seychelles study did not find a consistent association between methylmercury and neurodevelopment while the Faroe Islands study found subtle adverse associations between methylmercury and neurodevelopment.  Unlike the Seychelles, where the only source of methylmercury was fish, most of the methylmercury in the Faroe Islands diets came from eating pilot whale in addition to fish.  When the researchers later examined the effect on fetal neurodevelopment solely from maternal fish consumption in the Faroe Islands without any pilot whale, they discovered that the adverse effects were replaced by beneficial effects.   Pilot whale lacks many of the nutrients found in fish.   

This finding about fish in the Faroe Islands is consistent with a current trend in research results from the United States and elsewhere in favor of a beneficial impact on fetal neurodevelopment from the mother’s consumption of fish, even though the fish contain methylmercury.  Moreover, greater fish consumption has been associated with greater benefits.  On the other hand, in several studies the methylmercury appeared to reduce the size of the benefits.  This latter finding suggests that it matters whether the fish are low or high in methylmercury.  The only study that has reported only an adverse net effect from eating fish without any qualification
 involved a population in New Zealand that often ate fish that were high in methylmercury.   (All these studies are listed in Tables TS-1 and 2 in the Technical Summary and reviewed individually in Section II-A of the report.)   

We performed a quantitative “risk and benefit” assessment for fetal neurodevelopment in order to estimate the likelihood and magnitude of an effect as a consequence of a mother’s consumption of commercial fish containing methylmercury.  Unlike risk assessments that solely address a potential adverse effect, this assessment estimates the net effect on fetal neurodevelopment from eating commercial fish containing methylmercury.  The net effect is not necessarily adverse, and could in fact be beneficial, according to research results from the Faroe Islands, the United States, and elsewhere. 

Consistent with the research trend, the assessment predicts that at U.S. levels of commercial fish consumption and exposure to methylmercury: 

· The most likely outcome for most people is a small beneficial effect on fetal neurodevelopment from the mother’s consumption of commercial fish, even though the fish contain methylmercury.  

· The greatest benefits are predicted for fish consumption above 12 ounces per week.  Limiting consumption to no more than 12 ounces per week causes a reduction in the size of the average benefit on a population basis, even when people eat only “low methylmercury” fish.   

· Between 95-99 percent of the population will experience a beneficial effect.  Most effects will be equivalent in size to a gain of a percentage of an IQ point but at the highest levels of fish consumption benefits can be equivalent in size to three IQ points and higher.

· The assessment also predicts the probability of a small adverse effect for less than one percent of the population, apparently caused by unusual diets involving a significant amount of commercial fish that are relatively high in methylmercury.  

· The highest adverse effects are equivalent in size to the decline of a percentage of an IQ point.  It appears that the probability of such an adverse effect would dissipate by shifting to fish that are lower in methylmercury.   

Fish presents a “package” that includes lean protein, omega-3 fatty acids, selenium, and other minerals and nutrients.  We did not assess the beneficial effects of fish on a nutrient-specific basis.  This may be an important area for follow-on research and risk assessment.   

Postnatal Exposure 
We did not conduct a quantitative risk and benefit assessment for neurologic effects from postnatal exposure to methylmercury.  We did review the published research:

Children:   Children’s exposure to methylmercury after birth has been a subject of concern because children are sensitive to other neurotoxins such as lead.  Two studies that examined postnatal exposure to methylmercury (the Seychelles and Faroe Islands studies) found beneficial associations between children’s exposure to methylmercury and their results on tests of neurodevelopment.  Presumably, these results reflect benefits from the fish that contained the methylmercury.  A study of postnatal fish consumption by children in the United Kingdom found a beneficial association between increased fish consumption and neurodevelopmental test scores. 

General Population:  Studies outside the United States have reported associations between methylmercury exposures and tests of neurological function when exposures reached at least 30 times higher than average exposures in the United States.  Studies in the United States and elsewhere at lower levels of exposure have not found an adverse association between methylmercury and tests of neurological function but have found beneficial associations between fish consumption and various cognitive functions.     

Fatal Coronary Heart Disease and Fatal Stroke
The extreme exposures to methylmercury during the Japan and Iraq poisoning events do not appear to have resulted in coronary heart disease.  An association between these events and stroke has never been reported.  At lower levels of exposure, however, methylmercury has been implicated as a risk factor in some populations (but not in others) outside of the United States for both coronary heart disease and stroke.  It was associated with greater risk of coronary heart disease in two European study populations and greater risk of stroke in one of these populations.  Risk factors other than methylmercury, e.g., diet, lifestyle, genetics, may have contributed to the results in those populations.  (Conversely, omega-3 fatty acids found in fish were associated with less risk of coronary heart disease in these populations.)  A large study in the United States found no association with methylmercury.  (All of these studies are reviewed in Section II-B and Appendix C of this report.) 

In contrast to the relatively limited data on possible associations between methylmercury and CHD and stroke, there exists a substantial quantity of data from many studies, collectively involving hundreds of thousands of individuals, on the effect of fish consumption on these health endpoints.   Although these studies did not measure methylmercury levels in the individuals who participated in them, it is reasonable to assume that the fish contained methylmercury.  The studies mostly point toward a protective effect from eating fish.   There is also a considerable body of research on the effect of omega-3 fatty acids found in fish and these endpoints, with similar results.  

We used results from the fish consumption studies to perform a quantitative risk and benefit assessment for fatal coronary heart disease and fatal stroke.  (The research studies most germane to this assessment are addressed in Section IV and Appendix C (see “Meta-analyses of Observational Studies” in that appendix).)   The assessment examined whether the net effect from eating fish was likely to be averting deaths, causing deaths, or having no effect.   We divided the population into categories by age and gender:  females ages 16-45 and ages 46 and above; males ages 16-45 and ages 46 and above.  We then modeled these populations twice for each endpoint, using different techniques.  

For coronary heart disease, both modeling techniques produced similar median estimates that only predict that deaths are being averted from fish consumption.  The first modeling technique produced a total median estimate for all the groups added together of 31,233 deaths averted.  The second modeling technique produced a total median estimate of 40,733 deaths averted.  Both models predict that increases in current U.S. fish consumption would be accompanied by increases in deaths averted (median estimate).  

The confidence intervals generated by the two models, i.e., the range of possibilities for which the median estimate is the midpoint, differ, however, because the second model was designed to produce wide confidence intervals.   For the first model, the 95 percent confidence interval only includes a range of possible deaths being averted.  On the other hand, the second model produced 95 percent confidence intervals that include the possibility of a much larger number of deaths being averted but also include the possibility of some number of deaths being caused by fish consumption.  In that model, the probability that deaths are being averted, rather than being caused, by fish consumption is 85 percent.       
For fatal stroke, the median estimates from both models are again similar and predict that deaths are being averted in each age and gender group.  For one model, the total “deaths averted” for all the age groups added together is 19,643.  For the other model it is 25,148.  For one model, the 95 percent confidence intervals for each age and gender group include higher and lower numbers of deaths averted while for the other model, the confidence intervals range from higher numbers of deaths averted to some number of deaths caused by fish consumption.  The probability that deaths are being averted, rather than caused by fish consumption, is 87 percent, however.   
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TECHNICAL SUMMARY

This report describes the results of a project conducted within FDA to help improve the Agency’s understanding of the health consequences of exposure to methylmercury from eating fish containing methylmercury that are sold in interstate commerce (“commercial fish”).  A threshold question for FDA is whether there is a reasonable possibility of injury to U.S. consumers from methylmercury in commercial fish.
  This report includes a review of the scientific literature describing research studies that are germane to this question.  It also includes a quantitative risk assessment that calculates the likelihood and magnitude of health effects from eating commercial fish containing methylmercury.  

Methylmercury can enter the food chain and accumulate in fish and marine mammals.  Because most, if not all, fish species contain at least trace amounts of methylmercury as a result of naturally occurring geologic and biologic processes, people who have eaten fish through the ages have been exposed to it.  In recent times, methylmercury is also being added to the environment as a result of industrial activities.  

Methylmercury is known to be neurotoxic at levels of exposure that are well
 above exposures that are normally experienced in the United States
.  It has also been implicated as a risk factor for coronary heart disease and stroke in some limited population studies outside of the United States.  Much of FDA’s risk management for methylmercury has been driven by prudence because an understanding of the risk to individuals, especially to those regarded as being most susceptible to methylmercury, has been limited in certain respects.

Neurotoxicity

Research Review:  The Scientific Basis for Risk and Benefit Assessment for Fetal Neurodevelopment

Contamination incidents in Japan in the 1950’s and Iraq in 1971-2 demonstrated that methylmercury can cause overt neurological abnormalities and even death when levels in the body approach 100 times greater than average body burdens in the United States (Harada et al., 1995; Marsh et al., 1987).Check numbers re avg bb.   In Japan, methylmercury concentrations in fish ranged from 40 times to over 300 times higher than the average concentration in commercial fish in the U.S. marketplace today check numbers.  The events provided evidence that an expectant mother’s exposure to high amounts
 of methylmercury could result in neurological injury to her offspring even when the mother was not significantly affected.  

The extreme exposures and substantial neurological abnormalities that occurred in Japan and Iraq have never been reported again.  Nonetheless, an important follow-on question has been whether neurodevelopment in the fetus is being affected at much lower levels of exposure as a result of day-to-day maternal consumption of fish containing normal background levels of methylmercury
.  

This report reviews results from studies published in the peer reviewed, scientific literature that have examined associations between prenatal exposure to methylmercury
 and/or maternal fish consumption and subsequent neurodevelopmental outcomes. These studies have been “observational” in that they have recorded what was happening in each population that has been studied.  As opposed to deliberate expsorue – e.g. re omega 3s ?Because observational studies cannot control the study environment, e.g., they cannot control what people eat or other aspects of their lives that could affect the results of the study, they are not considered capable of conclusively demonstrating cause-and-effect relationships.  However, they can reveal associational relationships, e.g., whether greater exposure to methylmercury is associated with lower scores on tests in the population being studied, or the absence of such relationships, that can contribute to the evidence on cause and effect. The studies are listed in Tables TS-1 and TS-2 below and discussed in some detail in Section IV of this report.  

In addition to these studies, this report reviews published studies and analysis on the effect of omega-3 fatty acids on neurodevelopment (Appendix C).  We do so in order to address whether those nutrients in fish could be a factor in the beneficial associations that are consistently being reported in the scientific literature between fish consumption and neurodevelopment.  In the omega-3 fatty acid studies the amounts and types of fish consumed were often not measured and exposure to omega-3 fatty acids often occurred through dietary supplementation
. 

In summary, the trend in the results from studies that have measured either exposure to methylmercury or fish consumption (or both) is toward a net beneficial effect on fetal neurodevelopment from maternal consumption of fish that constitute commercial species in the United States, in spite of the presence of methylmercury in the fish.  Only one of these studies, in New Zealand (Kjellström et al., 1986 & 1988), has reported an adverse effect associated with methylmercury as a result of maternal fish consumption without any qualification
.  That study population appears to have frequently eaten fish that were relatively high in methylmercury (shark).   Adverse IQ effects reported in that study contrast with no adverse effect in the Seychelles Islands (Myers et al., 2003
). even though exposures to methylmercury in both locations were similarly high compared to those in the United States, i.e., roughly an order of magnitude higher than U.S. exposures on average

 .   A key difference in the two locations appears to have been how the methylmercury was obtained:   through diets that involved high methylmercury fish in New Zealand as compared to diets that involved eating a lot of lower methylmercury fish in the Seychelles
.  A similar phenomenon was reported in a U.S. study in which high exposure to methylmercury from eating a lot of fish was associated with better neurodevelopmental results than was high exposure to methylmercury from eating fewer fish (Oken et al., 2008
). The adverse IQ results in New Zealand also contrast with gains in IQ from fish consumption reported from the United Kingdom (Hibbeln et al., 2007a), where diets also appear to have involved fish that were generally lower in methylmercury
.  Exposures to methylmercury in that U.K. study population were similar to those experienced in the United States
.  

In the Faroe Islands, methylmercury from a combination of pilot whale and fish was adversely associated with neurodevelopmental test scores (Grandjean et al., 2998; Debes et al., 2006
).  Pilot whale contains relatively high levels of methylmercury but is lacking in many nutrients found in fish
  .   When the test scores were associated solely with fish consumption, however, the results were no longer adverse but were significantly beneficial in some respects (Butz-Jorgensen et al, 2007
).  The latter results reflect an exposure to methylmercury that was no longer exaggerated relative to the amount of fish being consumed.  

In two studies in the United States (Oken et al., 2005 and 2008) and one study in the United Kingdom (Hibbeln et al., 2007a and 2007b), beneficial effects associated with fish consumption were larger than the adverse affects that were associated with the methylmercury in the fish, so that overall net effects were generally beneficial

.  In another study in the United Kingdom (Daniels et al., 2004) fish were associated with improved neurodevelopment while methylmercury had no adverse effect.   In a study in Denmark, higher consumption of low methylmercury fish was associated with neurodevelopmental benefits (Oken et al., 2008a), even though it presumably resulted in exposures to methylmercury that would be at the high end of the spectrum in the United States (Larsen et al., 2002).   

 Collectively, these results indicate that exposure to methylmercury may not be the sole determinant of risk. Adverse
 effects have only been seen where there has been an unusually high exposure to methylmercury relative to the amount of fish consumed
.  Otherwise, the association between fish consumption and neurodevelopment has been beneficial even through the methylmercury in the fish appears to have reduced the size of the benefit to some degree.   Because most commercial fish species in the United States are low in methylmercury, most diets can be expected to produce similar results. 
  

Also, both Oken et al. studies in the United States (2005 & 2008), the Hibbeln et al. (2007a) study in the United Kingdom, and the Oken et al. study in Denmark (2008a) indicate that maternal fish consumption above two servings per week can convey greater neurodevelopmental benefits than lower maternal fish consumption
.   The study populations in the United Kingdom (Daniels et al., 2004; Hibbeln et al., 2007a)  experienced only beneficial net effects through a range of exposures to methylmercury that included, if not exceeded, the U.S. 99th percentile of exposure
.  Exposure to methylmercury in Denmark appears to be similar to that in the United States, although possibly somewhat greater
.  

We cannot, however, determine with certainty from these studies whether one nutrient or a combination of nutrients in fish contribute to a beneficial net effect on neurodevelopment.   Some types of fish may contribute more to a beneficial net effect on neurodevelopment than others.   The state of the science on omega-3 fatty acids for neurodevelopment is reviewed in Appendix D of this report and selenium is discussed in Section II-A.  
Table TS-1:  Studies involving prenatal exposure in which the effect of methylmercury on neurodevelopment was the focus of the study.  (NOTE:  the studies actually measured total mercury but we assume that the results apply to methylmercury, the organic form found in fish.) 

	Where Exposures to Methylmercury Approach (and Exceed) 100x Average U.S. Exposures

	Location
	Outcome Measures
	Findings

	Japan

(Harada et al., 1995)
	All neurological effects reported from the poisoning event 
	Adverse neurological effects ranging from mild to severe and including fatal.

Fetus often more severely affected than the mother.

	Iraq

(Marsh et al., 1987)
	--Neurodevelopmental milestones:  ages of first walking and talking

--Neurological examination
	Significant adverse association found between prenatal exposure and milestone and examination results.   
Fetus often more severely affected than the mother.

	Where Exposures to Methylmercury Are Roughly 10x Average U.S. Exposures

	Location
	Outcome Measures
	Findings

	Peru Fishing Village

(Marsh et al., 1995b)
	--Neurodevelopmental milestones:  ages of first walking and talking

--Neurological examination
	No significant association found between prenatal exposure and milestone or examination results

	Quebec Native Americans

McKeown-Essen et al., 1983)
	--Neurodevelopmental test administered between 12-30 months of age.

-- Neurological examination
	No significant association found between prenatal exposure and test or examination results.  

	New Zealand (Kjellström et al., 1986 & 1988)
	Neurodevelopmental tests at ages 4 & 6, including IQ at age 6
	Significant adverse associations found between prenatal exposure and some results, including IQ.

	Faroe Islands (Grandjean et al., 1995 & 1998; Debes et al., 2006)
	--Neurodevelopmental milestones: ages of first sitting, creeping, standing

--Battery of neurodevelopmental tests at ages 7 & 14 years
	Significant adverse associations found between prenatal exposure and some results.

NOTE:  the adverse associations occurred when most of the prenatal exposure came from pilot whale rather than from fish
.  See Table ES-2 for results from the Faroe Islands when prenatal exposure came only from fish. 

	Seychelles Islands (Myers et al., 1995, 1997 & 2003; Davidson et al., 1995a & 1998)
	--Neurodevelopmental milestones: ages of first walking and talking

--Battery of neurodevelopmental tests at ages 6.5 mo., 19 mo., 29 mo., 66 mo., & 9 years (including IQ) 
	No consistent significant adverse associations found between prenatal exposure and test results.  

	Where Exposures to Methylmercury are in the Range of U.S. Exposures


	Location
	Outcome Measures
	Findings

	U.K.  (Daniels et al., 2004)
	Neurodevelopmental tests at ages 15 & 18 months
	No significant adverse association found between prenatal exposure and test results


	U.S.  (Oken et al., 2005)
	Test of visual recognition memory at ages 5.5 – 8.4 months
	· Maternal fish consumption was associated with improvements on the test while the methylmercury in the fish was associated with reductions in those improvements
.  

· The size of the improvements associated with fish exceeded the size of the reductions associated with methylmercury so the result was generally a net improvement
. 

· Eating over 2 servings per week was associated with higher scores than eating below 2 servings per week.  

	U.S.  (Oken et al., 2008)
	Neurodevelopmental tests at 3 years of age.
	· Maternal fish consumption was associated with improvements on the tests while the methylmercury in the fish was associated with reductions in those improvements.  

· The greatest benefits were associated with the highest exposures to mercury from the most fish consumption (over 2 servings per week).  Benefits were lower when the same high exposures to mercury were coupled with less fish consumption.   

	Poland  (Jedrychowski et al., 2006)
	Neurodevelopmental tests at 1 year of age.
	Significant adverse association found between prenatal exposure and test results.

	Poland  (Jedrychowski et al., 2007)
	Neurodevelopmental tests at 2 & 3 years of age.
	No significant adverse association found between prenatal exposure and test results.  The significant adverse association seen at age 1 (above) could not longer be found.


Table TS-2:  Studies involving prenatal exposure in which the effect of fish consumption on neurodevelopment was the focus of the study and exposure to methylmercury was not measured.  

	Location
	Outcome Measures
	Findings

	U.K. (Williams et al., 2001)
	Stereoscopic vision at age 3.5 years
	Significant beneficial association found between maternal consumption of oily fish and stereoscopic vision.

	U.K. (Hibbeln et al., 2007a)
	Neurodevelopmental tests ages 6 mos. Through 8 years, including IQ
	Greater fish consumption, including above 2 servings per /week, associated with higher scores including IQ. 

NOTE;  Methylmercury exposure was subsequently estimated by the authors.  They concluded that methylmercury reduced the size of the benefit from fish somewhat but that the net effect remained beneficial.   

	Faroe Islands (Budtz-Jorgensen et al., 2007
) 
	Battery of neurodevelopmental tests at 14 years of age
.
	Significant beneficial associations found between maternal fish consumption and some test results



	United States

(Lederman et al., 2008
)
	Mental Development Index (MDI) and Psychomotor Development Index (PDI) from Bayley Scales of Infant Development II at 12, 24, and 36 months of age; Performance, Verbal and Full IQ at 48 months of age.
	Significant beneficial association found between maternal fish consumption and results on PDI at 36 months and Verbal and Full IQ at 48 months
.  

[NOTE:  total  mercury was measured but not the contribution from methylmercury.  Total mercury levels suggested significant sources of mercury other than from fish in this study population
.]  

	Denmark (Oken et al., 2008a)
	Various developmental milestones at 6 & 18 months of age
	Significant beneficial associations found between higher maternal fish consumption and attainment of developmental milestones.


Quantitative Risk and Benefit Assessment for Fetal Neurodevelopment

Rationale

Until now, FDA and other organizations have attempted to understand and manage the risk of neurological effects from methylmercury through the development and application of “safety assessment” levels.  A safety assessment level is a level of exposure (e.g., a daily or weekly “dose”) to methylmercury that a person is deemed to be able to sustain over time without appreciable risk.

  Risk management efforts for methylmercury have tended to focus on reducing exposures that exceed a safety assessment level.  

This approach has both inherent efficiencies and limitations.  On one hand, the development of a safety assessment level is a relatively simple way to evaluate and use scientific information.  On the other hand, a safety assessment level does not estimate risk for persons whose exposures exceed that level.  

All safety assessment levels have margins of safety built into them
. Exceeding a safety. assessment level for methylmercury means that a person has a smaller margin of safety than they otherwise would have had.  A smaller margin of safety might or might not mean that a person is experiencing a significant elevation in risk.  A safety assessment level is unlikely to represent the highest level of exposure that is without appreciable risk.  It is not designed to be a “bright line” that separates “safe” from “unsafe
 

One type of safety assessment level for methylmercury is a level of maternal exposure at which the fetus is deemed to be without appreciable risk from neurodevelopmental effects.  The Reference Dose for methylmercury developed by the Environmental Protection Agency (EPA) is one such level
.  In a national survey conducted by the Centers for Disease Control and Prevention (CDC), 95.4 percent of women of childbearing age have been exposed below the Reference Dose (CDC 2005).  All of the remaining 4.65 percent of women of childbearing age who have been exposed above the Reference Dose retain some, and typically most, of the margin of safety that was built into that safety assessment level.    

In 2004, FDA and EPA jointly issued a fish consumption advisory for methylmercury with the practical effect of encouraging women who might be exposed above the Reference Dose to alter their consumption in order to decrease exposure of the fetus to methylmercury (FDA/EPA 2004
).  Whether following this advice would significantly reduce the risk of adverse neurodevelopmental effects to their unborn children was not calculated.  As was pointed out when the advisory was issued, women might want to modify the amount and type of fish they consume “as a matter of prudence” (FDA/EPA 2004a).  Also not calculated was whether limiting fish consumption might actually increase the risk of adverse neurodevelopmental consequences. Safety
 assessment levels do not address such questions.  Moreover, most of the studies associating neurodevelopmental benefits with greater fish consumption had not yet been published.     

For these reasons, we were interested in using quantitative risk assessment methodology to better understand how fetal neurodevelopment could be affected by maternal consumption of commercial fish at levels of fish consumption -- and the resulting exposures to methylmercury -- that people in the United States are experiencing.  We also wanted to better understand how changes in fish consumption could affect fetal neurodevelopment.  Because the research results indicate that the net effect from eating fish is often beneficial for fetal neurodevelopment, we wanted to estimate:  (1) the magnitude and direction (i.e., beneficial, neutral, or adverse) of the overall net effect under various consumption scenarios; and (2) methylmercury’s impact on the net effect, especially as compared to (3) the beneficial contribution to the net effect from fish.   

In this assessment, the beneficial contribution of fish applies to a diet involving a variety of fish since we did not attempt to distinguish one type of fish from another for purposes of estimating benefits
.  In order to do so, we would have had to estimate the beneficial contributions from specific nutrients in fish to the overall net effect, a task that was beyond the scope of this assessment.  Partly for that reason, this assessment does not identify a specific mix or amount of fish that would be the most beneficial to eat.  While potentially important, estimates such as these were not essential to the core purpose of this assessment, which was to help FDA develop the best possible risk management strategy for methylmercury in commercial fish.  On the other hand, our assessment does provide insight into the neurodevelopmental consequences of eating more or less fish containing various amounts of methylmercury.  

The Assessment:  Overview

“Neurodevelopment” as a totality is not easily assessed because it is not a single, discrete health endpoint.  Measurements of neurodevelopment can involve milestones such as the age at which a child first talks and walks as well as results on a variety of tests administered to children over time that measure aspects of neurodevelopment, such as motor skills or verbal skills.  

As a practical matter, we could not possibly assess all aspects of neurodevelopment.  We had to select some aspects and assume that these have significance for overall neurodevelopment.  Future assessments will be needed to expand and build on this effort
.  

Since a risk assessment must, by necessity, incorporate data from the pool of research studies that are available at the time of the assessment. We looked for data from different studies that measured essentially the same neurodevelopmental domain at approximately the same age.   We chose to model early age verbal development because data for that aspect of neurodevelopment was available for: (1) methylmercury’s adverse contribution to the net effect; (2) fish’s beneficial contribution; and (3) the overall net effect of fish consumption.  But see critiques from reviewers. Also, we had data on individual subject participants to incorporate into the model, a factor that we considered significant for this assessment as explained in Section IV(c) of this report.   

The Assessment:  Methylmercury’s Contribution to Net Effect:  Age of Talking; Also Age of Walking and IQ

We modeled methylmercury’s contribution to net effect, i.e., the effect of methylmercury independent of fish, on age of first talking and, additionally, on age of first walking since we
 had data available for both.  We relied heavily, but not exclusively, on data from the Iraqi poisoning event, which involved the consumption of bread inadvertently contaminated with methylmercury, thereby revealing a methylmercury effect that was not offset by any benefits that might accrue from fish.  The details of this model can be found in Section IV(c) and Appendix A.  

The age-of-talking model predicts that in the absence of a contribution by methylmercury to the net effect, the age of first talking would be may be inportantn only if some interaction within the food source is responsible for the good effect of the fish or other food; e.g. the usual argument made for Se binding to ionic Hg
.  15 months.   The model predicts that the most likely delays for most people would be less than a single day, but it also predicts a small possibility of delays through 2+ days as well as a small possibility of no delay
..  Specifically, the median estimated delay is less than a day through the 95th percentile of U.S. exposure to methylmercury.  It reaches two days (plus some hours) at the 99th and 99.5th percentiles of exposure and four days (plus some number of hours) at the 99.9th percentile of exposure.  The confidence intervals, i.e., the range of other possible outcomes on either side of these medians, include no adverse contribution from methylmercury through the 50th percentile of exposure.  This possibility suggests that methylmercury could have a threshold of effect below which it makes no adverse contribution. The
 age-of-walking model predicts delays that could be somewhat longer.  (See Tables IV-5 and IV-6 in Section IV(c).)  

We assume that these results reflect the largest possible adverse effects
 -- as expressed in terms of delay in talking and walking -- when the net effect from eating fish containing methylmercury is:  (a) adverse; or (b) still beneficial due to a larger beneficial effect contributed by the fish.      

For purposes of comparison we also considered models developed by Cohen et al. (2005b) and Axelrad et al. (2007) that predict the effect of prenatal exposures to methylmercury on IQ.  For the reasons described in Section IV(c), we interpret the results from these models as being closer to methylmercury’s contribution to the net effect from eating fish in the United States than to the net effect itself
.  Both IQ models predict (i.e., the median estimates from these models predict) that at all U.S. levels of exposure, methylmercury’s contribution to the net effect is a deficit of a fraction of a single IQ point.  The size of the effect over the range of U.S. exposures is almost identical to the size of effect that our modeling predicts for delays in age of talking, although both of these are somewhat smaller in terms of size of effect than the delays in age of walking.  The two assumptions for delays in talking and walking stated above also apply to these IQ results.     

The Assessment:  The Beneficial Contribution to the Net Effect from Fish Independent of Methylmercury
Because virtually all fish contain methylmercury to some degree, there are no data available for modeling the effects of eating fish that are completely lacking it.  For this model, the closest we could come to data that show the beneficial effect from nutrients in fish without an adverse influence from methylmercury was data from the Daniels et al. (2004) study of mothers and children in the United Kingdom.  Those data showed only a positive association between fish consumption and early age verbal comprehension test scores but no adverse association between methylmercury and the same scores
 .  So no association with Hg could be tested
 . 

Because we did not model the effect of specific nutrients in the fish, the model treats all fish as if they convey the same neurodevelopmental benefits.  Since fish presumably differ in this regard, we assume that the results actually reflect eating a variety of fish that provide an average amount of benefits over time.  



The model conveys results in terms of improvements on verbal comprehension tests that were administered to the population in the United Kingdom studied by Daniels et al. (2004
).  We can compare the size of these benefits to the size of the adverse effects in the methylmercury model by converting both of them to common units of measurement.  We first convert them to Z-Scores, a statistical tool that can be used to compare the size of different things (see Section IV of this report for an explanation of Z-Scores) and then we convert the Z-Scores into a unit of measurement we created for this purpose that we call “IQ Size Equivalents (IQse).”  An IQse shows the magnitude of the effect as compared to the size of an IQ point.  

In summary, the likely beneficial effects from fish are larger than the likely adverse effects from methylmercury, although both are less than the size of an IQ point through most U.S. levels of fish consumption
.. Nonetheless, improvements tend to increase as fish consumption increases.  At the 99th percentile of consumption the median estimated improvement is equivalent in size to 1.8 IQ points while at the 99.9th percentile of consumption it is equivalent in size to about 4 IQ points.  The confidence limit for the 99.9th percentile includes a maximum possible improvement equivalent in size to 7.5 IQ points.  (Table IV-9 in Section IV(c) provides results from this model.)  

The Assessment:  The Net Effect of Eating Fish, Including Both Methylmercury’s Adverse Contribution and the Beneficial Contribution from Fish

This model combines the results from two models described above (the methylmercury-only model and the fish-independent-of-methylmercury model).   Among other things, we use this model to compare the difference between exposures to methylmercury from eating only “average” commercial fish weighted for popularity against identical exposures to methylmercury from fish that are higher in methylmercury. This
 comparison enables us to examine whether, at U.S. levels of exposure, risk hinges solely on total exposure to methylmercury or on how that exposure occurs.  

In the “average commercial fish” version of the model, individuals only eat fish that collectively average 0.086 parts per million of methylmercury, i.e., the average amount contained in a commercial fish adjusted for popularity.  (This concentration is actually very low
.)  A diet consisting of a variety of commercial fish should achieve this average concentration over time.  The predicted results are beneficial at every percentile of fish consumption and exposure to methylmercury (see Table IV-10 in Section IV).  Neither the median estimates nor the confidence intervals surrounding those estimates include the possibility of an adverse effect. 

The benefits are equivalent in size to a fraction of an IQ point through the 95th percentile of consumption and exposure (median estimates) with benefits equivalent in size to 1.5 IQ points at the 99th percentile and to 3.1 IQ points at the 99.9th percentile.  The highest possible benefit is equivalent in size to 6.7 IQ points at the upper confidence limit of the 99.9th percentile.  

The second version of the model is not restricted to “average commercial fish.”  In fact, it reflects the effect on neurodevelopment from eating fish in accordance with recent consumption patterns by women of childbearing age.  In this actual “baseline” of exposure, some women eat only fish that are low in methylmercury while others eat fish that are higher, including fish that have the highest average concentrations of methylmercury.  The model predicts that the effect on fetal neurodevelopment is still beneficial for most people, but it also predicts that a small net adverse effect is probable for up to about one-tenth of one percent of the population (median estimate
   The confidence intervals show that a small possibility of adverse effects extends through 10 percent of the population.  We attribute adverse outcomes to unusual diets that include some significant amount of high methylmercury fish
.  Commercial species that are relatively high in methylmercury tend to be infrequently consumed in the United States (see Section III of this report
), 

The largest net adverse effect predicted by the “baseline” version of the model is equivalent in size to four-tenths of an IQ point (median estimate).  The predicted net beneficial effects are roughly the same as those predicted by the “average commercial fish” version of the model.  (See Table IV-10 in Section IV.)  
The Assessment:  “What If” Modeling (Net Effect)

We also modeled “what if” scenarios to predict how changes in fish consumption by women of childbearing age could affect their children’s neurodevelopment.
   

The “what if” scenarios predict changes, i.e., improvements above, or reductions below,  the “baseline” described above.   In the “baseline,” some women of childbearing age eat more than 12 ounces per week while most eat less; some women eat fish that are mostly “low methylmercury” fish while others eat fish that have higher average concentrations of methylmercury.  For the population as a whole, the  average effect on fetal neurodevelopment at the “baseline” is beneficial, i.e., it is better than it would be if women of childbearing age ate no fish, even though it is likely to be adverse for roughly ETC
.  

The “what if ” scenarios  predict that:

· If women ate only “low methylmercury” fish during pregnancy without any limitation on the amount they ate, the result would be an increase above the “baseline” in the size of the average benefit on a population basis.  (The only difference between this scenario and the “baseline” is the switch to “low methylmercury” fish scenario by those who eat fish that are higher in methylmercury.)  

· Conversely, if women limited their fish consumption during pregnancy to no more than 12 ounces per week, the result would be a reduction below the “baseline” in the size of the average benefit.  Moreover, a reduction in the size of the average benefit would occur even if these women ate only “low methylmercury” fish.  Only a small minority of women eat more than 12 ounces per week, but their reduction down to 12 ounces would have more of an impact on the population average than a switch to “low methylmercury” fish by everyone, partly because most diets already favor such fish and partly because beneficial effects tend to be greater in size than adverse effects.  (Individuals whose diets favor high methylmercury fish would likely benefit from the switch, however.)  

In summary, the risk assessment predicts that the most likely outcomes for most people are small improvements in fetal neurodevelopment as a consequence of maternal fish consumption during pregnancy even though the fish contain methylmercury.  The largest possible improvements are associated with the highest levels of fish consumption, e.g., above 12 ounces per week.  If there is a ceiling above which benefits no longer increase, it does not reveal itself in this risk assessment through the 99.9th percentile of consumption in the United States.  Net adverse effects are probable for less than one percent of the population, apparently due to unusual diets involving fish that are relatively high in methylmercury.  It may be that the fish in these diets are also relatively low in nutrients that are beneficial for fetal neurodevelopment
.  Our assessment does not, however, take into account how variations in amounts and types of nutrients in fish contribute to the beneficial effect or mitigate a net adverse effect.  For this reason, we limit our conclusion about obtaining the most benefit to eating a variety of fish, rather than to eating fish with specific nutritional qualities. Also
, the risk assessment cannot predict the consequence of obtaining similar nutrients from elsewhere in the diet. These are areas that will require a follow-on risk assessment.

Neurodevelopmental Effects in Children as a Consequence of Postnatal Exposure (e.g., Their Own Fish Consumption)

One important question is whether children are more sensitive to the effects of methylmercury than the population in general.  Children can be sensitive to other neurotoxins, such as lead.  FDA’s risk management strategy for lead is premised largely on the vulnerability of children.  Because of the limited data available on the effect of postnatal exposure to methylmercury in children, we did not apply quantitative risk assessment to this health endpoint but we did review the studies that have examined it, both directly (by measuring the child’s exposure to methylmercury) or indirectly (by measuring the child’s fish consumption).

When Exposures to Methylmercury Are Roughly 10x Average U.S. Exposures:
Effects on children as a consequence of their postnatal exposure to methylmercury have been studied in both the Seychelles and Faroe Islands.  Both studies reported slightly beneficial associations between postnatal methylmercury exposures and neurodevelopmental test scores (Davidson et al., 1998; Debes et al., 2006
).    Presumably these results were due to postnatal fish consumption.  Neither study found adverse effects from postnatal exposure. 

When Exposures to Methylmercury are in the Range of U.S. Exposures:
The Daniels et al. (2004) study from the United Kingdom, described previously, reported an association between children’s fish consumption and improvements in neurodevelopmental test scores.  Methylmercury levels in these children were not measured so we assume that increases in postnatal fish consumption in these children were generally accompanied by increases in their exposure to methylmercury
.  

The three studies that have examined the question all produced evidence of a beneficial net effect from children’s consumption of fish and no evidence of an adverse association with methylmercury.  Risk management strategy that encourages limitations on fish consumption by young children would have to be based on prudence rather than on data relating to methylmercury.   

Neurological Effects in Adults as a Consequence of Postnatal Fish Consumption

When Exposures to Methylmercury Are Roughly 100x (and Beyond) Average U.S. Exposures:
In the contamination events in Japan and Iraq, adults were affected from mildly to severely, including fatally as a result of extreme exposure to methylmercury.  Effects included paresthesia (tingling or loss of sensation in extremities and around the mouth), ataxia (loss of coordination in gait), dysarthia (slurred speech), hearing defects, constriction of the visual field, tremor, congenital cerebral palsy, and in some cases death (Harada 1995; Bakir et al., 1973).  Twenty-five percent of the mothers in the study in Iraq had symptoms that could be linked to methylmercury (Marsh et al., 1987). 

When Exposures to Methylmercury are Roughly 10x and Beyond Average U.S. Exposures:
There are no reports of neurological effects in the mothers in either the Seychelles or Faroe Islands, although these studies primarily examined fetal sensitivity.  The same holds true for the smaller studies in New Zealand, Peru, and Quebec. Similarly, we have not seen any reports in the scientific literature of neurologic effects in the general population in Japan, where exposures to methylmercury are roughly eight times greater than they are in the United States on average (Yasutake et al., 2003).   On the other hand, small studies in Italy (Carta et al., 2003) and the Amazon basin in Brazil (Lebel et al., 1998; Dolbec et al., 2000) reported associations between mercury and neurological test results when exposures were 50-60+ times higher than average U.S. exposures

When Exposures to Methylmercury are in the Range of U.S. Exposures:
In the U.S. national health survey conducted by the CDC (CDC 2005), about 99.9 percent of the surveyed population was exposed to methylmercury below FDA’s Acceptable Daily Intake safety assessment for the general population.  This is a level of exposure at which FDA deems an adult is deemed to be without appreciable risk of neurological symptoms (e.g., threshold symptoms tend to be tingling or numbness in the extremities
).  . 

We know of two studies conducted in the United States that are relevant to the question of methylmercury effects in adults.  One study did not find an association between methylmercury and neurological test scores in older adults (Weil et al., 2005).   The other study found an association between fish consumption and a reduction in rates of cognitive decline among persons 65 years and older (Morris et al., 2005
) 

Outside of the United States, a study in Sweden found no association between methylmercury exposure and cognitive function in a study population with an average age of 87 years (Johansson, et al., 2002).  In a study in Norway, consumers of fish and fish products had better 

We did not perform quantitative risk assessment on neurological function for the U.S. adult population because dose-response data on adverse effects are lacking
.

. 

Data on Coronary Heart Disease and Stroke in the General Population: 

Another question is whether there is an increased risk of coronary heart disease (CHD) or stroke from methylmercury in commercial fish.  It has been hypothesized that methylmercury could be a risk factor for CHD largely because it could inactivate various antioxidant mechanisms in the body and enhance the formation of free radicals.  Animal data in support of an effect of methylmercury on cardiovascular effects is sparse, however.  The extreme poisoning events in Japan and Iraq have not been associated with increased risk from either CHD or stroke

We are aware of subsequent studies in five populations that have looked for an association between methylmercury and CHD.  An association was reported in two of the five, both outside of the United States.  An association with stroke was reported in one of the five, also outside of the United States.  

The study population in which an association between methylmercury and CHD was first observed – and, to the best of our knowledge, the only study population in which an association between methylmercury and stroke has been observed -- involved men in eastern Finland (Salonen et al., 1995).  The study began in 1984 as part of a search for an  explanation for why men in eastern Finland suffer from one of the highest mortality rates in the world from CHD even though they tend to eat a lot of fish.  Fish, and omega-3 fatty acids that are a natural component of fatty fish, have been associated with a reduced incidence of CHD in numerous studies.  FDA has issued letters of enforcement discretion for a qualified health claim that may be used on labeling for fish containing the omega-3 fatty acids DHA (docosahexaenoic acid) and EPA (eicosapentaenoic acid) to the effect that they may reduce the risk of heart disease (at http://www.cfsan.fda.gov/~dms/ds-ltr38.html
).    

The highest mercury levels in the eastern Finland study population were associated with increased risk of death from both CHD and stroke.  The researchers hypothesized that the types of fish being consumed in eastern Finland, as well as other dietary factors, could be contributing to the increased risk.  The majority of fish consumed in that population were lean, local, freshwater fish that tended to be high in methylmercury.  Fatty seawater fish would likely be high in omega-3 fatty acids and selenium, while lean, freshwater fish would likely be low or lacking in both, at least in eastern Finland. The researchers had previously observed an association between selenium deficiency and an excess risk of acute myocardial infarction as well as CHD mortality in eastern Finland.  

A second study with this population found an association between omega-3 fatty acids (presumably from fatty marine fish being consumed by members of the study group) and reduced risk of acute coronary events but also found that methylmercury (most of which was coming from lean lake fish) could attenuate, but not eliminate, this protective effect (Rissanen et al., 2000).  A third study produced results similar to those reported previously (Virtanen et al., 2005 
Similar results for CHD were found in a study of men in eight European countries plus Israel (Guallar et al., 2002

).  Two studies in Sweden (Ahlqwist et al., 2999; Hallgren et al., 2001) and a study in the United States (Yoshizawa et al., 2002

) did not find an adverse association between methylmercury and CHD.  
In addition to the data from these five populations, there exist much larger bodies of data, collectively involving hundreds of thousands of individuals, from studies that have looked for associations between eating fish, or from ingesting omega-3 fatty acids, and risk of CHD morbidity and mortality and stroke morbidity and mortality.  Although these studies typically did not measure methylmercury levels in the individuals who participated in them, it is reasonable to assume that the fish these people ate contained methylmercury
.  Consequently, these data can be relevant to an assessment of net effect on CHD and stroke from eating fish containing methylmercury
.  We used these data in our risk assessment for CHD and for stroke.  The data come from studies in the United States and elsewhere, including Finland.  For the most part, those data point toward a reduction in risk from consuming fish.  

Quantitative Risk and Benefit Assessment for Fatal Coronary Heart Disease

This risk assessment estimates the effect of current fish consumption on annual deaths from CHD.  Is fish consumption averting deaths, or causing deaths, or having no effect at all?   The risk assessment addresses that question for two age groups in each gender:   women aged 16-45, men aged 16-45, women aged 46 and above, and men aged 46 and above.  We
 only incorporated data from studies that looked for an association between fatal CHD and fish consumption.  For that reason, we were able to estimate the net effect from fish consumption generally but we were not able to estimate a methylmercury contribution, if any, or a beneficial fish contribution that we knew or assumed to be independent of methylmercury.  Nonetheless, if the predicted net effect were adverse, one could assume that methylmercury was at least a potential cause.  If the predicted net effect were beneficial, one could assume that methylmercury was unlikely to be a significant risk factor. 

We modeled CHD twice, using somewhat different modeling techniques.  For each age group and gender, the two models predict that fish consumption is averting some number of deaths per year.  The median estimates produced by the two models are similar.  The slightly lower of the two (the “He-based” model) are:  

· Women 16-45:  42 deaths averted per year
; 

· Women 46 and older:  12,498 deaths averted per year;

· Men 16-45:  589 deaths averted per year;

· Men 46 and older:  18,104 deaths averted per year.  

For one model (the “He-based” model), the 95 percent confidence intervals (i.e., the range of other possible outcomes for which the median estimate is the midpoint) only include varying numbers of deaths being averted.   The confidence intervals for the second model (the “Carrington CHD” model) are wider by design
 and include both a greater number of deaths averted for each age and gender category, but also the possibility of some number of deaths from coronary heart disease being caused by fish consumption.  The model predicts that it is much more probable (85 percent) that deaths are being averted than being caused by fish consumption. 

Our “what if” modeling predicts that increases in fish consumption would most likely be accompanied by decreases in premature deaths, i.e., by increases in deaths averted (median estimates).  

Quantitative Risk and Benefit Assessment for Stroke

As with CHD, we divided the population by age and gender into the following categories:  females aged 16-45, males aged 16-45, females aged 46 and above, and males aged 46 and above.  The primary question for the assessment was whether fish consumption reduces the risk of fatal stroke, has no effect, or increases the risk in these population categories.  

Similar to our CHD modeling, we modeled fatal stroke twice, using the different approaches described above.  For each age group and gender, the two models predict that fish consumption is averting some number of stroke deaths per year.  The median estimates produced by the two models are similar.  The slightly lower of the two (the “Bouzan-based” model) are:  

· Women 16-45:  188 deaths averted per year
; 

· Women 46 and older:  9,150 deaths averted per year;

· Men 16-45:  216 deaths averted per year;

· Men 46 and older:  10,089 deaths averted per year.  

For one model (the ‘Bouzan-based” model), the 95 percent confidence intervals surrounding these median estimates include only possible numbers of deaths averted.  For the other model (the “Carrington Stroke” model), the confidence intervals are broad enough for each age and gender group to include both larger numbers of deaths averted and some number of deaths caused by fish consumption.  The probability is 87 percent that the results are deaths averted rather than deaths caused, however.    

Similar to our CHD results, the “what if” modeling for fatal stroke predicts that increases in fish consumption would most likely be accompanied by decreases in premature stroke deaths, i.e., by increases in deaths averted (median estimates).  

 SECTION I:

THE PURPOSE OF RISK ASSESSMENT FOR METHYLMERCURY

 (a)  Purpose of this Project
This report describes the results of a project to improve the FDA’s understanding of various health consequences of eating fish containing methylmercury that are sold commercially in interstate commerce (“commercial fish”).  The endpoints we focused on were those for which methylmercury has been implicated as a risk factor, at least in some studies.    

A threshold question for FDA is whether there is a reasonable possibility of injury to U.S. consumers from methylmercury in commercial fish.  Fish
 that contain amounts of methylmercury sufficient to create a reasonable possibility of injury may be prohibited from interstate commerce
 under Federal law that FDA is responsible for implementing.

Methylmercury has been shown to be neurotoxic at levels of exposure that are well beyond U.S. levels.  It has also been implicated as a risk factor for coronary heart disease and stroke in some limited population studies outside of the United States.  The primary public health challenge from methylmercury is to better understand the likelihood of adverse effects at the relatively low levels of exposure generally being experienced by U.S. consumers.  
The “safety assessment” processes that has been used up to this point to evaluate risk from methylmercury in the United States donot calculate the likelihood of occurrence or the magnitude of the consequences, e.g., severity of adverse effects, through the range of exposures to methylmercury that U.S. consumers are experiencing.  As a consequence, FDA’s risk management strategy for methylmercury, which primarily involves advice to potentially susceptible consumer subpopulations on amounts and types of fish to eat, has been motivated largely by “prudence” (FDA/EPA 2004a), i.e., caution, because likelihood and magnitude of effect through the full range of exposures have not been determined.       

Safety
 assessment is designed to estimate a single level of exposure to a substance that may be deemed to be without appreciable risk over a period of time, e.g., a lifetime.  In the case of methylmercury, all those who are exposed at or below the safety assessment level are deemed to be without appreciable risk of adverse effects (although not deemed to be without any risk) but the risk to those who may be exposed in excess of the safety assessment level is not calculated.  People who are exposed above the safety assessment level might or might not be experiencing a substantially higher risk than people who are exposed at or below it, depending on their levels of exposure.  

Safety assessment differs from “quantitative risk assessment” in that respect.   Quantitative risk assessment can estimate the risk that people are experiencing at any level of exposure to a substance.  Unlike safety assessment, it can also be used to estimate whether the risk can be offset by components in fish to the extent that the overall effect from eating fish (referred to in this report as “the net effect”) could be beneficial rather than adverse under certain circumstances.     

(b)  Scope of This Project
This report includes a description of, and results from, a quantitative risk and benefit assessment on the consumption of commercial fish containing methylmercury.  This  assessment calculates the likelihood and magnitude of: 
· neurodevelopmental effects on the fetus; 

· fatal coronary heart disease in the general population; and 

· fatal stroke in the general population

as a result of eating commercial fish available in the U.S. marketplace.  

In addition to assessing effects under current levels of fish consumption and exposure to methylmercury, the assessment predicts how changes in fish consumption (e.g., if people ate more fish or less fish or changed the types of fish they ate) could affect the likelihood and magnitude of these effects.   

The report includes a review of research studies that have looked for associations between methylmercury and the neurodevelopmental and cardiovascular endpoints that we model.  It also includes a review of studies that have examined the impact of fish consumption on these same health endpoints.  There is evidence from these studies that risk from methylmercury can be affected, and potentially offset, by nutrients and other components that can be found in commercial fish.  The impact that fish consumption may have on neurodevelopment, coronary heart disease and stroke could be different from the risk from ingesting methylmercury alone (if it were possible to do so), or in another food, e.g., in marine mammals such as pilot whale, or in fish lacking in nutrients or other qualities that contribute beneficially to the same health endpoints. 

We also review the state of the science that bears on neurodevelopmental effects in children and neurological effects in adults as a result of their own postnatal consumption of fish containing methylmercury.  We did not perform a quantitative risk assessment for these endpoints.  Not all issues involving methylmercury would benefit significantly from quantitative risk assessment at this time due to the nature and availability of the data. 

The report reviews the “safety assessment” levels that have been estimated for methylmercury and the risk management strategies that have been based on these levels
.  These strategies have included issuing consumption advice to potentially susceptible subpopulations and developing an “action level” relating to concentrations of methylmercury in commercial fish that might render the fish “adulterated” under Federal law.  The report examines the strengths and weaknesses of the safety assessment paradigm as applied to methylmercury, including how safety assessment levels for methylmercury tend to be misunderstood and how such misunderstanding can affect perceptions of risk.  

This report does not cover every matter that might bear on the question of risk from methylmercury in fish. Volumes have been written on a range of topics germane to that question.  Rather, this report addresses matters that are most relevant to quantitative risk assessment and that will be most useful to FDA in meeting its public health responsibilities for commercial fish and fishery products under the Federal Food, Drug, and Cosmetic Act.  

Because FDA’s responsibilities for fish involve those that are in interstate commerce, the Agency’s scope is national.  The risk assessment in this report is a national assessment that addresses risk to the public in general.  Risk due to localized patterns of consumption, e.g., subsistence and recreational consumption, are outside the scope of FDA’s mandate that the risk assessment was designed to inform.  The report is not intended to address environmental or local issues associated with methylmercury that may be within the purview of any other Federal, state, or local entities.   

(c) What Is Mercury and Methylmercury?
Mercury occurs in three basic forms:  metallic, or elemental mercury, inorganic mercury, and organic mercury.  Each form can be toxic to humans when exposure is high enough, although the nature of the toxicity differs with each form.  All three forms are of regulatory interest to FDA.  

Elemental mercury occurs naturally, mostly in the form of ores.  It enters the environment as a result of volcanic activity and erosion from wind and water.  As a consequence, everyone is exposed to very low levels.  Mercury is also emitted into the environment through human activity, mostly from the burning of fossil fuels, mining, smelting, and solid waste incineration.  

Metallic, or elemental mercury, is the form that is found in mercury thermometers.  If swallowed, almost none if it will enter the body through a healthy gastrointestinal tract.  However, metallic mercury can give off mercury vapor, about 80 percent of which can be absorbed into the bloodstream after being inhaled (ATSDR, 1999).  Most people who are exposed to mercury vapor come in contact with it from the metallic mercury in their dental amalgam fillings.  These fillings can emit very small amounts of mercury vapor, depending largely on an individual’s chewing and grinding habits.  Some of this vapor can be inhaled.  Most mercury vapor that a person absorbs will accumulate in the kidneys, although some can accumulate in the brain, including the brain of a developing fetus (ATSDR, 1999).    

FDA regulates dental amalgams as “medical devices.”  There is no evidence that mercury vapor from dental amalgams is a health problem for the general population, but questions remain about whether it might be a problem for specific groups that are sensitive to mercury.  

The second form of mercury includes inorganic mercury compounds.  These are used in small amounts in some antibacterial products that are subject to FDA regulation.  Inorganic mercury accumulates mostly in the kidneys and is less able to enter the brain or to move from a pregnant woman to the developing fetus than is mercury vapor (ATSDR, 1999).      

Methylmercury is the most common organic form of mercury.  It is converted from inorganic mercury through natural, biological processes, e.g., the activity of bacteria, phytoplankton and fungi.  Because inorganic mercury is present in the environment from naturally occurring geologic processes as well as from human activity, this conversion to methylmercury has been ongoing for eons.  Methylmercury can enter the food chain by accumulating in fish and marine mammals.
  Larger, longer-lived predator fish tend to have more mercury in them than other fish because they spend their lives eating fish that also contain methylmercury.  

Because most commercial fish species contain methylmercury in at least trace amounts, it is reasonable to assume that most everyone who has eaten fish has been exposed to it, if only slightly.  Methylmercury is easily absorbed from the gastrointestinal tract and readily enters the brain, including the brain of the developing fetus.  It clears from the body more slowly than at least some other forms of organic mercury, e.g., thimersosal, which is used as a preservative in the influenza vaccine (Magos & Clarkson 2006).  
From a public health standpoint, the three forms of mercury behave differently in terms of absorption into the body and the degree to which they migrate to body organs.  Although it has been postulated that these different forms may interact at a cellular level, there is no scientific evidence to support this hypothesis and the available evidence (e.g., toxicokinetic differences and dissimilar clinical presentation) argues against such an interaction taking place at the relevant target organs (e.g., central nervous system) and levels of exposure.  For that reason, the focus of this public health review is on health risks associated with methylmercury in commercial fish products.        

Methylmercury is a neurotoxin.  Contamination events in Japan and Iraq in the last century caused exposures to methylmercury at least one hundred times higher than average U.S. exposures and resulted in severe neurological injury and even death.  No overt effects have been seen in parts of the world where diets involving substantial amounts of fish or marine mammals result in exposures to methylmercury that are about ten times higher
  than average exposures in the United States.  On the other hand, more subtle neurodevelopmental effects have been observed with sophisticated neurodevelopmental tests in some of these populations but not in others.  (See Section II-A of this report.)  Where such effects have been reported, they have involved prenatal exposure to the fetus as a result of a pregnant mother’s exposure from eating fish and/or marine mammals.  

(d) The Current Safety Assessment Level Approach to Determining Risk
  

The Application of Safety Assessment to Food Additives  

Safety assessment levels were originally developed to assess the safety of substances that are deliberately added to the food supply, such as food additives and pesticides (FDA, 1982; WHO 1987).  FDA has successfully employed safety assessment levels for decades as a relatively simple way to evaluate scientific information and determine whether to approve food additives
 for which manufacturers are seeking premarket approval.  
FDA approves the additive for inclusion into food only when it is assured that virtually all consumers will be exposed below a safety assessment level developed for that additive.    

Safety assessment levels enable FDA to meet its statutory and regulatory responsibility for food additives of ensuring that there is a “reasonable certainty of no harm” when additives are used in accordance with the conditions under which they are approved.
 “Reasonable certainty” is the most stringent food safety standard under the Federal Food, Drug, and Cosmetic Act and applicable regulations.  To meet it, the safety assessment level will typically be derived from conservative estimates that deliberately err on the side of safety (Bolger and Carrington, 2005).  It is highly likely that a safety assessment level is not the highest possible level of exposure that is without appreciable risk. This inherent conservatism is a characteristic of safety assessment levels in general
.  

To help understand this characteristic, it is worth mentioning briefly how a safety assessment level is developed.  A safety assessment level is essentially derived from the highest level of exposure to the substance in question for which no adverse effect has been seen in animal studies or in studies involving humans.  This level of exposure is then divided by some number of “safety factors,”
  to
 provide a margin of safety.  Safety factors account for uncertainties in the data as well as for varying degrees of sensitivity to the substance in question within the population of consumers who will be exposed to it.  The result is a single level of exposure that is far enough below the highest “no observed effect level” that it can be deemed to be without appreciable risk when maintained continuously over a period of time
.  

The Application of Safety Assessment Levels to Methylmercury  

Over the years FDA has used safety assessment levels as the basis for risk management for methylmercury and other environmental chemicals.  If the entire population were essentially exposed below the safety assessment level for a particular chemical, the population may be deemed to be without appreciable risk and no regulatory intervention would be warranted.  The safety assessment approach has become familiar to regulators and public health officials to the point where it is in common use for methylmercury.  

FDA, EPA, and the Agency for Toxic Substances and Disease Registry (ATSDR), which is a component of the Centers for Disease Control and Prevention, have each developed safety assessment levels for methylmercury for various purposes relating to their missions.  In addition, the Joint Expert Committee on Food Additives (JECFA), administered by the Food and Agriculture Organization of the United Nations and the World Health Organization, has developed two safety assessment levels for methylmercury, while Health Canada, the Canadian government agency that establishes food standards in that country, has developed a safety assessment level for risk management in that country.   (These safety assessments are addressed in detail in Appendix E
.) 

Two of these safety assessment levels (FDA’s safety assessment level and one of the two performed by JECFA) were designed to provide the general population with a margin of safety against clinical effects of methylmercury toxicity, such as paresthesia (tingling or numbness in the extremities), which is regarded as a threshold symptom (Bakir et al., 1973).  The remaining four safety assessment levels were developed to provide the developing fetus with a significant margin of safety against neurodevelopmental effects that could occur as a result of their mothers’ consumption of fish during pregnancy.  These safety assessment levels were developed by EPA, ATSDR, Health Canada, and JECFA.  Because the fetus can be more sensitive to the effects of methylmercury than the adult, these safety assessment levels are lower than those for the general population.  

No two of these safety assessment levels are identical.  Safety assessment levels involve choices about which data to use and how large a margin of safety to employ.  Even so, each of these safety assessment levels for methylmercury could be low enough to be without appreciable risk over an extended period of time, and thus achieve its objective.
   

A thumbnail sketch of each of these safety assessments is located in Appendix E.  A discussion of margin of safety, i.e., safety factors, can also be found in Appendix E.     

When we compare safety assessment levels to data on exposure to methylmercury within the United States from the National Health and Nutrition Examination Survey
 (NHANES) (described in Section III of this report), the following picture emerges (CDC, 2005):   

· About 99.9 percent of the U.S. adult population in the NHANES survey is exposed to methylmercury below the two safety assessment levels that were designed to provide a substantial margin of safety for the general population.   (Again, these are the FDA level and one of the JECFA levels.)

· Over 99.5 percent of the women of childbearing age in the NHANES survey have been exposed to methylmercury below three of the four safety assessment levels designed to provide a substantial margin of safety against adverse neurodevelopmental effects to their fetuses.  (These are the ATSDR level, the Canadian national level, and the JECFA level.) 

· 95.4 percent
 of women of childbearing age in the NHANES survey have been exposed to methylmercury below the lowest of the four safety assessment levels (the EPA Reference Dose for methylmercury).  All of the remaining 4.6 percent of women of childbearing age in the survey, who have been exposed above the Reference Dose, retain some if not most of the 10-fold margin of safety that was built into that safety assessment level.  Their median margin of safety is about seven-fold and the average margin is about six-fold.  Those at the 99.5th percentile of exposure have about a four-fold margin of safety.

The exposures that provide these margins of safety, including a four-fold margin, are substantially closer to a 10-fold margin of safety than to no margin of safety.  For the Reference Dose, the “benchmark dose” that contains no margin of safety results in a blood level of 58 parts per billion.   A blood level of 5.8 parts per billion represents a 10-fold margin of safety.  Intermediate blood levels equate to margins of safety as follows:

Figure I-1:  Intermediate Margins of Safety for the Reference Dose

	Margin of Safety 
	Parts Per Billion

	None 
	58

	2-fold
	29

	3-fold
	19.3

	4-fold
	14.5

	5-fold
	11.6

	6-fold
	9.7

	7-fold
	8.3

	8-fold
	7.3

	9-fold
	6.4

	10-fold
	5.8


If we were to assume that everyone who is exposed below at least one of these safety assessment levels relevant to them is without appreciable risk (since none of these levels has been shown to be invalid in that respect), a follow-on assumption would be that essentially the entire U.S. population is without appreciable risk from neurological effects from methylmercury in commercial fish.   

Without necessarily rejecting that assumption, FDA has advised women who are pregnant or considering getting pregnant to avoid eating certain commercial fish with the highest average levels of methylmercury and to eat no more than 12 ounces of other fish per week in order to maintain a large margin of safety for the fetus from neurodevelopmental effects (FDA/EPA 2004).  Twelve ounces per week may be thought of as an approximate surrogate for the EPA Reference Dose with its 10-fold margin of safety.   It would be unusual, although still possible, for a woman to follow the advisory yet eat a mix of fish that would cause her to be exposed slightly above the Reference Dose (Carrington et al., 2004).          

Consequently, the primary practical function of the consumer advisory is to encourage 4.65 percent of women who are either pregnant or considering becoming pregnant to increase the margin of safety for their fetuses to around 10-fold relative to the EPA Reference Dose. These women already have full margins of safety relative to the other safety assessment levels designed to protect the fetus.  

Whether following this advice would significantly reduce the risk to the fetus was not calculated, nor was it determined that their risk was unacceptably high, i.e., that their offspring were experiencing a reasonable possibility of injury, the applicable test for whether food is adulterated under the Federal Food, Drug, and Cosmetic Act.  As FDA and EPA pointed out when they issued the current advisory in 2004, women might want to modify the amount and type of fish they consume “as a matter of prudence”
 (FDA/EPA 2004a).  Details of the FDA/EPA consumption advisory, including a comparison to consumption advisories issued by other countries, are included in Appendix H.   

By contrast, a quantitative risk assessment could calculate risk through the entire range of exposures, including above and below each of the safety assessment levels.  Moreover, a quantitative risk assessment could calculate the overall net effect that fish consumption is having on fetal neurodevelopment.  The net effect on neurodevelopment from eating fish containing methylmercury might not be the same as the effect of eating another food containing methylmercury (if that were possible in the United States), such as in marine mammals.  
SECTION II:

SCIENTIFIC BASIS FOR RISK AND BENEFIT ASSESSMENT
(a) Purpose
The purpose of this section is to inventory and evaluate results from research studies in humans that are germane to the question of risk to U.S. consumers from exposure to methylmercury in commercial fish.  This section reviews studies that have looked for associations between methylmercury and neurological, cardiovascular, and stroke endpoints in human populations.
  Because U.S. consumers are primarily exposed to methylmercury from consuming fish, this section also reviews some studies that looked for associations between the consumption of fish and these health endpoints. (Other such studies are reviewed in Appendices C and D).  The potential for adverse effects is one aspect of an overall net effect on these health endpoints from eating fish containing methylmercury.     

 (b) Health Endpoints 
For methylmercury, we focus on the following health endpoints:

· Neurodevelopmental effects in the fetus as a result of a pregnant woman’s consumption of commercial fish containing methylmercury.  
· Neurodevelopmental effects in children as a result of their own consumption of mother’s milk or fish.  The central nervous system continues to develop after birth so an important question is whether children are more sensitive than adults to a neurotoxin such as methylmercury.  

· Neurological effects in the general population as a result of eating commercial fish containing methylmercury.  Methylmercury can be neurotoxic to adults at high levels of exposure.

· Fatal coronary heart disease and stroke in the general population as a result of eating commercial fish containing methylmercury.  Methylmercury has been implicated as a potential risk factor for coronary heart disease and stroke in some studies in limited populations outside of the United States.  
(c) Sources of Data  

FDA does not conduct research in humans on the toxicity of methylmercury or the effects on health of eating fish.  The Agency relies on studies that are published in the peer reviewed literature. The research that has been published on the toxicity of methylmercury in humans is substantial for an environmental contaminant.  There is also a body of published research on fish consumption where exposure to the methylmercury in the fish was not measured, although the presence of methylmercury may be presumed.    
These studies have been “observational
” in that they have essentially recorded what was occurring in a given population without removing potentially confounding factors in advance of the study.  To the extent possible, observational studies attempt to screen out potentially confounding factors after the fact through statistical techniques.  Because they cannot exercise the kind of control over the study environment that is found in a controlled clinical trial, they are not considered capable of conclusively demonstrating cause-and-effect relationships
.  However, they can reveal associational relationships, or their absence, that can contribute to the weight of evidence on cause and effect.

The studies that have looked for associations between methylmercury and health endpoints have typically reported their findings as associations between “mercury” and those endpoints even though “mercury” includes molecular forms of that element that do not appear in fish in significant amounts, i.e., inorganic forms
.  Laboratory analyses for total mercury in hair and blood are easier and less costly to perform than analyses for methylmercury, the form of mercury that is primarily found in fish.  In our review of the individual studies in Section II-A, below, we report the results as the researchers reported them, i.e., mostly in terms of “mercury.”  It can be generally assumed, however, that most of the total mercury found in hair and blood in these studies has been methylmercury and that almost all the methylmercury has been from fish.  Section IV(a) and Appendix A explain how we differentiated between “mercury” and “methylmercury” for purposes of risk assessment.

With the exception of Japan and Iraq, the data reflect exposures to methylmercury that are essentially long term rather than “episodic.”  For example, in order to achieve body levels that are about 10-fold higher than average U.S. levels, the women in the Seychelles Islands study ate about 12 fish meals per week as a matter of routine (Shamlaaye et al., 1995).  The researchers in the Faroe Islands concluded that the strongest associations they saw between methylmercury and neurodevelopmental test scores were the result of “stable,” rather than “variable” exposures (Grandjean et al., 2003).  

Consequently, the data provide a basis for evaluating risk from long term consumption of fish over time, but not from isolated meals that might cause a transitory “spike” exposure to methylmercury.  Whether transitory “spike” exposure has the same impact on risk as a sustained exposure over time at identical levels of exposure cannot be determined from these data.

   The risk to the fetus from short term exposure to methylmercury, e.g., from a single meal, remains an untested question.
     

Neurological Endpoints
We review the studies that have produced data on each of the neurological endpoints of interest for methylmercury:  (1) neurodevelopmental effects due to prenatal exposure to the fetus; (2) neurodevelopmental effects due to postnatal exposure in children; and (3) neurological effects due to postnatal exposure in the general population.  For each endpoint we subdivide the studies by level of exposure, i.e., the levels of methylmercury that people had in their bodies. These exposure levels are as follows:  

1. The highest level involves the poisoning events in Japan and Iraq in the last century, where exposures were roughly 100 times greater than average exposures in the United States today.   These events have provided insights into the neurological effects of this chemical in humans at levels of exposure well beyond what anyone in the world normally experiences from eating fish.  The United States and other countries have based their risk management policies for protection of adults largely on data from these events.  

2. The second level includes studies that have been conducted in locations where fish consumption (or fish and marine mammal consumption) is high enough to result in average exposures to methylmercury that exceed the U.S. average by about 10-fold or greater.  The United States and other countries have based their risk management policies for the protection of the fetus and young children on the results from such studies.   

3. The third level includes studies have been conducted in the United States and other locations where exposure to methylmercury is similar to average U.S. exposures.  These studies are relatively new.  Virtually all the findings have been published since FDA began this report. We are not aware of risk management policy in any country that is currently based on these data.  

Coronary Heart Disease and Stroke
For coronary heart disease and stroke, we divide the studies into two general categories:   

1. Studies that looked for an association between exposure to methylmercury and risk of coronary heart disease and stroke.  We review these data in Section II-A(g) of this report.  

2. Studies that looked for an association between fish consumption and risk of coronary heart disease or stroke.  We review these studies in Appendix C and address them for risk assessment purposes in Section IV and Appendix A.  

Section II-A:

Studies on Neurological Endpoints

(a)  Neurodevelopmental Effects in the Fetus from Prenatal Exposure

When Exposures to Methylmercury are in the Vicinity of 100 Times Higher (and beyond) than Average U.S. Exposures:  The Incidents in Japan and Iraq

Contamination incidents in Japan and Iraq in the last century demonstrate that methylmercury can cause severe neurological abnormalities and even death when levels in the body approach 100 times greater than average body levels in the United States.  In Niigata, Japan, for example, the minimum amount of mercury in hair that was associated with the adverse effects
 that became known as “Minamata disease” was 50 parts per million (ppm) (Harada et al., 1995) as compared to the average of 0.47 ppm in hair of U.S. women of childbearing age (McDowell et al., 2004
).  Data from Iraq, according to researchers who worked there, suggested that threshold effects in the fetus occurred when methylmercury concentrations in the body were lower -- from 30 to 50 times the U.S. average (Marsh et al., 1987; Marsh et al., 1995b), but the effects became more prevalent and extreme as the exposure levels increased.  The effects in both Japan and Iraq were epidemics in that large numbers of people in specific geographic areas were similarly affected within the time frames of the contamination.  

Japan:   Beginning in the early 1950’s but perhaps actually earlier, a chemical manufacturing plant dumped wastewater that contained methylmercury into Minamata Bay over a protracted period of time.  The methylmercury was eventually absorbed by the local marine life that contributed significantly to the diets of the local inhabitants.  Mercury concentrations in a number of marine species in the area were found to range from over 5 ppm to nearly 40 ppm (Harada et al., 1995).  By contrast, the average commercial fish on the market in the United States today, weighted for consumption, contains about 0.086 ppm
 of methylmercury, i.e., roughly between 50 to 300 times below the levels found in and around Minamata Bay. 

Because it took time to understand the cause of “Minamata disease,” many victims were studied well after the levels of methylmercury in their bodies had dropped.  The human body excretes methylmercury so that over time it will be eliminated if there is no further exposure.  The average half life in the human body has been measured at about 50 days with a range of 42-70 days (Sherlock et al., 1984).  Consequently, while the Japanese experience demonstrates the potency of methylmercury when exposure reaches extreme levels, dose-response relationships, i.e., the effect that occurs or is most likely to occur when the amount ingested reaches a certain amount, could not be measured solely from Japanese data.    

Iraq (Marsh et al., 1987):  The incident in Iraq during 1971-1972 involved the accidental addition of fungicide containing methylmercury into grain that was used to make bread.  Because the event in Japan had provided evidence that an expectant mother’s exposure to high amounts of methylmercury could result in neurological injury to her offspring even when the mother was not similarly affected, a team from the Universities of Rochester, Alabama, and Baghdad conducted a study in Iraq to establish a dose-response relationship between maternal exposure to methylmercury and the frequency and severity of adverse effects in the offspring. 
The Iraq study involved 81 mother-infant pairs.  The maximum mercury hair levels in the mothers ranged from 1.0 ppm to 674 ppm.  The median mercury hair level was about 19 ppm and the mean was about 120 ppm.  (For purposes of comparison, the 95th percentile hair level in U.S. women of childbearing age is around 1.73 ppm; the median is 0.20 ppm; and the mean is 0.47 ppm; (McDowell et al., 2004)).   

The mothers were asked to provide information about their children’s’ developmental milestones such as ages of first walking and talking.  The children were also physically examined.  The results established the first dose-response relationship between maternal exposure during pregnancy and effects in offspring.  

Fifty-six percent of the children were reported to be asymptomatic on the basis of the tests that were administered.  Whether the children remained asymptomatic was not reported.  
The research team published the ages at which the children first walked and talked.  A child’s development was regarded as “retarded” if the child did not walk by 18 months or talk by 24 months.  Under those criteria, 32 percent of the children experienced retardation.  Fifteen percent of the “retarded” children were born to mothers whose mercury hair levels were below the median of about 19 ppm while 85 percent were born to mothers whose mercury hair levels were above the median.  

The children were also given neurological scores based on an examination of each child.  Twenty-five percent of the children had “abnormal” scores to one degree or another, as defined by the research team.  Twenty percent of those with “abnormal” neurological scores were born to mothers who had hair mercury levels below the median while 80 percent of them had mothers whose hair mercury levels were above the median.  
The data also revealed larger effects for boys than for girls, a result that suggested to the study team a sex difference in response to methylmercury.  A similar difference between boys and girls has turned up in other studies conducted after Iraq. 

The research team concluded that it had found a dose-response relationship between maternal exposure and effects in children.  On an individual basis, the results could be variable, e.g., not everyone associated with the higher maternal hair levels was adversely affected per these tests at these ages; however, effects occurred with greater frequency and severity as maternal hair levels increased.  Moreover, the team noted that the severity of effects in the fetus were often greater than those in the mother.   In only five percent of the mother-infant pairs the mother was symptomatic while the child was asymptomatic. Conversely, the mother was asymptomatic while the child was symptomatic in 23 percent of the pairs.  Where the mother and child were both symptomatic, the child’s symptoms were often more severe.  
The Iraq study team put it this way:   

“… this analysis suggests that risks are higher for prenatal as compared to adult exposure.  It has been estimated that at adult hair levels of 50 ppm, the risk of the mildest form of poisoning is about  five percent (WHO, 1976) whereas our best estimate for prenatal exposure is about 10 -20 percent.  Furthermore, it may be argued that the effect on children – psychomotor retardation – is more serious than the mild sensory deficits seen in adults” (Cox et al., 1989).  

This study has uncertainties associated with it, but none that challenge the existence of the dose-response relationship seen in the data.   For example, in addition to the small size of the study population, a substantial amount of the data collected by the study team was derived from the recollections of the mothers, including the birth months of their children.  Exact birthdates are not significant in Iraqi culture. On the other hand, potential confounding factors were minimal. The population did not drink or smoke and there was little socioeconomic variation among the agricultural communities from which the study participants was comprised.   
The primary source of evidence for heightened fetal sensitivity remains the poisoning events in Japan and Iraq at those extreme levels of exposure.  Although the data from Iraq are limited, they show a clear tendency toward greater fetal sensitivity.  Because much of the data from Japan were after-the-fact to one degree or another (Harada 1995, page 7), there are limited data from that event that can be used to compare effects in the fetus against those in the mother.  However, it was reported that children who were suffering from extreme effects from methylmercury often had mothers who experienced only mild effects if any (Harada 1995, page 8).  
When Exposures to Methylmercury are in the Vicinity of Ten Times Higher (and Beyond) than Average U.S. Exposures:  Seychelles, Faroe Islands, and Others


Early Studies

A logical follow-on question to the extreme events in Japan and Iraq is whether neurological effects are occurring at lower levels of exposure.  Because Japan and Iraq produced evidence that the developing fetus is often more sensitive to the effects of methylmercury than the pregnant woman who is actually ingesting the methylmercury, much of the scientific investigation since Japan and Iraq has focused on finding the lowest exposure level that could adversely affect the developing nervous system within the fetus.  Exposure would be expected to occur as a result of the pregnant mother’s consumption of fish as a normal part of the diet, although in some places it could occur from the consumption of both fish and marine mammals, such as pilot whale, that also contain methylmercury.  

To give themselves the best chance of detecting subtle effects, researchers looked for populations with exposures to methylmercury that are normally relatively high, i.e., where fish is a mainstay of the diet and thus consumed much more frequently than it is on average in places like the United States.  Daily fish consumption (and consumption of pilot whale in the Faroe Islands) results in concentrations of methylmercury in the bodies of these peoples that are well above those found in the vast majority of fish consumers in the United States and other countries with consumption patterns similar to those in the United States.   
The researchers anticipated that effects would reveal themselves as subtle differences in scores on neurodevelopmental tests between children who had been prenatally exposed to less methylmercury and those who had been prenatally exposed to more methylmercury within a study population (Marsh et al., 1995a; Myers et al., 2007).  
Two of the early studies drew heavily on the study design employed in Iraq that focused on neurodevelopmental milestones such as age of first walking and age of first talking.  The use of relatively complex neurodevelopmental tests would occur later.

Cree Native Americans in Northern Quebec, Canada (McKeown-Eyssen et al., 1983):  The research team reported no significant association between test results and exposure to methylmercury except for an association in boys involving abnormality of tendon reflexes.  Although the researchers tended to doubt the importance of the finding in boys, the finding is consistent with the finding of greater effects in boys than in girls in the Iraq study described previously.  

This study was conducted in 1978-1979 with 247 children between the ages of 12-30 months from the four Cree communities in Northern Quebec with the highest levels of methylmercury exposure.  It consisted of a neurological examination and a developmental assessment using the Denver Developmental Scale for gross and fine motor development, language development, and personal/social skills.  The children’s prenatal exposure to methylmercury was determined from the concentrations of methylmercury in their mothers’ hair.  This concentration averaged six ppm, with six percent exceeding 20 ppm.  (Reminder:  the U.S. average is 0.47 ppm and the 95th percentile is around 1.73 ppm.)  Whether the exposure to methylmercury was essentially from fish, marine mammals, or both, was not described.  
Peru Fishing Village (Marsh et al., 1995b):  The researchers used the same study protocol as was used in Iraq.  They reported no association between methylmercury and ages of first walking and talking or other neurological indicators as revealed by physical examination.   This study was conducted between 1981 and 1984 with 131 mother-infant pairs from an isolated coastal village in Peru. The villagers relied heavily on marine fish in their diet to the point where the reported geometric mean
 peak   methylmercury hair level within the study population was 8.34 ppm and the range of hair levels was 1.2 ppm to 30.0 ppm.   

New Zealand (Kjellström et al., 1986 and 1988):  A study in New Zealand, also in the 1980’s, was designed to examine neurodevelopmental effects from maternal consumption of fish high in methylmercury.  The impetus for the study was research that showed mercury levels in some commercial fish, particularly shark, to be higher in New Zealand than previously thought.  Shark was commonly used in the popular dish “fish and chips.”  People who consumed “fish and chips” several times per week were found to have hair levels of up to 20 ppm (Kjellström et al., 1986).   By contrast, the 99th percentile of exposure for women of childbearing age in the U.S. is 2.19 ppm in hair (see Table IV-3 in Section IV(b)).  

The Denver Developmental Screening Test was given to 31 children at age four whose mothers had average mercury hair levels of six ppm.  The results were compared to children who had experienced lower prenatal exposures.  A higher proportion of the “high exposure” children were found to have results that were characterized as “questionable” or “abnormal” than the children in the control group.  

The group was expanded to 61 “high exposure” children at age six, when they were given a battery of tests including IQ
.  An association was found between prenatal methylmercury exposure and decreased test performance, but the methylmercury exposure contributed only a small part of the variations that were found in the test results.  The authors characterized the methylmercury effect as “weak” and noted that “a multitude of confounding factors makes it difficult to ascertain the effect.”  They concluded that an average hair mercury level of 13-15 ppm “may be associated with the decreased test performance” (Kjellström et al., 1988).   

Issues with the study design and the findings have raised questions over the years about the utility of this study, particularly because of confounding variables (FAO/WHO 2000).  As noted in the 2006 report from the National Academy of Sciences, the results differed considerably depending on whether one particular observation was included or excluded (IOM, 2006).  Nonetheless, the New Zealand findings were similar to those subsequently reported from the Faroe Islands, a study regarded as well conducted, in that both reported an association between test scores and exposure to methylmercury at comparable levels of exposure (FAO/WHO 2000).  Consequently, the New Zealand study has been regarded as supporting the Faroe Island results, at least for purposes of calculating a reference dose (RfD)safety assessment level (NRC 2000).  From our perspective, because the fish being consumed apparently included an unusual amount of high methylmercury fish, e.g., shark, the results suggest that a high methylmercury-to-fish ratio could cause a net effect from fish consumption to be adverse.  In that respect, the New Zealand study appears to remain consistent with the Faroe Island results that were also the product of high methylmercury-to-fish ratios due to the consumption of pilot whale containing methylmercury in addition to the consumption of fish (see subsection (a)(2)(B)(iii), below).  

Seychelles and Faroe Islands

Studies have been performed in the Seychelles Islands, an isolated archipelago in the Indian Ocean about a thousand miles from Africa, and in the Faroe Islands, located between Iceland and Norway in the north Atlantic.  These studies have drawn the most attention over the years and have served as the basis for risk assessment levels for methylmercury in the United States and elsewhere.
In the Seychelles, ocean fish provide the primary source of protein.  Marine mammals are not part of the diet (Shamlaye et al., 1995).  Median fish consumption among the pregnant mothers in the Seychelles study population was 12 fish meals per week (Shamlaye et al., 1995), as compared to about one fish meal per week on average in the United States.
  Not surprisingly, concentrations of methylmercury in the bodies of these women were found to be about 15 times higher than in U.S. women on average (McDowell et al., 2004).  Fish in the U.S. marketplace and fish in the Seychelles have about the same amounts of methylmercury in them (Davidson et al., 1998
).  
In the Faroe Islands, pilot whale was the main source of methylmercury for
 the study population (Grandjean et al., 1999), although this population was also exposed from eating fish, primarily cod.  These fish had a reported average mercury concentration of 0.07 ppm (Weihe et al., 1996, page 142).  The mothers in the study population had average concentrations of mercury in their bodies that were roughly ten times higher than average U.S. concentrations in women of childbearing age (McDowell et al., 2004).       

The Seychelles and Faroe Islands studies have drawn the most attention and have served as a basis for risk management in many countries due largely to several aspects of these studies:  

· Until recently, they have had the largest study populations of all studies involving methylmercury.  Large study populations give a study more statistical “power” to detect subtle effects than studies with smaller populations.  The Faroe Islands study population of 1,022 children and the Seychelles study population of 779 children were both several times larger than any previous (and most subsequent) study populations.    

· They are “longitudinal” in that they have tested the children in their study populations repeatedly over time in order to determine whether adverse effects appear or disappear at different ages.   

· The tests administered were more extensive than those used in previous studies.

· The two studies are regarded in the scientific community as well designed.

· The two studies have appeared to produce different results.  Contrary to the original expectations of the study investigators, the Seychelles study did not find strong evidence for an association between methylmercury and neurodevelopmental effects after testing children with a variety of tests at five different ages.  On the other hand, the Faroe Islands researchers reported finding such an association on several neurodevelopmental tests.  

The differences are unexpected when one considers that the average maternal exposure in the Seychelles study population was about one third higher than it was in the Faroe Islands study population.  Many, including the National Academy of Sciences Committee on the Toxicological Effects of Methylmercury (NRC 2000), have considered possible reasons for the apparent differences and have offered hypotheses on the subject.  A discussion of these hypotheses is in “The Apparent Differences between the Findings in the Seychelles and the Faroe Islands,” below.

Faroe Islands Summary 

This study initially looked for an association between exposure to methylmercury and delays in creeping, sitting, and standing (Grandjean et al., 1995).    No association was found between prenatal exposure and the occurrence of these milestones.  

At age seven, essentially the entire study population received a battery of neurodevelopmental tests (Grandjean et al., 1998).  The tests included tasks that the investigators expected would be adversely affected by the kinds of neurological dysfunction seen in victims of the poisoning event in Minamata, Japan, as well as in those affected by other neurotoxicants such as lead.  As described by the researchers, these included tests of manual motor ability (finger tapping) focusing on speed, hand-eye coordination, tactile processing, vigilance/attention, attention and tracking, reasoning and cognitive flexibility, visuospatial organization and reasoning, visuospatial as a nonspecific measure of brain damage, short-term memory, language, and mood (Grandjean et al., 1997).  
The researchers reported an association between higher exposures to methylmercury and small but statistically significant reductions in test scores, most notably in the domains of language, attention, and memory and to a lesser extent in visuospatial and motor functions (Grandjean et al., 1997). When a case-control analysis was performed by comparing members of the study population with the lowest prenatal exposures (hair concentrations below three ppm) against members with the highest prenatal concentrations (10 ppm or higher), the highest exposed group had small but statistically significant reductions in scores on a third of the test outcomes (Grandjean et al., 1998).     

The children were administered another battery of tests at age 14 (Debes et al., 2006).  Roughly 40 percent of the tests were those that had been administered at age seven; the other tests were new.  The researchers reported that the results were similar to those found at age seven. They concluded that the methylmercury-associated deficits had not changed between the two examinations
. 

Seychelles Islands Summary
Similar to the Faroe Islands study, the Seychelles Child Development Study (SCDS) measured early developmental milestones, i.e., ages of first walking and talking, to determine whether these events were being affected by prenatal exposure to methylmercury.  Although these milestones were not identical to milestones measured in the Faroe Islands (age of first creeping, sitting, and standing), the results were similar in that prenatal exposure to methylmercury was not associated with delays (Myers et al., 1997).   In this case they appear to have been associated with slight improvements.  According to the researchers, the “Seychellois children both walked and talked slightly earlier than U.S. children” (Myers et al., 1997).  A remaining question is whether this acceleration was due to a maternal diet high in fish as compared to typical U.S. diets.  

Like the Faroe Islands study, the SCDS then administered neurodevelopmental tests to the children in its study population at pre-determined ages.  Many of the tests could not be the same as those administered in the Faroe Islands because they were administered at younger ages, but they addressed essentially the same neurodevelopmental “domains
”  i.e., “general cognitive, visual-perceptual, speech-language, visual memory, visual attention, neuromotor-neurological, social-emotional, and learning –achievement.” (Davidson et al., 1995).  The tests were selected to evaluate specific developmental domains based on the expectation that levels of exposure experienced in the Seychelles, effects would be subtle and only affect some aspects of neurodevelopment but not others.      

In contrast to the Faroe Islands study, the SCDS design included relatively frequent testing.  To date SCDS has published results from testing at ages 6.5 months (Myers et al., 1997), 19 months and 29 months (Davidson et al., 1995a), 66 months (Davidson et al., 1998) and nine years (Myers et al., 2003).  Some tests were repeated but most were used once and then changed to account for the advancing age of the children (Davidson et al., 1995).  Tests at nine years included several given in the Faroe Islands to determine whether the differences in results between the two studies might have been caused by differences in the age-related sensitivity of the tests administered to the two populations.  

Testing at nine years included a “full scale” IQ test.  The average score at the highest levels of prenatal exposure was slightly better than the average score at the lowest levels of exposure.  However, the average at highest exposure might have been affected by some small number of high IQ scores because the overall result was a slightly negative dose-response relationship.  The Seychelles researchers interpreted the results as showing no association between exposure to methylmercury and IQ because the results were not statistically significant
 (Myers et al., 2003). 
The Seychelles results have involved both minor deficits and benefits associated with increased maternal exposure to methylmercury, but for the most part they have lacked statistical significance.  One test at nine years of age (grooved pegboard using the nondominant hand) produced an adverse association that was statistically significant
.  Two tests, the Preschool Language Scale total score at 66 months and the Connors Teacher Rating Scale hyperactivity index at nine years, produced beneficial associations that were statistically significant
 .  The Connors test is a widely used educational assessment tool in the United States (Cordes et al., 2004) that essentially measures a child’s readiness and ability to learn.  Although the Seychelles study team suggested that the beneficial association may have occurred by chance (Myers et al., 2003, page 1691), they also noted that “the Seychellois children were functioning at the upper limit of the normal range for this test” (Myers et al., 2003 page 1691). This result indicates that these children were rated by their teachers as being more attentive, less distractible, better organized, less hyperactive, and less emotionally labile.  

The study team also reported finding an adverse association between methylmercury and one test result at 30 months of age, but only when nutritional benefits from maternal fish consumption were statistically screened out (Myers et al., 2007).  This finding suggests that the net effect on fetal neurodevelopment from maternal fish consumption can be neutral or beneficial even when it includes an adverse methylmercury component.   Overall, the study team has concluded that, up to this point, it has found “no consistent adverse developmental effects in the children” in the Seychelles Islands (Myers et al., 2007).  
 The Apparent Differences Between the Findings in the Seychelles and the Faroe Islands  

A lingering controversy flowing out of the Seychelles and Faroe Islands studies relates to why they produced seemingly different results and whether those differences have significance for determining risk to U.S. consumers.  
 In 2000, the National Academy of Sciences Committee on the Toxicological Effects of Methylmercury examined a number of possible reasons for the differences in results from the two studies (NRC 2000, see Chapter Six, “Comparison of Studies for Use in Risk Assessment”).  The Committee considered whether the differences were somehow related to the conduct or design of the studies themselves.  
One possibility raised by the Committee was that Seychelles could have missed the effect seen in the Faroe Islands because the tests used in the Seychelles might not have been as sensitive to methylmercury effects as those used in the Faroe Islands (although the Committee noted that tests used in the Seychelles had previously been used to report an effect in New Zealand).  The test sensitivity hypothesis became less likely, however, when the Seychelles research team published results from several neurodevelopmental tests that were the same as tests used in the Faroe Islands but still found no statistically significant association between methylmercury and test results.  

The Committee also noted that the Seychelles study might have tested the children at too early an age to see an effect.  The Committee indicated that the then-next round of testing, planned for 8 years of age, would be “more optimal for detecting neurodevelopmental effects” (NRC 2000, p. 258).  Subsequent testing continued to find no effects.  

Another possibility raised by the Committee was that the Seychelles study simply missed the effect because of its subtlety.  According to the Committee, the effect was so small that either study only had about a 50 percent chance of seeing it at all (NRC 2000, p. 278).  The Faroe Islands study was fortunate to see it; the Seychelles study may have missed it due to “random chance” (NRC 2000, p. 277).  

A random chance hypothesis would require consistently bad luck over a protracted period of time by the Seychelles team and consistently good luck over a protracted period of time by the Faroe Islands team.  As described previously, both studies have administered substantial batteries of tests repeatedly over a number of years, including results published after the NAS Committee issued its report.  The consistency in each set of findings remains steady.   

Have the studies really produced biologically similar results?   Another possible explanation that has been explored since the NAS report in 2000 is whether the apparent differences are due to errors in the two studies or to how the results have been calculated.   
One view is that the differences in results can be explained by a combination of random and systematic errors in the conduct of the studies (e.g., confounding, information bias, and selection bias) rather than by an underlying biological cause (Goodman et al., 2007).  According to this view, the effects reported from the two studies are not necessarily biologically different from one another.  Consequently, it is not possible to draw definitive conclusions about the presence or absence of neurodevelopmental effects at the levels of exposure seen in the Faroe and Seychelles Islands.  

The view that the two studies might be more concordant than previously thought was raised in 2006 by the National Academy of Sciences Committee on Nutrient Relationships in Seafood:  Selections to Balance Benefits and Risks.  That Committee addressed this issue primarily on the basis of a then-new analysis that, according to the Committee, showed how the Seychelles study produced a “benchmark dose lower confidence interval” only slightly higher than that based on the Faroe Islands data  (IOM 2006).  

That analysis was published by members of the Seychelles Child Development Study to demonstrate how a risk assessment could be performed for the fetal neurodevelopmental endpoint using data solely from the Seychelles study (van Wijngaarden et al., 2006).  The analysis by van Wijngaarden et al. showed how it could be done by using data from results that did not achieve statistical significance.  

Van Wijngaarden et al. (2006) used data from tests administered at nine years of age.  The result was a lower confidence limit for a benchmark dose (a BMDL) from the Seychelles Islands data that was still two to three times higher than the BMDL that had been calculated from Faroe Islands data.  The authors concluded that “’negative’ but well-conducted studies [e.g., the Seychelles Islands study] can be used to predict upper limits on risk
.”  

Although the van Wijngaarden et al. (2006) analysis still resulted in a two to three-fold difference between the two studies, the studies are similar in that they both involve small differences in test scores between the least and the most exposed members of their study populations, regardless whether these results achieve statistical significance.  Also, they now appear to be similar when results are based solely on fish consumption, as discussed below.     
Fish versus pilot whale.  A 2007 analysis of data by members of the Faroe Islands research team reported a beneficial net effect from
 eating fish in that study population (Budtz-Jørgensen et al., 2007).  The authors used data from a fish consumption recall questionnaire that had been filled out by the pregnant women in their study in order to estimate the extent to which the methylmercury in their bodies was due to fish consumption and to pilot whale.  Pilot whale was the source of most of the methylmercury in the Faroe Islands study population.
   Pilot whale is low in selenium and omega-3 fatty acids that are contained in many fish (Julshamn et al., 1987). It has been hypothesized, but not proven, that both selenium and omega-3 fatty acids are protective or offsetting against adverse neurodevelopmental effects of methylmercury in humans.  If either or both of these hypotheses are valid, the net effect of eating fish containing methylmercury could be less adverse (if not net beneficial) than the net effect of eating pilot whale containing the same amounts of methylmercury.  

The authors used statistical analysis to determine the association between neurodevelopmental test scores and: (1) methylmercury from both fish and pilot whale
; (2) fish consumption; and (3) methylmercury just from pilot whale with the effects of fish consumption removed.  They looked at neurodevelopmental tests that had been administered at both seven and 14 years of age, i.e., motor and verbal at age seven, and motor, attention, spatial, verbal and memory at age 14
.

The authors found that the negative (i.e., adverse) associations between test scores and methylmercury that came from both fish and pilot whale together were replaced by positive (i.e., beneficial) associations when test scores were compared against fish consumption only, although these associations were statistically significant for only some functions (spatial and motor).  The authors attributed these outcomes to the benefits conferred by maternal fish consumption during pregnancy.  The average amount of fish consumed per the questionnaire survey described above was about 3.5 times greater than U.S. per capita consumption of commercial fish as reported by the U.S. Department of Commerce (NMFS 2007, page 73).

When the authors statistically screened out fish intake in order to examine the effects from methylmercury without any offsetting benefits, they saw stronger negative associations between methylmercury and neurodevelopmental test scores than they originally reported for methylmercury from both fish and pilot whale
.  This result would be expected if fish were providing a protective or offsetting effect, or both.  

Taken at face value, these results indicate that maternal fish consumption in the Faroe Islands confers a small beneficial net effect on neurodevelopment even though the fish contain methylmercury and are eaten in higher amounts on average than are fish in the United States.  Moreover, these results are generally consistent with those from the Seychelles Islands Child Development Study in spite of the fact that exposure to methylmercury in the Seychelles was generally higher than it was in the Faroe Islands study population.  Fish consumption in the Seychelles was also higher.  The results also appear germane to considerations of risk in the Untied States because U.S. consumers are exposed to methylmercury primarily through fish consumption.  Marine mammals are not food in interstate commerce in the United States.   

The authors raised caveats to their findings.  First, they pointed out that the amount of fish consumed by the expectant mothers in the Faroese study population could not be determined with precision because the results of fish dinner frequency questionnaires are inherently imprecise.  It is true that imprecision on these kinds of surveys can result in both over and underreporting fish consumption.  In any event, it is reasonable to assume that the beneficial associations between fish consumption and test scores may not be exactly as reported due to imprecision in the questionnaires, but it is also reasonable to assume that this imprecision does not alter the fundamental shift toward a beneficial net effect from fish when pilot whale is removed from the analysis
.

The second caveat offered by the authors was that the offsetting benefits from nutrients in fish might not affect the same “molecular target” as methylmercury even though they might all affect the same epidemiologic outcomes.  In other words
, methylmercury could still be having an adverse effect that is separate from the beneficial effect even though the results on neurodevelopmental scores no longer reveal it, or are actually improved from eating the fish that contain the methylmercury.  
This may well be true.  The net effect could involve a neurodevelopmental benefit from fish from which a separate neurodevelopmental deficit from methylmercury should be subtracted.  The key public health consequence, however, is the net outcome as represented by the test scores in the Faroe Islands study.  On the basis of the scores, fetal neurodevelopment was not adversely affected by eating fish containing methylmercury in the Faroe Islands study population even after a subtraction for methylmercury that would be an intrinsic component of the net effect

.  

Selenium and Omega-3 Fatty Acids:  Although we draw no conclusions as to specific components of fish that might offset adverse effects from methylmercury, the components most frequently mentioned are selenium and omega-3 fatty acids.  The NAS Committee on the Toxicological Effects of Methylmercury noted that selenium and omega-3 fatty acids in the fish eaten in the Seychelles could weaken any adverse effects from methylmercury in the same fish (NRC 2000, p. 265).  As indicated previously, the pilot whale that was consumed in the Faroe Islands was low in both as compared to fish.   

The potential health benefits from omega-3 fatty acids in fish are discussed in Appendices C and D of this report.  

Selenium is essential to normal neurological development, brain function, and the proper functioning of the nervous system (Raymond & Ralston 2004; Schweizer et al., 2004).    Ocean fish are a significant source of dietary selenium (IOM 2006, p.131).  Selenium and certain molecules containing it are known to chemically bind with methylmercury (Raymond & Ralston 2004; IOM 2006, page131).  This binding could sequester methylmercury so that it could not do neurological harm (Chen et al., 2006).  Another possibility is that by binding with methylmercury, selenium becomes sequestered so that it cannot perform beneficial functions in the developing brain.  Under this view, it is a lack of available selenium that causes neurodevelopmental effects, rather than the methylmercury itself (Raymond & Ralston 2004; IOM 2006, page 131).  Taking in more selenium than methylmercury would leave a surplus of selenium after methylmercury has bound with some of it.  

In laboratory animals, some studies have shown selenium to be protective against adverse effects from methylmercury (FAO/WHO 2004, page 569), including one study in which animals appeared to have been protected by selenium in tuna fish (Ganther et al., 1972). 
It has been hypothesized that inadequate amounts of selenium relative to the amounts of methylmercury present in the Faroe Islands, as compared to the Seychelles Islands, accounts for the differences in results from the two studies (Raymond & Ralston 2004; IOM 2006, p. 131).  Potential protective effects of selenium have not been well studied in humans, however.  The 2006 NAS report expressed doubts that selenium alone could account for all the differences in results in the two locations because the Faroese also consume large amounts of seafood other than pilot whale (IOM 2006, p. 131).  Additionally, a study of data from the Faroe Islands did not reveal a protective interaction involving selenium and methylmercury even though a surplus of selenium was reported in cord blood (Choi et al., 2008).  

For an additional discussion of selenium, see the summary of the Eastern Finland studies of methylmercury and coronary heart disease in Section II-B(b) of this report. 

PCB’s and POP’s:  Pilot whale also contains significant amounts of PCB’s and “persistent organic pollutants” (POPs) (Weihe et al., 1996; Grandjean et al., 2001) that are not found in fish in the Seychelles diet (Davidson et al., 1998).  The effect of these chemicals in the Faroe Islands remains a continuing scientific issue.    

These chemicals could affect neurodevelopment (Weihe et al., 1996; Grandjean et al., 1998; Stewart et al., 2000; Grandjean et al., 2001; Risher et al., 2003).  Prenatal exposure to PCBs has been associated with lower IQ in some studies (Jacobson & Jacobson 1996; Steward et al., 2008).  In the Faroe Islands, average daily intake of PCBs, primarily from pilot whale, was estimated to be above 200 micrograms daily (Weihe et al., 1996).  The median PCB body burden in the Faroe Islands has been estimated to be between 12 and 16 times greater than in the United States (Longnecker et al., 2003, page 67-68).
The Faroe Islands research team was aware of the potential confounding effect of PCB’s in the Faroe Islands diet and conducted statistical analyses to determine whether it had affected the study results.  The team initially concluded that its findings were not affected by PCBs.  “The lack of clear association between PCB exposure and neuropsychological test results” indicated that differences in test scores between children who were less prenatally exposed to methylmercury and children who were more prenatally exposed to methylmercury could “not be explained by PCB neurotoxicity” (Grandjean et al., 1998, page 170).  

The NAS Committee on the Toxicological Effects of Methylmercury essentially accepted the conclusion that associations between test scores and methylmercury “were not attributable to confounding by prenatal PCB exposure” (NRC 2000, p. 264) but did not entirely rule out the possibility that PCB exposure in the Faroe Islands might enhance fetal vulnerability to methylmercury.  However, the Committee emphasized that, at the time of its review, the latter possibility was a speculative hypothesis at best (NRC 2000, p. 265).  
In the year following the NAS report the Faroe Islands research team published a new analysis of the potential effects of PCBs on the test scores in that study.  The team reported that “while no PCB effects were apparent in children with low mercury exposure, PCB-associated deficits within the highest tertile of mercury exposure indicated a possible interaction between the two neurotoxicants” (Grandjean et al., 2001, page 305).  The authors still regarded methylmercury as a greater hazard than PCBs in the Faroese population “but PCB could possibly augment neurobehavioral deficits at increased levels of mercury exposure” (Grandjean et al., 2001, page 313).  

Two years later, a group of government scientists from ATSDR observed that the Grandjean et al. (2001) report had revived the debate on the significance of PCBs in the Faroe Islands (Risher et al., 2003).  These scientists published an analysis of the Faroe Island results in which they concluded that methylmercury alone could not account for certain adverse associations that had been reported from that study (Risher et al., 2003).  The authors focused on the results of the Boston Naming Test.  They concluded that "the contribution of MeHg may have merely been to enhance the ability of PCBs, which had a higher statistical correlation to the decreased performance on the Boston Naming Test alone than did methylmercury, to evoke the measured response, and that MeHg is not itself the sole or primary cause of the performance deficit revealed by that test" (Risher et al., 2003, page 1007).  The authors also questioned whether the adverse associations reported in the Faroe Islands were from prenatal exposure or from postnatal exposure to high levels of PCBs in breast milk, or to both.   

Other commentary published subsequent to the 2000 NAS report indicates that a scientific consensus does not exist on this issue. Concerns include:
· Uncertainties over the effects of high levels of PCBs in breast milk in the Faroe Islands (Dourson et al., 2001); 
· The difficulty of establishing that neurological effects are solely due to one chemical when more than one chemical is present and exposure to the other chemical is very high (Dourson et al., 2001);  

· The fact that PCBs were measured in only about half of the Faroe Islands study participants, thereby reducing the power of the study with regard to PCBs (FAO/WHO 2000); 
· The fact that total concentrations of PCBs in the Faroe Islands were calculated by multiplying the sum of three PCB congeners by two.  The validity of the assumption that this calculation accurately reflected the total is unknown (FAO/WHO 2000);  
· The fact that measurements were based on amounts of PCBs in cord tissue but the reliability of this measurement, as compared with PCBs in plasma or serum lipids, is not known.  Concerns have been raised about the reliability of umbilical cord tissue for this measurement (FAO/WHO 2000). 
More recently, the National Academy of Sciences report on balancing benefits and risks in seafood referred to “confounding by co exposures to other neurotoxic contaminants (e.g., PCBs)” as a data gap relating to exposure that still needs to be addressed (IOM 2006, page 119).   

When Exposures to Methylmercury are at U.S. and Similar Levels 
We are aware of seven studies, three in the United States and four in populations with exposures to methylmercury that are similar to those in the United States.     

United States (Oken et al., 2005):  A study of 135 mother-infant pairs in Massachusetts reported an association between increased maternal fish consumption and higher scores on a test of “visual recognition memory” (VRM) but also an association between increased prenatal methylmercury exposure and decreased scores on the same test.  Each additional weekly fish serving was associated with an average increase in 4.0 points on the VRM test while the methylmercury in each additional fish serving was associated with an average decrease of 1.28 points on the VRM. 

The authors reported the following:

· Those who ate more than two servings of fish per week had infants with VRM scores that were 12 points higher than infants whose mothers consumed two or fewer weekly servings.

· Those who ate the highest amounts of fish and had lower hair mercury levels had infants with higher VRM scores than infants whose mothers ate similar amounts of fish but had higher hair mercury levels.  

These results applied to overall fish consumption without differentiation by species.   

The test, which was administered to infants between 5.5 and 8.4 months of age, measured the total time that an infant spent looking at a picture of a new face rather than a picture of a familiar face.  It involves an infant’s ability to remember and recognize a familiar stimulus, then to look away towards a new stimulus.  The authors pointed out that the results correlate with later IQ, although the correlation is stronger when mental development is impaired than it is when cognition is within normal range (Oken et al., 2005, page 1,379).  
Maternal fish consumption was recorded through the use of a food frequency questionnaire filled out by the mother during pregnancy.  Collectively, the women appear to have eaten a variety of fish (“tuna, dark meat, white meat, shellfish” (Oken et al., 2005, page 1,377).  Mercury levels were measured from hair samples.   The prenatal mean methylmercury exposure of 0.55 ppm (maternal hair) was slightly higher than the overall U.S. mean of 0.47 ppm as reported by NHANES.  
The authors noted that visual preference might be especially sensitive to beneficial health effects of eating fish because a fatty acid in fish, docosahexaenoic acid, is a component of the retina and fosters the development of infant vision.  Regarding methylmercury, the authors noted that the Seychelles study also tested visual recognition memory at six months of age but found no association with prenatal exposure to methylmercury in a much larger study population and at much higher levels of exposure than were exhibited in this U.S. population.  

The visual recognition test used in the Seychelles is known as the Fagan test.   This is not the test that Oken et al. (2005) used, but the authors noted that the mean test score in their study population was similar to the mean score on the Fagan test in the Seychelles.  

United States (Oken et al., 2008a
):  A study of 341 mother-infant pairs in Massachusetts found that the highest average neurodevelopmental test scores in this study population were associated with
 maternal fish consumption of more than two servings per week.  The tests were the Wide Range Assessment of Visual Motor Abilities Test (WRAVMA) and the Peabody Picture Vocabulary Test (PPVT) administered at three years of age.  As described by the authors, the WRAVMA evaluates three domains of visual motor development:  visual-spatial (matching test), visual-motor (drawing test), and fine-motor skills (pegboard test) and is moderately correlated with IQ.  The PPVT evaluates “receptive vocabulary” and, according to the authors, is strongly correlated with IQ.  

On the WRAVMA, the results included the following, in descending order (Oken et al., 2008, Table 5):

· Highest average scores:  children whose mothers ate more than two servings of fish per week and had red blood cell (erythrocyte) mercury levels below the 90th percentile for the study population.

· Next highest average scores:  children whose mothers ate more than two servings of fish per week and had red blood cell (erythrocyte) mercury levels above the 90th percentile for the study population.

· Next highest average scores:  children whose mothers ate two or less servings of fish per week and had red blood cell (erythrocyte) mercury levels below the 90th percentile for the study population.

· Next highest average scores:  children whose mothers ate no fish during pregnancy.

· Lowest average scores:  children whose mothers ate two or less servings of fish per week and had red blood cell (erythrocyte) mercury levels above the 90th percentile for the study population.

Red blood cell (erythrocyte) mercury levels above the 90th percentile in this study population were regarded by the authors as exceeding the EPA Reference Dose.  

Results for the PPVT that would have involved a relationship with both the number of maternal servings of fish per week and the maternal mercury percentile (as provided above for the WRAVMA) were not reported.  However, the authors reported that more than two maternal fish servings per week were associated with the highest average scores on the PPVT while two or fewer servings of fish per week were associated with the lowest average scores – lower than the average that was associated with no fish during pregnancy (Table 3
).
The lowest scores on each test appear to coincide with the highest methylmercury-to-fish ratios, i.e., diets
 where the amount of methylmercury ingested is high relative to the amount of fish consumed.  The authors state:  “Our finding that the benefit of fish intake is strengthened with adjustment for mercury levels suggests that if mercury contamination were not present, the cognitive benefits of fish intake would be greater” (Oken et al., 2008, page 1179).  
United States (Lederman et al., 2008
):  This study’s original purposes were to examine: (1) whether the collapse of the World Trade Center towers in 2001 resulted in elevated blood total mercury levels in women living throughout the New York City area; and (2) whether these blood levels would be associated with adverse neurodevelopmental effects in children born to these women between September 12, 2001 and 26 June, 2002.  The researchers found an association between total mercury and adverse results on some neurodevelopmental tests, but in order to measure this association they discovered that they had to statistically screen out beneficial effects that were associated with fish/seafood consumption during pregnancy.  These effects included an 8.7 point increase in the  Psychomotor Development Index Scores from the Bayley Scales of Infant Development (2nd edition) at 36 months of age and a 5.6 point increase in verbal and full IQ scores at 48 months of age
.  The authors did not measure the amount of fish that produced these results; they appear to reflect the difference between those in the study population of 329 who ate fish during pregnancy and those who did not.  (The authors surveyed the different types of fish that the study participants had eaten
.)  Also, as a point of interest, it appears that the mercury blood levels from sources other than methylmercury in fish were unusually high by U.S. standards in many of these individuals.  Many of the women were Chinese-born immigrants with much higher mercury levels than the women who were born elsewhere
.  
Poland (Jedrychowski et al., 2006; Jedrychowski et al., 2007):  Researchers reported an adverse association between prenatal methylmercury exposure and the results of neurodevelopmental tests in children in Krakow, Poland at one year of age, which disappeared at ages two and three.  Two hundred thirty three children were studied at age one.  The study population was expanded to include 374 children for subsequent years.    

The mean maternal mercury blood level for the mothers at birth was 0.55 µg/L (0.55 ppb).   In the United States, that blood level would be somewhat above the 25th percentile, but well below the 50th, according to the data generated by NHANES (Schober et al., 2003, see Table 2 on page 1,671), indicating that exposure in this Polish population was lower than it is on average in the United States.   
The tests were the Motor and Mental Scales from the Bayley Scales of Infant Development (BSID).  Scores were interpreted as demonstrating “accelerated” performance, “normal” performance or “delayed” performance.  At age one, 85 percent of the children received scores that were either “accelerated” or “normal” while the remaining 15 percent were “delayed.”  The geometric mean maternal mercury blood level for the “accelerated” and “normal” children was 0.52µg/L (0.52 ppb) while the geometric mean for the “delayed” children was 0.75µg/L (0.75 ppb).  The higher average exposure for those in the “delayed” range suggested to the authors an association between maternal exposure to methylmercury and delayed psychomotor development of infants in the first year of life.  

When the effect could no longer be found at ages two and three, the authors concluded that “cognitive and psychomotor deficits ascertained at 12 months of age and possibly attributable to prenatal mercury exposure are subtle and rather easily reversible over the next two years of life” (Jedrychowski et al., 2007, page 1,061).”  However, the authors also noted that they did “not know for how long the performance deficits in infancy may be masked” and stated that continued assessment at later ages would be necessary   (Jedrychowski et al., 2007, page 1,060).

We conducted dose-response modeling with the one-year data from this study and found that the size of the effect seen there was roughly the same as the size of effects calculated from studies conducted in populations that were more highly exposed to methylmercury (See Appendix A).  Nonetheless, this kind of outcome would not be expected on the basis of other data
.  The BSID was administered twice to a much larger study population in the Seychelles Islands with no difference due to methylmercury exposure detected either time.  Recall that these children had been exposed to much higher levels of methylmercury in utero.  
Although the study appears to have been well conducted, the study team did not take into account potential confounding from exposure to PCBs and persistent organic pollutants generally, as previously mentioned in discussion about the Faroe Islands results (although the Poland study team reported that they took lead level exposure into account as a potential confounder).  The Poland study team acknowledged a need for confirmation through additional studies. 

United Kingdom  (U.K.) (Daniels et al., 2004):  A study in the United Kingdom found no association between prenatal exposure to mercury and neurodevelopmental test scores in  1,054 mother-child pairs, but did find a “modest” beneficial association between maternal fish intake and the children’s test scores when the study population was increased to 7,421 mother-child pairs.  The test scores primarily involved language comprehension and social activity
.  

Both the smaller population of 1,054, in which both mercury and fish intake were measured, and the total population of 7,431, were big relative to other study populations.   The smaller population of 1,054 was slightly larger than the Faroe Islands study population and almost 20 percent bigger than the Seychelles study population.  The larger the study population, the more statistical power the study has to detect an effect if one is there.   

The data for this study were obtained from the Avon Longitudinal Study of Parents and Children (ALSPAC), operated by the University of Bristol.  ALSPAC is tracking nearly 14,000 children from Avon, England from birth in 1991-1992 through adulthood to obtain information on mental and physical health, educational achievement, and general well being.  Data are obtained through questionnaires, medical records, biological samples, individual examinations, and genetics (http://www,aksoac,brus,ac,yj/welcome/index/shtml).    
The MacArthur Communicative Development Inventory, which was completed when the children were 15 months of age, assessed vocabulary comprehension and social activity.  The Denver Developmental Screening Test, which was completed at 18 months, assessed social and language skills.  The research team also assessed the total score from the Denver Developmental Screening Test, which aggregates scores for language, social, fine, and gross motor skills.  

A small but statistically significant increase in average scores was associated with increased maternal fish intake during pregnancy.  The fish in this study included both oily and white fish but were not differentiated by species.  The largest effect was a seven percent improvement on the MacArthur vocabulary comprehension score.  The most pronounced improvements were seen when fish eaters were compared against non-fish eaters.  Higher fish eaters had less pronounced improvements over lower fish eaters.  Fish intake during pregnancy was also associated with an increased probability of scoring in the highest 15 percent of scores in the study population on some of the tests as well as a decreased probability of scoring in the lowest 15 percent on other tests.  

For the mercury part of the analysis, the 1,054 mother-child pairs were selected from a sample of 1,225 children in the ALSPAC study population from whom umbilical cord tissue had been taken at birth.  The cord tissue was analyzed for mercury concentration to provide a measure of prenatal exposure to methylmercury for these children.  
Using umbilical cord tissue to measure exposure is somewhat unorthodox as compared to more typical measurements involving mercury in hair and blood that have been conducted in the United States and elsewhere.  Nonetheless, we can estimate how exposures in this population compare to U.S. exposures by converting mercury in umbilical cord tissue to mercury in blood and hair as follows:

· Cord blood = cord tissue divided by 8.9 (Sakamoto et al., 2007);

· Maternal blood = cord blood divided by 1.7 (Stern 2005b; see Appendix J of this report);

· Maternal hair = cord blood divided by 5 (Axelrad et al., 2007
).  

We can then compare the blood and hair estimates to the results from the NHANES database.  Because we have obtained the raw data from the ALSPAC, we can make this comparison in some detail, i.e., in terms of percentiles of exposure as shown in Table II-1.     

able II-1:  Estimated prenatal mercury exposure in the ALSPAC study population (Daniels et al., 2004) in the United Kingdom and prenatal exposure in the United States as reported by NHANES.   

	Population 
Percentile
	UK (ALSPAC)

Cord

Tissue/Hg

Levels

(μg/g)
	UK

(ALSPAC)

Estimated

Cord Blood/Hg

Levels

(μg/L)
	UK

(ALSPAC)

Estimated

Maternal

Blood/Hg

Levels

(μg/L)
	US

(NHANES)

Maternal

Blood/Hg

Levels*

(μg/L)
	UK

(ALSPAC)

Estimated

Maternal

Hair/Hg

Levels

(ppm)
	US

(NHANES)

Maternal

Hair/Hg

Levels

(ppm)**

	Average
	0.023
	2.6
	1.5
	1.6
	0.51 ppm
	0.47 ppm

	10th Percentile
	0.004
	0.5
	0.3
	0.2
	0.10 ppm
	0.04 ppm

	25th Percentile
	0.008
	0.9
	0.5
	0.4
	0.17 ppm
	0.09 ppm

	50th Percentile
	0.013


	1.5
	0.9
	0.8
	0.30 ppm
	0.19 ppm

	75th Percentile
	0.023
	2.6
	1.5
	1.7
	0.51 ppm
	0.42 ppm

	90th Percentile
	0.041
	4.6
	2.7
	3.7
	0.91 ppm
	1.11 ppm

	95th Percentile
	0.066
	7.4
	4.4
	5.6
	1.48 ppm
	1.73 ppm

	99th Percentile
	0.186
	20.8
	12.3
	12.4
	4.17 ppm
	3.50 ppm


*From the 1999-2004 NANES survey years.  

** From the 1999-2000 NHANES survey years.  These were the only years during which NNANES measured hair mercury levels.

As the table shows, exposure in this U.K. study population was similar to exposure in the United States across the spectrum.  The U.K. population’s exposure was lower than we would expect because per capita consumption of commercial fish in the U.K. is about 2.8 times higher than it is in the United States (NMFS 2005) while methylmercury concentrations in fish available in the U.K. are similar to concentrations in fish in the U.S. marketplace (Montwill 2007).  The lower than expected exposure in this U.K. study population might be due to consumption of mostly low methylmercury fish and avoidance of higher methylmercury fish.  

Uncertainties in this study include the young ages of the children when they were tested, i.e., 15 months and 18 months.  As stated previously, it has been hypothesized that effects from methylmercury would not be detected until later (although they were detected at these ages in Iraq, where exposure was extreme).  Also, the neurodevelopmental tests were limited compared to those used in the Seychelles and Faroe Islands studies. The authors noted that developmental domains not tested for in this study could be more sensitive to adverse effects from methylmercury.  Finally, the results reported in their publication were obtained from questionnaires that were filled out by the mothers, a fact that added some uncertainty to the results because they involved recall and judgment.  However, the size of the study population was large enough to reveal an overall trend in the data, even if made somewhat imprecise by the use of questionnaires.

United Kingdom  (Hibbeln et al., 2007a):  A study published in 2007 that also used data from the ALSPAC found a beneficial association between maternal consumption of fish and a wider range of neurodevelopmental tests than were administered in the Daniels et al. (2004) study, including IQ.  The stated purpose of the Hibbeln et al. (2007a) study was to assess whether the joint FDA/EPA advice to pregnant women and women expecting to become pregnant, to limit their consumption of fish to no more than 12 ounces per week, is successful in protecting their offspring from adverse neurodevelopmental outcomes.  The authors evaluated scores from age six months through eight years.  Early development tests from ages six-42 months included gross motor, fine motor, social and communication skills.  Behavioral tests at age seven involved positive social interactions, peer problems, hyperactivity, emotional, and conduct.  Verbal and performance IQ were measured at age eight.  

This study population was large, consisting of about 9,000 mother-child pairs for the tests other than IQ and a subset of about 5,400 for those whose IQ was measured.  Twenty-three percent of the 9,000 women consumed more than 12 ounces per week during pregnancy, as compared to about five percent in the United States, a finding consistent with greater fish consumption on average in the United Kingdom than in the United States.  Not provided, however, was average consumption for those who ate over 12 ounces per week or the study population’s exposure to methylmercury.  As described previously, a subset of 1,054 participants in the ALSPAC had exposures that were similar to exposures in the United States as measured by NHANES (see Table II-1, above).  If that subset is representative of the entire study population in Hibbeln et al. (2007a), we would expect that exposures in Hibbeln et al. (2007a) to be about the same they are in the United States.  
The authors characterized the results as showing an association between higher maternal consumption of seafood during pregnancy and reduced risk that a child will have a “suboptimum” score on any of several neurodevelopmental tests.  A “suboptimum” score was defined for IQ as a score in the lowest 25 percent of all the children in the study population.  Consumption greater than 12 ounces per week was not associated with adverse effects but was associated with less risk of suboptimum scores than consumption of 12 ounces or less or consumption of no fish at all.  The difference was most pronounced when consumption over 12 ounces was compared against consumption of no fish.  The difference was less pronounced when consumption over 12 ounces was compared against consumption of 12 ounces or less. 
Most outcomes from eating fish showed at least some positive trend, but the authors reported a significant association between fish consumption and decreased risk for nine of the 23 outcomes they studied.  These included verbal IQ, positive social interactions, fine motor skills at ages 18 and 42 months, social development at 30 and 42 months, and communication at six and 18 months.  Results other than for IQ were derived from questionnaires filled out by the parents.  Verbal IQ, which was derived from test results rather than questionnaires, showed the same association as the data from the questionnaires and thus provides some validation for the questionnaire results.  
The outcomes were adjusted for 28 covariates.   Additional adjustment for methylmercury exposure was found to enhance the magnitude of the beneficial association (Hibbeln et al., 2007b).  The size of the benefit from eating fish, e.g., the number of IQ points associated with fish consumption (or conversely, with the lack of fish consumption), and the size of the methylmercury association, were published subsequently by Hibbeln (2007).  The beneficial fish effect was given as: (a) a 2.15 point higher mean verbal IQ for the group whose mothers ate more than 12 ounces of fish per week as compared to the group whose mothers ate no fish; and (b) a 0.61 higher mean verbal IQ for the group whose mothers ate more than 12 ounces of fish per week as compared to the group whose mothers ate 12 ounces or less of fish per week.  Both results were in a model adjusted for 28 covariates plus methylmercury exposure.  The independent adverse effect from methylmercury was given as 0.32 of a point lower mean verbal IQ for the group whose mothers ate more than 12 ounces of fish per week as compared to the group whose mothers ate no fish, in a model adjusted for fish consumption and 28 other covariates.  

Denmark (Oken et al., 2008a):   A study of data on 25,446 mother-infant pairs from the Danish National Birth Cohort found that higher maternal fish intake during pregnancy was associated with higher child development scores at six and 18 months of age.  The authors particularly looked at fish intake over and under 12 ounces per week in order to examine whether following the fish consumption advice for methylmercury issued by FDA jointly with EPA was having a protective effect in that study population.  About 11 percent of the participants consumed above 12 ounces per week.  The authors found that consumption above 12 ounces per week, as well as consumption in the highest quintile that included consumption above 12 ounces per week, was associated with the greatest likelihood of achieving the highest scores.  

The child development scores were based on the extent to which children achieved certain developmental milestones at ages six and 18 months.  Nine milestones, representing both motor development and social or cognitive development, were measured at 18 months, including such things as whether a child could climb stairs, drink from a cup, use word-like sounds and put two words together.  Milestones measured at six months were more basic, such as whether a child could sit unsupported and look in the direction of sounds.  

Both fish consumption and exposure to methylmercury in this study population appear to have been somewhat greater than they are in the United States.  Mean fish intake in the study population was 26.5 grams per day.  This amount would be above the 75th percentile of consumption for U.S. women of childbearing age per our exposure analysis (see Table IV-1 in Section IV of this report).  Similarly, median fish intake for the highest consumption quintile in the study population was 50.7 grams per day, an amount that would be above the 95th percentile of consumption for U.S. women of childbearing age per our exposure analysis (Table IV-1).    
The data available to the authors on this study population did not include exposure to methylmercury but data for the general population in Denmark indicates that the median contribution of methylmercury from fish is in the vicinity of 0.95 µg per day (Larsen et al., 2002).  That amount corresponds to exposure to methylmercury from fish that is somewhere above the 50th percentile and below the 75th percentile for U.S. women of childbearing age per our exposure analysis (see Table IV-2 in Section IV of this report).  The Danish median suggests that the population may be slightly more highly exposed to methylmercury than the U.S. population and, at least, is probably not less exposed.  It is reasonable to assume that a Danish study population of over 25,000 would be representative of the country as a whole.  

It is worth noting that fish low in methylmercury constituted at least 85 percent of the fish consumed by this study population.  Consequently, exposure to methylmercury does not appear to have been high relative to the amount of fish consumed, even if somewhat greater than it is in the United States.  

(b)  Neurodevelopmental Effects in Children from Postnatal Exposure 

An important question is whether children constitute a separate subgroup for purposes of determining risk from methylmercury at U.S. levels of exposure.  Children can be especially sensitive to the effects of neurotoxins because their nervous systems are still developing.  

When Exposures to Methylmercury are in the Vicinity of Ten Times Higher (and Beyond) than Average U.S. Exposures:  Seychelles and Faroe Islands
Whether children are experiencing adverse effects as a consequence of exposure to methylmercury after birth has been studied in the Faroe and Seychelles Islands.  The studies in both locations have reported no adverse effects in children at levels of exposure substantially higher than average U.S. exposures.  The two studies reported improvements on neurological tests scores as the children’s exposure to methylmercury increased.  Presumably these results were not due to methylmercury but to increases in postnatal fish consumption.  

In an early phase of their study, the Faroe Islands researchers looked for an association between postnatal mercury exposure and delays in the developmental milestones of first sitting, creeping and standing (Grandjean et al., 1995).  They found that infants who achieved these milestones the earliest had the highest hair mercury levels at 12 months of all those in the study population.  The researchers noted that these children had also experienced the longest breastfeeding and they hypothesized that the contents of mother’s milk, including n-3 long-chain fatty acids, might have been responsible for their early development.    

The Faroe Islands researchers also addressed postnatal exposure at a later age.  In their discussion of neurological test results when the children were 14 years old, they state that “Postnatal methylmercury exposure had no discernible effect” and that this outcome, among others, was similar to those obtained when the children were seven years old.  They also indicate that they saw improvements, i.e., “many coefficients suggesting effects in the direction opposite to expectation” (Debes et al., 2006
).

The Seychelles research team reported a similar outcome.  In its paper on outcomes at 66 months of age, the team describes dividing the study population into five groups based on the children’s mercury hair levels.  The group with the highest mean mercury hair level, 14.9 ppm, scored slightly better on four of six neurological development scores than the group with the lowest mean of 2.2 ppm (Davidson et al., 1998).  The NHANES survey has shown a mean of 0.22 ppm for U.S. children one to five years of age.  This average is nearly 1/70th the highest mean level in the Seychelles with slightly improved scores (McDowell et al., 2004, p. 1,167).  
When Exposures to Methylmercury are at U.S. and Similar Levels 
The Daniels et al. (2004) study of ALSPAC data from the United Kingdom reported an association between increases in children’s fish consumption and small but statistically significant improvements in scores on neurodevelopmental tests within a study population of slightly over 7,400.  Methylmercury levels in the children were not measured as they were in the Seychelles and Faroe Islands, so it is necessary to assume that increases in postnatal fish consumption in this study population were accompanied by increases in methylmercury exposure
. 
The U.K. children were younger (15 and 18 months) than the children in the Seychelles (66 months) and Faroe Islands (14 years) when they were tested for behavioral performance.  On the other hand, the beneficial association between children’s fish consumption and test scores reported by Daniels et al. (2004) is consistent with the results in the Seychelles and Faroe Islands at the later ages.       
Lactation and Infants
A related question about children is whether infants can be adversely affected by methylmercury in mother’s milk.  One way of considering this question is to examine whether an infant’s postnatal exposure through lactation will be the same as its prenatal exposure.  

The transport of methylmercury from maternal blood into human milk is less efficient than the transport across the blood–brain and blood–placenta barriers. The ratio between methylmercury in maternal blood serum and methylmercury in maternal milk is small and results in very low concentrations in maternal milk.  Consequently, if a mother continues to eat the same types and amounts of fish during lactation as she did while pregnant, the infant’s exposure to methylmercury can be expected to drop as compared to what occurs in utero (Björnberg et al., 2005; Dorea 2004; JECFA, 2007).  The limited transfer of methylmercury into maternal milk is consistent with the fact that adverse associations between methylmercury and neurodevelopment have been reported only for prenatal methylmercury exposure but not for postnatal exposure
. 

(c)  Neurological Effects in the General Population from Postnatal Exposure
When Exposures to Methylmercury are in the Vicinity of 100 Times Higher (and Beyond) than Average U.S. Exposures:  The Incidents in Japan and Iraq

Effects in these events included paresthesia (tingling or loss of sensation in extremities and around the mouth), ataxia (loss of coordination in gait), dysarthia (slurred speech), hearing defects, constriction of the visual field, tremor, congenital cerebral palsy, and in some cases death. (Harada 1995; Bakir et al., 1973)    In Iraq, within months of the importation of over 90,000 tons of methylmercury-treated seed grain, thousands of people were admitted to hospitals and several hundred people died (Marsh et al., 1987).  Deaths were from central nervous system failure (Bakir et al., 1973, p. 236).
The research study in Iraq included interviews with mothers to determine the effect of methylmercury on them as well as on their children.  Although methylmercury effects in adults in Iraq could be severe, the symptoms experienced by the mothers were characterized as “mild and transient” (Marsh et al., 1987, p. 1021).  Of the 81 mothers in the study, nearly 75 percent reported that they were asymptomatic.  Sixteen reported having experienced paresthesia.  The lowest hair level associated with paresthesia was 14 ppm (one individual).  Above that, two individuals reporting paresthesia had mercury hair levels below 74 ppm, while the remainder had hair levels ranging from 74 to 674 ppm.  In addition to paresthesia, 14 women in the study population reported “other” symptoms but these were not specifically provided.  

When Exposures to Methylmercury are in the Vicinity of Ten Times Higher (and Beyond) than Average U.S. Exposures:  Seychelles, Faroe Islands, and Others

There are no reports of neurological effects in the mothers in either the Seychelles or Faroe Islands studies, although these studies primarily examined fetal sensitivity.  The study of prenatal effects in a Peru fishing village discussed previously included an examination of the mothers for paresthesia since the researchers regarded this effect as being the earliest symptom of adult methylmercury toxicity (Marsh et al., 1995b).  They found that paresthesia was slightly less frequent in the more highly exposed mothers than in the less exposed mothers.   

Amazon:   Two studies that focused on adults involved small populations of native peoples living along tributaries of the Amazon in Brazil in the 1990’s.  Both of these studies reported adverse associations between methylmercury exposure and neurological test scores.  One study, with 91 individuals between 15-81 years of age, found such associations on a test of visual function and a test of manual dexterity (Lebel et al., 1998).  The mean mercury hair level appears to have been around 13 ppm, which is almost 30 times the U.S. average for women of childbearing age.  The second study involved a group of 68 individuals with a mean hair level of 10.8 ppm, or about 20 times the U.S. average.  That study reported adverse associations with results on a test of manual dexterity and finger tapping (Dolbec et al., 2000).  The concentrations of methylmercury in the fish consumed by these populations were not reported, but concentrations in Amazon fish are often high relative to common concentrations in fish sold in the United States (Lebel et al., 1998, page 21).  
The results of these studies are consistent with each other; nonetheless, they are generally regarded with caution in the scientific community, primarily due to their small size (Weil, et al., 2005) and the potential range of confounders that could have affected the outcomes, e.g., heavy use of pesticides in the area  (FAO/WHO 2000, page 361).

Italy (Carta et al., 2003):  This study compared neurological outcomes in 22 Italian men who were highly exposed to methylmercury against neurological outcomes in 22 Italian men who were less exposed.  The highly exposed group had hair and blood mercury levels that substantially exceed most U.S. levels for men aged 16-45.  Although  comparison is imperfect based on the data presented, the median hair level in the highly exposed Italian group was 9.6 ppm, or over 90 times higher than the U.S. median (and over 30 times higher than the U.S. mean) for adult men per our exposure modeling (see Table AB-3 in Appendix B of this report); the median blood level of 44 µg/l was over 70 times higher than the U.S. median (and over 40 times higher than the U.S. mean) for men per NHANES (see Table III-1 in Section III of this report).  The lowest blood level in the highly exposed group was above that for the U.S. 99th percentile.  

Both groups were evaluated for neurological symptoms, e.g., fatigue, sleep disturbances, memory impairment, and were given neurobehavioral tests involving motor and other skills.  The differences in neurological symptoms between the two groups were not statistically significant.  However, the more highly exposed group experienced statically significant lower performance on color word vigilance, digit symbol and finger tapping.  The authors concluded that these results “demonstrated that long-term increased MeHg intake can be associated with impairment of psychomotor performance” (Carta et al., 2003, page 621).  On the other hand, they pointed out that the study was a “pilot” that “must be viewed as a preliminary tentative [effort] to evaluate the relationship between…fish consumption and neurobehavioral performances” (Carta et al., 2003, page 622).
When Exposures to Methylmercury are at U.S. and Similar Levels 
Studies:  We know of the following studies that are relevant to the question of methylmercury effects in adults:  

Baltimore (Weil et al., 2005):  This study, published in 2005, was by its own account the first study to examine associations between mercury exposure and neurobehavioral outcomes in an adult U.S. population.  The study population included 474 individuals between the ages of 50-70 in Baltimore, Maryland.  According to the study team, the totality of the data did not provide strong evidence for an association between methylmercury and decreased performance on a battery of 20 neurodevelopmental tests, including some tests that had been administered in both the Seychelles and Faroe Islands.   

The study team did find a statistically significant association with reduced performance on a test of visual memory but also a statistically significant association with improved performance on a test of manual dexterity (finger tapping).  The study team noted that these associations “were in different directions” and could have resulted from chance.    

Sweden (Johansson, et al., 2002):  A study (late 1990’s) in Sweden conducted in the late 1990’s found no association between methylmercury and cognitive function in an elderly population with a mean age of 87 years.  The study population included 106 individuals in Stockholm.  The study administered only one cognitive test but it was identical to one of the four tests administered in the Chicago study described below.  
Chicago (Morris et al., 2005):  This study reported an association between fish consumption and decreased rates of cognitive decline over a six year period in 3,718 persons 65 years and older in Chicago, Illinois.  Cognitive decline was 10 percent slower among those who consumed one fish meal per week and 13 percent slower for those who consumed two or more fish meals per week when compared against persons who consumed fish less than weekly.  Cognition was measured on four tests. 
This study divided the fish consumed by the study participants into broad categories but, for the most part, did not identify individual species.  The authors suggested that studies of different dietary constituents of fish are needed to help understand the nature of the association found in their study (Morris et al., 2005, page 1,852).   

Norway (Nurk et al., 2007): Consumers of fish and fish products were found to have better cognitive function than nonconsumers in 2,031 individuals in western Norway aged 70-74.   The association was dose-dependant in that the results on all cognitive tests improved as intake of fish and fish products increased. Six different cognitive tests were administered to the study population.  The mean daily intake of fish and fish products was slightly over 20 ounces per week, which is above the 95th percentile of consumption in the United States (see Table IV-1 in Section IV(b) of this report for U.S. fish consumption percentiles).  The study team divided the fish and fish products into the following categories:  lean fish, fatty fish, fish sandwich, processed fish, and fish oils.  

This study is noteworthy in certain respects.  First, individuals who ate either fatty fish or lean fish performed better than those who ate the other types of fish and fish products.  The types of fish identified by the authors as fatty fish (herring, mackerel, salmon, and trout) contain higher concentrations of omega-3 fatty acids than do the lean fish identified by the authors (cod, haddock, and coalfish) (USDA 2007).  Since the highest cognitive scores were associated with either lean fish or fatty fish, the omega-3 fatty acid concentrations in the fish might not have been the only characteristic of the fish that affected the size of the cognitive benefit.  

Second, the subject individuals performed better on diets of fish and fish products other than fish oils than they did solely on fish oils.  As with the first finding, this suggests that there are characteristics of fish in addition to omega-3 fatty acids that can influence benefits.  

Finally, the cognitive test scores improved with increasing fish intake but then leveled off at about 18 ounces of fish and fish products per week (above the 95th percentile of fish consumption the United States).  This finding suggests that there is a ceiling on benefits that can be achieved from fish consumption.  The applicability of the particular ceiling observed in this study to other endpoints, e.g., fetal neurodevelopment, coronary heart disease, and stroke, cannot be determined without further research.     

As a caveat, there are other potential explanations for these outcomes.  For example, it has been hypothesized that lean fish could have had the same beneficial association with test scores as fatty fish due to a long term build up of omega-3 fatty acids in the body from a life time of fish consumption (Anonymous 2007).  

Anecdote:  In addition to these studies, there are occasional anecdotal accounts
 of individuals in the United States who have symptoms that appear to be consistent with methylmercury toxicity and who also have levels of methylmercury in their hair or blood that appear to be higher – and in some cases considerably higher -- than the U.S. average or even the U.S. 99th percentile (WSJ 2005; Knobeloch et al., 2006).  In some instances the symptoms are reported to improve after the individual alters his or her fish consumption (Knobeloch et al., 2006).  It is possible that at least some of these U.S. accounts are due to exceptionally high exposure to methylmercury, perhaps involving individuals who are particularly sensitive to it, but confirmation would be difficult without large, well conducted scientific studies.       

Observations by a San Francisco clinician, Dr. Jane Hightower, (Hightower, et al., 2003) are occasionally cited as confirmation that methylmercury is causing adverse neurological effects in the general population in the United States.  She described having her patients tested for mercury if they had reported any of a number of symptoms, including fatigue, headache, decreased memory, decreased concentration, and muscle or joint pain.  These patients tended to have fish consumption patterns that are high for the United States.  The blood tests revealed that their mercury levels were higher than average.  The paper contained no claim, or data that might support a claim, of a relationship between methylmercury and the reported symptoms.          

(d)  Summary and Interpretation

Fetal Neurodevelopment:  Although there are questions associated with each study (as is commonly the case with observational studies), collectively they indicate that an adverse methylmercury effect can be offset by constituents in fish to the point where the overall net effect on neurodevelopment from maternal consumption of fish containing methylmercury is often beneficial or at least neutral.  The trend in the research and analyses published since 2004 has been in the direction of net beneficial effects in association with eating fish in general.  In addition, research involving populations in the United States (Oken et al., 2005 & 2008), the United Kingdom (Daniels et al., 2004; Hibbeln et al., 2007a), and Denmark (Oken et al., 2008a) associate greater net beneficial effects with higher fish consumption.   Although higher fish consumption is often associated with higher exposure to methylmercury, the study populations in the United Kingdom experienced no net adverse effects through a range of exposures to methylmercury that included, if not exceeded, the U.S. 99th percentile of exposure, suggesting that the level of methylmercury to which a person is exposed is not the sole determinant of risk
.  
The New Zealand study in which a “high exposure” population ate shark and perhaps other fish with relatively high average methylmercury concentrations (Kjellström et al., 1986) is the one study that has reported subtle adverse associations between methylmercury from fish consumption and fetal neurodevelopment without qualification.  That result suggests that a diet emphasizing high methylmercury fish can swing the net effect into a negative range.
      

In that respect, the New Zealand study remains consistent with the study in the Faroe Islands, where adverse results on tests of neurodevelopment were associated with methylmercury primarily from pilot whale in addition to fish.  The pilot whale was high in methylmercury but low in nutrients found in the fish such as omega-3 fatty acids and selenium.  The resulting diet was high in methylmercury relative to nutrients from fish.  In contrast, diets in the Faroe Islands involving fish consumption but not pilot whale, i.e., diets that were lower in methylmercury relative to nutrients from fish, were associated with beneficial results on the same neurodevelopmental tests
.    

A number of other studies (Oken et al., 2005 and 2008 in the United States; Hibbeln et al., 2007a in the United Kingdom) also provide evidence of how exposure to methylmercury relative to the exposure to nutrients in fish can affect outcomes.  In these studies the children who experienced the greatest benefits had mothers who ate the most fish during pregnancy but the size of the benefit could be affected by the mothers’ exposure to methylmercury.  For example, the highest fish consumption coupled with lower hair mercury levels produced greater benefits than similarly high fish consumption coupled with higher hair mercury levels (Oken et al, 2008
).   

In the Seychelles, researchers have reported finding an underlying methylmercury effect in addition to a beneficial effect.  The methylmercury effect appeared on one neurodevelopmental test but it was offset by nutrients in the fish consumed during pregnancy to the point where it was not detectable until the benefits were statistically screened out (Myers et al., 2007, page 2805).  The finding provides further evidence that the net effect from fish can be neutral or beneficial even when it includes an adverse methylmercury component.  

Postnatal Exposure in Children and Neurodevelopment:  There is no evidence of an association between postnatal exposure to methylmercury and adverse neurodevelopmental effects in children. The two studies that have looked for an association (Seychelles and Faroe Islands) did not find one, although they both found beneficial associations, presumably from fish consumption.  Likewise, a study in the United Kingdom (Daniels et al., 2005) found a beneficial association between children’s fish consumption and their neurodevelopment.     The children in the Seychelles and Faroe Islands were exposed to methylmercury roughly an order of magnitude higher than average U.S. children.  The exposures for the children in the United Kingdom were similar to U.S. exposures
.  

There are a number of possible explanations for these results.  One is that children can have significantly lower concentrations of methylmercury in their blood than adults when servings per week are identical.  On a per-body-weight basis, proportionally smaller servings for a child could still produce the same blood concentrations as are produced by larger servings in an adult, but in the United States, children one to five years of age have been found to have lower blood concentrations.  The NHANES survey has found blood mercury levels that were three times lower in children than they were in women, even when there was no difference between women and children in the number of fish servings reported during the previous 30 days (CDC 2004; Schober et al., 2003).  
A second possible explanation for a beneficial net effect in children is that methylmercury might primarily affect prenatal neurodevelopment rather than the type of development that occurs postnatally.  By contrast, lead, which is a neurotoxin known to affect both pre and postnatal neurodevelopment, can affect a number of cellular enzymatic systems at low levels of exposure both before and after birth.  
A third possible explanation is that fish consumption can confer nutritional benefits that offset the effects of methylmercury. The net beneficial effect of fish consumption on the fetus now being reported from the Faroe Islands and elsewhere may apply equally to children.  

In any case, at this point a risk management strategy for children to protect against possible heightened sensitivity to methylmercury would have to be based on children’s sensitivity to other neurotoxins, e.g., lead, because data showing a heightened sensitivity to methylmercury is lacking.
        

Neurological Effects in Adults:  Overt neurological effects occurred in adults at extreme levels of exposure seen in the incidents in Japan and Iraq in the last century.  Three small studies, one in Italy and two in the Amazon, reported associations between methylmercury exposure and more subtle neurological effects at exposures at least 30 times higher than U.S. exposures on average.  Two studies, one in the United States and one in Europe, did not find an association between methylmercury and neurological test scores while two studies (one in the United States and one in Europe) found a beneficial association between fish consumption and neurological function.  Adverse effects in adults appear to require high exposures not often experienced in the United States.  Rare instances of effects at lower levels of exposure due to individual genetic sensitivity cannot be ruled out, but such occurrences would be difficult to determine.        
Section II-B:
Studies on Coronary Heart Disease and Stroke 

(a)  Introduction

Methylmercury is clearly neurotoxic at high levels of exposure; the outstanding questions are whether, and the extent to which, it is neurotoxic at the relatively low levels of exposure generally experienced in the United States.  By contrast, for CHD and for stroke, a threshold question is whether there is a cause and effect relationship between methylmercury in fish and CHD or stroke at any level of exposure.   
The extreme exposures to methylmercury that occurred in the poisoning events in Japan and Iraq do not appear to have resulted in CHD.  In the Japan poisoning events, nine percent of deaths among chronic “Minamata disease” patients who died from 1975 to 1982 were from cardiac failure as compared to the Japanese national average of 21.3 percent for the same time period (Harada 1995, page 18; Chan and Egeland 2004, page 69).  In the Iraq poisoning event, involvement of the cardiovascular system was reported to be rare (Bakir et al., 1973), however there has been no long-term follow-up of this endpoint from that event. 

A possible relationship between methylmercury and CHD and stroke was initially studied in Finland beginning in 1984 as part of a search for an  explanation for why men in eastern Finland experience one of the highest mortality rates in the world from cardiovascular disease even though they tend to eat a lot of fish.  Studies conducted around the world point to an association between fish consumption, or the consumption of omega-3 fatty acids that are a natural component of fatty fish, and a reduced incidence of CHD.  Why did eastern Finland appear to be so different in that respect and did the difference involve methylmercury?  

The researchers found an association between methylmercury and the incidence of CHD and stroke in eastern Finland, as described below.  Results were first published in 1995, with follow-up results published in subsequent years.  

We are aware of subsequent studies that looked for an association between methylmercury and cardiovascular endpoints in four additional populations:  (1) Swedish women in a city in southwestern Sweden; (2) Swedish women and men in northern Sweden; (3) individuals from eight European countries and Israel; (4) U.S. men.  The findings are mixed and there are questions about how to interpret the results from each study.  The study of the eight European subpopulations plus Israel reported an association between methylmercury and increased CHD risk but the remaining three studies did not.   One of the Swedish studies looked for an association between methylmercury and stroke but found none.  

In contrast to the relatively limited data from these five populations on possible associations between methylmercury and CHD and stroke, there exists a substantial quantity of data from many studies, collectively involving hundreds of thousands of individuals, that mostly point toward a protective effect from eating either fish or omega-3 fatty acids that are found in fish for the same cardiovascular endpoints for which methylmercury has been inconsistently implicated.  These studies looked for an association between eating fish (although not typically differentiated by species), or from ingesting omega-3 fatty acids, and risk of CHD or stroke morbidity and mortality.  Although they did not measure methylmercury levels in the individuals who participated in them, it is reasonable to assume that the fish contained methylmercury.  We address that body of data in Appendix C of this report.  The materials in Appendix C that are most germane to our risk assessment can be found in “Meta-analyses of Observational Studies” in that appendix.    

We review here the studies that specifically examined whether methylmercury might be a risk factor for CHD and stroke.  
(b)  Five Study Populations in which Methylmercury Levels Were Measured

Eastern Finland:   

A population of men in Eastern Finland has been studied over various intervals of time to look for an association between their exposure to methylmercury and their risk of acute coronary events.  The men were drawn from a larger study known as the Kuopio Ischaemic Heart Disease Risk Factor Study that was investigating risk factors for cardiovascular disease and related outcomes in middle-aged men in Eastern Finland.  This population suffers one of the highest mortality rates in the world from coronary heart disease (Salonen et al., 1995, page 2).  There have been three different reports on this population.    

First publication (Salonen et al., 1995):  The first report recorded cardiovascular events that occurred over an 8.75 year period in 1,833 men aged 42-60.  At the beginning of the study these men had no previous diagnosis of CHD.  They had an average hair mercury level of 1.9 ppm, which is about four times higher than the NHANES average U.S. hair mercury level for women of childbearing age (McDowell, et al., 2004) and over six times higher than the average for adult U.S. men per our exposure modeling (see Table AB-3 in Appendix B of this report).           

Salonen et al. (1995) divided this population into three groups based on hair mercury levels.  The group with the highest hair mercury levels (greater than two ppm; average about 10 ppm
) was found to have higher risk of acute myocardial infarction and death from heart disease than men in the lower hair mercury groups.  The highest hair levels were also associated with a higher risk of death from stroke.  
Salonen et al. (1995) also correlated the higher mercury exposure (and thus the higher risk) with greater fish consumption.  The authors then considered why higher risk could be associated with greater fish consumption when studies in other populations had found a beneficial association between fish intake and coronary mortality.  

The authors hypothesized that relatively high levels of methylmercury in the local fish were at least partially responsible for the increased risk.  The 10 ppm average hair level for the most highly exposed group in the eastern Finland study population is relatively high, e.g. as compared to an average of 6.85 ppm for the women studied in the Seychelles Islands and an average of 0.3 ppm for U.S. adult males (per Table AB-3 in Appendix B).   

The authors also considered whether the types of fish consumed in eastern Finland, as well as other dietary factors, could be increasing the risk in that population.  The authors cited four studies that provided evidence of a CHD mortality-reducing effect from consuming fatty seawater fish and contrasted these results with their own, where the majority of fish consumed were lean, local, freshwater fish.  Fatty seawater fish would likely be high in omega-3 fatty acids and selenium, while lean, freshwater fish would likely be low or lacking in omega-3 and low in selenium, at least in eastern Finland.  There is evidence that omega-3 fatty acids contributes to an association between fish consumption and reduced risk of CHD.  See Appendix C of this report.  

The authors noted that men in eastern Finland have a low intake of selenium in their diets.  Moreover, the local freshwater fish tend to have selenium contents that are low relative to their methylmercury content (in contrast with marine fish that generally have ratios of selenium to methylmercury in favor of selenium; see Section II-A(e) for a discussion on selenium). The authors found this situation to be potentially significant because methylmercury counteracts the antioxidative effects of selenium that may help reduce the risk of heart disease.  The authors had previously observed an association between selenium deficiency and an excess risk of acute myocardial infarction as well as CHD mortality in eastern Finland (Salonen et al., 1982).   

The authors concluded that methylmercury could be a risk factor for coronary and fatal cardiovascular disease, but that their findings “could be specific only for men in eastern Finland, who traditionally have a higher intake of meat, fish, and saturated animal fat and a low intake of selenium and vitamin C and, most likely, other vegetable-derived antioxidants.”  It should be noted that U.S. citizens tend to have selenium levels deemed to be adequate, primarily due to the high selenium content in the soil from which much of the U.S. crops are grown (IOM 2000; Egan et al., 2002).              

Second publication (Rissanen et al., 2000):  A second report was published five years later.  This time, the purposes were to examine:  (a) an association between omega-3 fatty acids and the risk of acute coronary events; and (b) how methylmercury might modify that association.  To examine the association between omega-3 fatty acids and risk, the researchers divided the study population into five groups based on the levels of omega-3 fatty acids in their blood serum.  To examine how methylmercury might modify that association, Rissanen et al. (2000) retained the previous division of men into three groups based on mercury hair levels by Salonen et al. (1995).  

In the previous publication, Salonen, et al. (1995) reported that the men ate some fatty seawater fish but the majority of fish consumed were lean, lake water fish.  The fatty seawater fish would be expected to contribute omega-3 fatty acids to the diets of these men but, according to Salonen et al. (1995), these types of fish did not notably contribute to mercury body levels.  Rather, their main source of mercury was lake fish that had relatively high methylmercury concentrations.

Rissanen et al. (2000) found that men in the highest group for omega-3 fatty acids had 44 percent less risk of acute coronary events (without distinction as to type of coronary event, e.g., CHD death or acute myocardial infarction) than the men in the lowest omega-3 fatty acids group.  Moreover, the risk of an acute coronary event was significantly lower among men in the four highest omega-3 fatty acids groups than among men in the lowest group.  However, when Rissanen et al. (2000) examined men in the highest omega-3 group who were also in the two lowest hair mercury groups, they found that these men had a 67 percent reduced risk when compared against men in the lowest omega-3 group who were also in the highest hair mercury group.  The authors regarded their findings as further confirming the concept that omega-3 fatty acids from fish reduce the risk of acute coronary events but that mercury in fish could attenuate this protective effect.

Like Salonen et al. (1995), Rissanen et al. (2000) noted mercury’s binding effect on selenium as a potential reason why methylmercury in fish could inhibit antioxidative mechanisms in the human body and thus offset the protection afforded by omega-3 fatty acids in this population.  If this hypothesis is valid, the low levels of selenium in the population in eastern Finland could become even less available to them as an antioxidant if rendered inert as a result of chemically binding with the methylmercury in the fish.   Higher levels of selenium, as are generally found in the bodies of most U.S. residents, would be expected to provide individuals with an adequate reserve of selenium for antioxidant purposes even after methylmercury binds with some of it. 

Third publication (Virtanen et al., 2005):  A third report on the eastern Finland study population was published five years after the second one. This report tracked the men through an average of 13.9 years.  The risk of CHD death was lower for those in the middle hair mercury group than it was for those in the lowest hair mercury group.  Otherwise, the results were similar to those reported previously.  As with the original report (Salonen et al., 1995), this report also found an association between mercury and stroke. 
Virtanen et al. (2005) acknowledged that the findings in eastern Finland were not consistent with studies elsewhere that did not find an association between methylmercury and CHD risk, as described below.  The authors noted that the mercury levels in the bodies of the study subjects elsewhere were relatively low as compared to those in eastern Finland.  They also continued to implicate the low selenium levels in eastern Finland by pointing to how mercury binds selenium into an inactive form that cannot serve as an antioxidant in the body. 
Eight European Countries and Israel (Guallar et al., 2002): 

This is the other study that observed an adverse association between mercury and CHD.  It was a case-control study designed to examine the joint association of mercury and docosahexaenoic acid (DHA, an omega-3 fatty acid) with the risk of a first myocardial infarction in men.  It examined 684 men in specific locations in eight European countries plus Israel who had already received a first diagnosis of myocardial infarction and had survived until hospitalization.  These men were participants in the European Multicenter Case-Control Study on Antioxidants, Myocardial Infarction and Cancer of the Breast (EURAMIC).  The eight European countries were Finland, Germany, the Netherlands, Norway, Russia, the United Kingdom, Spain and Switzerland.  The reported results were similar to those reported from eastern Finland, in that higher mercury was associated with higher risk but higher DHA was associated with lower risk.   

This nine country study population included individuals from two locations in Spain with mercury levels that were essentially twice as high as those from any other country in this study.  Because the authors did not include data that measured risk on a location-by-location basis or for the study population minus the two Spanish locations, it is not possible to determine how the overall results may have been affected by the results in Spain.  This omission has been noted in the scientific literature (Chan, et al., 2004).  It is possible that risk of CHD, including methylmercury’s contribution to the risk, is influenced by a number of factors involving diet, lifestyle, and genetics that can result in localized differences in incidence.       
An additional issue associated with this study is the fact that the researchers measured mercury body levels by determining the level of mercury in toenail clippings.  To date, toenail levels have not been correlated with traditional dose metrics for determining how much mercury a person has in his or her body, such as hair and blood levels.  Consequently, we cannot compare the mercury levels in these individuals against mercury levels in the United States nor can we determine whether the mercury levels associated with increased risk in the eight European countries and Israel study are consistent with levels associated with increased risk in eastern Finland.  In eastern Finland, the levels of mercury associated with increased CHD risk were high relative to U.S. levels.  Also, the authors were unable to determine whether the mercury levels in the clippings correlated with fish consumption (i.e., whether higher fish consumption generally translated into higher levels of mercury in the clippings, and vice versa) because they had no information on the amount or types of fish consumed by the study participants.    
Gothenburg, Sweden  (Ahlqwist et al., 1999):

This study involved 1,462 women from Gothenburg, Sweden, who were tracked over a period of 24 years.  The purpose of the study was to analyze potential associations between mercury and various symptoms and diseases, including both myocardial infarction and stroke. The study found no association with incidence of stroke and found a slightly beneficial (although not statistically significant) association between mercury levels and myocardial infarction.  The authors thought that this slight reduction in risk was possibly due to a protective effect from fish consumption.   

The mercury levels in the study participants were determined by measuring the mercury in their blood serum.  Most mercury in blood is found in red blood cells.  As with toenail clippings as described above, it is not known how to correlate mercury in blood serum with either mercury in hair or mercury in whole blood; consequently, we cannot determine mercury or methylmercury body burdens for these women or compare their mercury levels to participants in the other studies or to U.S. citizens.  
Northern Sweden (Hallgren et al., 2001):    

This was a small case-control study involving 78 “case” individuals who had already experienced a first myocardial infarction, and matched “control” subjects who had not experienced a myocardial infarction.  One purpose of the study was to evaluate whether there is a relationship between the risk of myocardial infarction and both mercury and omega-3 levels in the body.  The study found that risk of a first myocardial infarction was reduced in individuals with the highest levels of both mercury and omega-3 fatty acids.  This group was small, however, so it is hard to draw definitive conclusions from these results.  

The study did not find any evidence for an “attenuating” effect that mercury might have on the protective effect of omega-3 fatty acids at the highest levels of exposure experienced by the study participants.  On the other hand, Hallgren et al. (2001) claimed that the mercury levels in their study participants were much lower than they were in the eastern Finland men.  Only two individuals in the northern Sweden study exceeded the average mercury level in the eastern Finland study population.  

Mercury levels in this study were measured by examining mercury in red blood cells.  For purposes of comparing the mercury levels in this study to the U.S. population, it would be necessary to estimate what the mercury levels in whole blood would be if the mercury levels in red blood cells were known.  The Centers for Disease Control and Prevention have developed national data on whole blood mercury levels in U.S. women of childbearing age (see Section III(a) of this report).  Based on a finding that about 90 percent of total mercury is contained in red blood cells, Stern (2005a) calculated that the red blood cell concentrations in the northern Sweden study population correspond to whole blood concentrations that occur between the 75th and 90th percentiles of exposure in women of childbearing age in the United States and that occur at a somewhat lower percentile of exposure in adult U.S. men.     
United States (Yoshizawa et al., 2002):

This was a case-control study involving 442 matched pairs of U.S. male health professionals.  The “case” individuals had been diagnosed with CHD while the matched “control” individuals were free of it.   These individuals were drawn from participants in The Health Professionals Follow-Up Study that was examining the relationship between diet and coronary heart disease and cancer in middle aged men.  

Over 30,000 participants in this study submitted toenail clippings that could be used to measure their exposure to mercury.   The “case” individuals were drawn from those who developed coronary heart disease during a five year period after submitting clippings.   They were studied to determine whether there was an association between their risk of CHD and their mercury levels, and whether this risk was affected by their intake of selenium, omega-3 fatty acids, and fish.   

In summary, this study did not find statistically significant associations between any of these factors and CHD risk.  It may be, however, that the study results were affected by the relatively short five-year time frame that limited the number of matched pairs.  Presumably a longer time frame would have resulted in more individuals in the study (because more time would have resulted in more cases of CHD) and thus would have provided the study with greater power to detect associations.  
The study did find a non-statistically significant association between mercury and risk when it removed all the dentists from the study population.  The dentists had much higher mean toenail mercury levels than the other health professionals in the study.  The authors theorized that this difference resulted from dentists’ occupational exposure to elemental mercury in the form of dental amalgams.  Consequently, removal of the dentists from the study population would likely provide a clearer picture of risk from methylmercury from fish -- the presumed primary source of the mercury found in the toenails of the non-dentists.  As a consequence of this non-statistically significant finding, Yoshizawa et al. (2002) concluded that their findings did “not support an association between total mercury exposure and the risk of coronary heart disease, but that a weak relation cannot be ruled out.”        
(c)  Blood Pressure in Children Through Age 15 (Seychelles and Faroe Islands)

 The researchers in the Faroe Islands reported that at seven years of age, the boys in the study group showed an association between prenatal exposure to methylmercury and increased blood pressure, although the blood pressure was not elevated beyond normal ranges (Grandjean et al., 2004).  When checked again when the children were 14 years of age, the association was no longer observed.  

In the Seychelles Islands, Thurston et al. (2007) measured blood pressure at ages 12 and 15 years.  They found no association between prenatal exposure to methylmercury and increased blood pressure at age 12, but at 15 years they found an association between prenatal exposure and increased diastolic blood pressure in boys.  Thurston et al. (2007) was unable to identify a biological reason for an association that only involves diastolic blood pressure in boys at 15 years.  They advocated further study, but concluded that their finding “does not suggest a consistent association between methylmercury and blood pressure” (Thurston et al., 2007, page 928).  They noted that elevated blood pressure was not a major symptom in the extreme poisoning events in Japan and Iraq.    

(d)  Summary and Interpretation

Extreme levels of exposure to methylmercury that occurred in the poisoning events in Japan and Iraq do not appear to have resulted in CHD.  Even so, methylmercury may be one among many risk factors for CHD, but whether it significantly affects risk in any given population appears to depend on the overall situation for that population.  Risk appears to involve various factors relating largely to diet, lifestyle, and genetics.  The results from the five study populations tend to support this view.  Results from the two studies that found an association between mercury and CHD (eastern Finland and the eight European locations plus Israel) should be extrapolated to other locations and populations with caution.  

For the United States, neither the data from the Health Professionals Follow-Up Study described above, nor the studies on both fish and omega-3 fatty acid consumption described in Appendix C, point to a measurable increase in risk of CHD due to methylmercury in commercial fish.  FDA has stated “that whether mercury has any role in CHD risk is an unanswered scientific question.  Consequently, it is not possible to determine whether mercury counteracts the cardio-protective effects of EPA and DHA omega-3 fatty acids from fish” (FDA 2004).  FDA has made no statements with regard to methylmercury and stroke.  Likewise, EPA has concluded that “…the science on the impact of methylmercury in risk of cardiovascular events remains uncertain, and the weight of evidence, in fact, supports a positive association between fish consumption and potential cardiovascular benefits” (EPA 2005, page C-10).     

 SECTION IV:

QUANTITATIVE RISK AND BENEFIT ASSESSMENT MODELING AND RESULTS FOR FETAL NEURODEVELOPMENT, 

FATAL CORONARY HEART DISEASE, 

AND FATAL STROKE
(a) Introduction

Purpose

This section provides an overview of the logic, design and results of the quantitative assessment of the effect on neurodevelopment in the fetus and on fatal coronary heart disease and stroke in the general population as a result of eating commercial fish containing methylmercury.  In Appendices A and B we present a more detailed and technical account of the risk assessment.

The assessment provides FDA with estimates of likelihood and magnitude of effect, as well as of the uncertainties involved in these estimates (as reflected by the size of the confidence intervals surrounding the central estimates), on the basis of currently available data.  It is not intended to make a case one way or another for the adequacy of any proposed or existing “health claim” on labeling for any product.  “Health claims” are evaluated under standards of evidence that have been developed specifically for that purpose.
  

This assessment is intended to be nationally representative of the U.S. population.  It does not address risk to segments of the population whose exposure to methylmercury or patterns of fish consumption may be substantially different from the population as a whole as a result, for example, of their own subsistence or sport fishing in localized bodies of water that might be subject to unusual conditions.  Separate assessments would be needed to predict effects in such sub-populations.  Because these kinds of situations would tend to be localized and not generally involve interstate commerce, they would not normally fall within FDA’s regulatory purview. 

Risk and Benefit Assessment Questions in the Context of FDA Role for Methylmercury in Commercial Fish

A threshold question for FDA for purposes of taking regulatory action is whether methylmercury is in commercial fish in amounts that cause the fish to present a reasonable possibility of injury to U.S. consumers.  Whether a particular combination of likelihood and severity constitutes either a “reasonable possibility” or an “injury” involves judgments that are beyond the scope of risk assessment.  We do not, therefore, address here whether the effects predicted by this assessment have clinical significance.  The questions referred to quantitative risk assessment are those that involve calculations and predictions that the risk manager can use in addressing questions such as these.  

As described in Section II of this report, there is scientific evidence to indicate that fish  can be beneficial for the same health endpoints for which methylmercury has been identified as a possible adverse risk factor.  This evidence raises questions about whether the net effect from eating fish containing methylmercury plus beneficial nutrients could be different from the effect of eating the same amount of methylmercury in another food, e.g., marine mammals,
 or in fish low or lacking in nutrients or other qualities that could be beneficial for the same health endpoint.
  To examine this question, this assessment estimates:  (a) the net effect of eating fish containing methylmercury on neurodevelopment in the fetus and on fatal coronary heart disease and stroke in the general population; as well as (b) methylmercury’s adverse contribution to the net effect on fetal neurodevelopment; and (c) fish’s beneficial contribution to fetal neurodevelopment when the diet consists of a variety of fish.  

Data from studies in which exposure to methylmercury is from fish enable an assessment of the net effect, even though the components of fish that might mitigate the risk from methylmercury (for example, selenium, omega-3 fatty acids) are often not measured in these studies.  We did not attempt to address the contribution to the net effect that individual components of fish may be making.  Rather, we assessed the net effect from eating a variety of diets that collectively include a variety of fish. (We do model some hypothetical scenarios in which the amounts of methylmercury in the fish are altered, however.)  The contribution of individual nutrients to the net effect was beyond the scope of this assessment since our primary purpose was to inform FDA risk management for methylmercury.  

The assessment predicts the consequences of current fish consumption and exposure to methylmercury (the “baseline”) as well as the consequences of changes in fish consumption and exposures to methylmercury by U.S. consumers.  Risk management activities by FDA or others could lead to changes in fish consumption as a consequence of regulatory action or advice to consumers.  Results from this assessment, including the “what if” scenarios, could help FDA confirm or update the consumption advice it is providing on methylmercury.  

Box IV-1 lists the questions about “baseline,” that this assessment was designed to address.  

Box IV-1:

Risk Assessment Questions Relating to Baseline (Current) Risk

(1) On an individual basis:  For the methylmercury endpoints that we model (fetal neurodevelopment, fatal coronary heart disease and stroke), what are the likelihood and magnitude of effects from eating commercial fish containing methylmercury through the range of exposures to methylmercury that consumers are experiencing in the United States? 

(2)  On a population basis:  What is the range of effects, from adverse to beneficial, for fetal neurodevelopment, fatal coronary heart disease and stroke, that could be occurring in the U.S. population as a consequence of eating commercial fish?  What are the uncertainties associated with these estimates, i.e., what is the range of possible effects in addition to the most likely effect predicted by the risk assessment (what are the confidence intervals surrounding the central estimates)?   

Hypothetical scenarios involving changes in the baseline are posed in terms of “what if” questions shown in Box IV-2.  These questions are discussed in Sections IV(c) and (d).   

Our “what if” modeling does not take into account health effects from eating more or less of other foods as a consequence of eating more or less fish.  Such modeling was beyond the limited purposes and resources of this project.  Health effects from other foods are not relevant to whether there is a reasonable possibility of injury from eating commercial fish containing methylmercury.  On the other hand, the public health consequences of eating more or less of other foods can be relevant to the overall consequences of any risk management strategy that FDA might employ or contemplate, and may be worth considering for future analysis.  


Populations Modeled

For neurodevelopment we model effects on the fetus.  Because the fetus has not been directly studied for this endpoint, our modeling incorporates neurodevelopmental data from children who were prenatally exposed to methylmercury as a result of their mothers’ exposures while pregnant.  Fetal exposure has never been directly measured.  The mother’s exposure during pregnancy has served as a surrogate for fetal exposure without any adjustment.    

For fatal coronary heart disease and stroke, we divide the general population into four subpopulations and model them separately since the baseline risks and consumption patterns for each subpopulation are different. These are:  (a) women of childbearing age (16-45); (b) women age 46 and older; (c) men age 16-45; and (d) men age 46 and older.  Men are divided into the same age groups as women partly for ease of comparison as well as to capture differences in baseline risk by age.  

We did not model neurodevelopmental effects in children as a consequence of their own fish consumption and postnatal exposure to methylmercury, nor did we model cardiovascular health effects in persons under the age of 16, for the following reasons:  

· Neurodevelopment:  The three sources of data that exist on postnatal exposure to methylmercury from fish consumption by children -- the studies in: (1) the Seychelles Islands; (2) the Faroe Islands; and (3) an analysis of data from the Avon Longitudinal Study on Parents and Children (ALSPAC) in the United Kingdom (Daniels et al., 2004) -- consistently report small beneficial neurodevelopmental effects and no deficits.  (See Sections II-A(f) and (g) of this report.)  Given the consistency of those data, we would expect that a quantitative risk assessment based on them would not reveal a deficit, at least as the central estimate.  Modeling could help provide details about the extent of beneficial health effect and the uncertainties at various levels of fish consumption and exposure to methylmercury, but we lack individual subject data from the Seychelles and the Faroe Islands studies to do it.  Both studies have published only brief summaries of their data involving postnatal exposure by children.  Having individual subject data was a prerequisite to the modeling that was performed by FDA in this risk assessment (see Section IV(c)). We have individual subject data from postnatal consumption of fish by children in the United Kingdom, but we concluded that modeling those data alone, without the data from Seychelles and Faroe Islands, would limit the ability of the risk assessment to add substantially to the qualitative conclusions we can already draw from the published results from these three studies (see Sections II-A(f) and (g) of this report).  

An alternative to modeling postnatal exposure in children would be to apply the risk assessment results for fetal neurodevelopment to postnatal exposure in children.  In order to do so, it would be necessary to assume that children’s susceptibility to methylmercury is essentially the same as fetal susceptibility.  We are not aware of data involving methylmercury that would support such an assumption.  

· Coronary Heart Disease and stroke:  The Faroe Island 14 year data did report some association between methylmercury and cardiovascular biomarkers, but there is no scientific consensus on the meaning of these biomarkers or whether changes in these biomarker values could be considered an adverse effect at this age.  Moreover, this is the only report of such an association.  Coronary heart disease and stroke occur predominately in adults.

We did not address neurological effects in adults in the risk assessment because data are too limited on effects below the exposure levels seen in the poisoning events in Japan and Iraq.    

Differentiating Between “Mercury” and “Methylmercury” for Purposes of the Risk Assessment

As stated in Section II(d), much of the data available to us on exposure to methylmercury is actually reported as exposure to total mercury, including both inorganic and organic forms of mercury.  Inorganic mercury in the body primarily comes from sources other than fish.   An important issue for our quantitative risk assessment, therefore, is estimating how much mercury in a person’s hair or blood is likely to be methylmercury from eating fish.  In summary: 

· We know that most mercury in fish is methylmercury.  As stated previously in this report, methylmercury constitutes between 93-98 percent of total mercury in finfish and 38-48 percent in molluscan shellfish (Hight et al., 2006).  (Molluscan shellfish, e.g., clams and oysters, have such small amounts of total mercury in them per FDA’s monitoring program that the quantity of mercury that is not methylmercury in those species is tiny.)  In our risk assessment we take these percentages into account when calculating methylmercury exposure from fish.   

· We know that most methylmercury in the U.S. diet comes from fish.  Small exposures are possible, however, from eating other animals that were fed fish meal (Lindberg et al., 2004).  As described in Appendix A, we calculate that about 0.1 ppb of methylmercury in the diet is from sources other than fish.  We take this amount into account in our risk assessment.

· We know that people have mercury in their bodies in addition to methylmercury.  In our risk assessment we exclude mercury other than methylmercury.  To do this, we used data from NHANES, described in Section III, that show both the total mercury and the inorganic mercury in each person surveyed.  We can calculate the amount of methylmercury (i.e., organic mercury) in an individual by subtracting the inorganic mercury from the total mercury.  This calculation also tells us what the ratio is between total mercury and methylmercury.  We take this ratio into account in our risk assessment.  

· We know that people have mercury in their bodies even though they eat no fish.  In NHANES there are respondents who reported eating no fish but whose hair or blood showed the presence of mercury.  These people can be found through the 15th percentile of mercury exposure per NHANES.  

The processes by which we take these matters into account in the risk assessment are described in Section IV(b), below, and in Appendix A.     
 (b)  Dietary Exposure Assessment

Introduction
In this section, we describe the dietary exposure assessment that we performed as part of the quantitative risk assessment.  For exposure through food (e.g., commercial fish), exposure assessment takes into account the amounts of the contaminant that are present in the food, and the frequency and patterns of consumption in the population being assessed.  In this case, because the assessment is examining the net effect of eating commercial fish on three health endpoints for which methylmercury has been implicated as a risk factor, exposure can also involve consumption of fish.  The amounts of methylmercury in the fish can be reasonably assumed but other substances in the fish that may be contributing to the overall net effect are not estimated in this assessment.   

When coupled with dose-response data on methylmercury, exposure assessment enables the risk assessment to predict effects through the range of exposures to both methylmercury and fish that members of the population are experiencing.  It also enables the risk assessment to predict how changes in exposure, such as those that could occur due to risk management activities, could affect risk.  

We could not rely solely on exposure data from NHANES for the following reasons:

· In the fetal neurodevelopment assessment, one of the studies we used associated neurodevelopmental outcomes with fish consumption, but not with methylmercury exposure, for most of its study population (Daniels et al 2004).  We used our own modeling in order to equate the results to U.S. fish consumption percentiles.  We then estimated what the likely methylmercury exposures would be from eating the quantities of fish represented by these percentiles.  

· For the fetal neurodevelopment assessment, we needed to estimate methylmercury exposures for women of childbearing age for our “what if” scenarios. Because these scenarios predict how risk would be affected by changes in exposure to methylmercury, NHANES could not provide exposure data for them.  NHANES data relate only to existing exposures. We based our estimates of methylmercury exposure on the amounts and types of fish being consumed in our hypothetical scenarios.  

·  For the assessment of fatal coronary heart disease and stroke, we needed to estimate the consumption of commercial fish by various gender and age groups.  NHANES could not provide this information.  Fish consumption was the critical aspect of exposure for this part of the assessment, as stated earlier, because all the data used in the assessment were from studies that looked for associations between fish consumption and risk of fatal coronary heart disease and stroke.  (For reasons explained in Section IV(d), converting fish consumption to methylmercury exposure was not as essential to the assessment for coronary heart disease and stroke as it was for the fetal neurodevelopment assessment.)    
The exposure assessment involved several components.  These included: 

· Estimating the amounts of fish that people eat.  Because essentially all methylmercury exposure is due to fish consumption, the starting point for our exposure modeling involved estimating both the amounts and types of fish that people eat over time.  Amounts of fish eaten over time depend on the frequencies with which people eat fish and the serving sizes, i.e., the amount that people eat per meal.  
· Estimating the species of fish that people eat.   Different species of fish contain different concentrations of methylmercury.  A person’s exposure to methylmercury depends on the types of fish he or she eats as well as on the amount of fish.  (See Section II-A(g) of this report.)  
· Estimating how much methylmercury would likely be in each of these fish.  In addition to different species containing different concentrations of methylmercury, fish of the same species vary from one another in their methylmercury concentrations.  

· Estimating dietary intake of methylmercury.  This calculation is based on the previous three estimates. 
· Estimating body levels of methylmercury.   Over time, body levels are largely a result of dietary intake minus excretion (methylmercury has a half life in the body of about 50 days; see Section II-A(g) of this report). We estimate body levels in terms of parts per million in hair.  Most studies that have looked for associations between body levels of methylmercury and adverse effects have measured hair levels as the biomarker for body levels, although blood levels and other biomarkers have also been used occasionally.  Hair has been favored over blood by most investigators because it is a more reliable indicator of long term exposure than is blood.  Blood only reflects current short-term exposure and can be influenced by “spikes” occurring immediately after methylmercury intake. Two of the three sources of dose-response data for our fetal neurodevelopmental risk assessment measured exposure through hair concentrations (Iraq and Seychelles).
  

We accounted for the substantial variations in amounts and types of fish that people consume as well as in the concentrations of methylmercury in commercial fish by using probabilistic simulation modeling to provide estimates of frequency, quantity, and types of commercial fish consumed by the U.S. population and, on that basis, methylmercury exposure to women of child-bearing age in the United States.  This type of modeling involves repeated simulations, each with minor variations in the amount and types of fish and in the methylmercury concentrations in the fish.  These variations in consumption and methylmercury concentrations are selected randomly from distributions that describe the frequency of occurrence.  Repeating these simulations many times builds a plausible set of estimates for a series of individuals that can be aggregated into a final distribution.  For example, the model estimates the exposure to methylmercury for women of childbearing age through repeated simulations involving variations in types and amounts of commercial fish that they consume.  In addition to modeling population frequency, we conducted an uncertainty analysis involving alternative plausible assumptions.  By repeatedly running different permutations, this uncertainty analysis generated a range of plausible estimates that characterized uncertainty.  

An overview of each of these steps is provided below.  

Estimating Species and Amounts of Fish that People Eat

Data
We estimated U.S. fish consumption, i.e., amounts and species, using three sources of data:  

1) The U.S. Department of Agriculture’s  Continuing Survey of Food Intake by Individuals (CSFII) survey conducted between 1989 and 1991

2) The NHANES survey data from 1999-2002

3) National Marine Fisheries Service market share data on consumable commercial fish (2005).

Our objective for this stage of the exposure assessment was to estimate commercial fish consumption, i.e., the amounts and species that people consume, for the U.S. population over a period of time long enough to capture infrequent fish consumption and to characterize chronic (i.e., steady state) exposure.  We chose a one year time period for this purpose.     

Surveys of food intake:  In order to estimate amounts and species consumed over a period of one year, we had to extrapolate from the results of food consumption surveys in which people were asked to recall what they ate during survey periods that were much shorter than a year.  Survey results available to us were from a one-day survey, a two-day survey, a three-day survey, and a 30-day fish consumption survey.  

We used the three-day and 30-day surveys because the results complemented each other, as described below.  We did not use the one and two-day surveys because we regarded them as inherently less reliable for predicting consumption over a year than the slightly longer three-day survey and the 30-day survey (Paustenbach 2000).  The shorter the period of the survey, the more likely the survey is to misrepresent infrequent consumers by either missing the consumers entirely or by inadvertently projecting a higher average consumption amount for someone who eats fish during the survey period.  Furthermore, the survey may not accurately reflect the types of fish consumed because individuals who consume a particular species during the survey period may consume other species over a longer period of time due to harvest seasonality, customs, and other influences.  Therefore, we decided that the extra day in the three-day survey was more important than the fact that the one and two-day surveys have been taken more recently.
 
 

The three-day survey was the U. S. Department of Agriculture Continuing Survey of Food Intake by Individuals (CSFII) (USDA 1991).  It surveyed both men and women and obtained information about portion sizes that they ate.  These data were statistically representative of the U. S population.   
The 30-day survey was a fish and shellfish consumption frequency questionnaire that had been administered as part of the NHANES survey during 1999-2000.  It captured information about frequency and various categories of fish type, e.g., clams, tuna, swordfish, and salmon.  However, this survey only involved women of childbearing age and children up to 11 years of age and did not obtain information about serving size.  These omissions made it impossible for us to rely solely on the 30-day survey for our exposure assessment.  Since the three-day survey provided information lacking in the 30-day survey, and vice versa, we used the two surveys together.      

National Marine Fisheries Service Market Share Data:  We used data from the National Marine Fisheries Service of the U.S. Department of Commerce (NMFS 2007) on “edible (for human use) meat weight” for individual commercial fish species that are imported into, or landed in, the United States in order to develop a rank order of popularity for commercial fish.  We used these data to help estimate the types of fish consumed over a year.  These data were used to supplement the short term survey data for characterization of long-term variation in species consumed over an entire year.  NMFS market share data were also used to adjust portion sizes to reflect current levels of consumption.  Since the NMFS data are more recent, they more accurately reflect current national patterns of fish consumption.    

Variations in the Species that People Consume 

In order to estimate the species of fish that people eat, we developed and implemented the following process:

1. Using the 30-day survey:  For each individual in the survey who ate at least four fish meals during the survey period, we developed a “repetition ratio” to reflect the extent to which the individual ate the same fish or ate a variety of fish.  The “repetition ratio” is the number of times that an individual ate the species of fish most frequently eaten by that individual during the 30-day survey, divided by the total number of fish meals that the individual had during the 30 days.  For example:  

a. If the person had 8 fish meals during the 30 days and all of them were salmon meals, the person’s “repetition ratio” would be calculated by dividing eight salmon meals by eight fish meals, resulting in a “repetition ratio” of 1.0.  

b. Or, if a person had four salmon meals out of eight fish meals, the person’s “repetition ratio” would be calculated by dividing four salmon meals by eight fish meals, resulting in a “repetition ratio” of 0.5.   

c. Finally, if a person had eight different types of fish out of eight fish meals, the person’s “repetition ratio” would be calculated by dividing one fish meal (since all of the fish were consumed with equal frequency) by eight, resulting in a “repetition ratio” of  0.13.   

We used the 30-day survey to develop “repetition ratios.”  We assume that the distribution of “repetition ratios” from this survey is representative of the entire U.S. population, even though the survey only involved women of childbearing age.  This distribution is described in detail in Appendix A.

2. Using the three-day survey and the NMFS market share data:  The individuals in the three-day survey reported eating fish from zero to four times during the survey period.  For each of the 3,525 individuals in the survey who ate at least one fish meal during the period of the survey, we randomly selected one of the “repetition ratios” developed from the 30-day survey.  

a. If the repetition ratio were 1.0, we would assume that the types of fish reported for that person in the three-day survey were the only types of fish eaten by that person all year.  

b. If the repetition ratio were less than 1.0, we would assume that the individual ate other types of fish during the year in addition to the fish he or she reported eating during the three days, with the proportion of other fish determined by the repetition ratio.  For example, if the repetition ratio were 0.5, we would assume that half of the person’s fish meals consisted of the fish he or she reported in the survey.  We would fill in the other half with fish selected randomly from the NMFS market share data after “weighting” those fish based on popularity.  

Amounts of Fish that People Consume

Estimating amount of fish consumed in a year involved extrapolating the data on frequency and serving size from the three and 30 day surveys to (a) the entire U.S. population; and (b) a year’s worth of fish consumption.  We developed formulas for this purpose as described in Appendix A. What follows is a summary of some of the major considerations that went into the formulas.

The estimation of frequency included, among other things:  

· Estimating per capita fish meals per day, using the three-day survey.  

· Determining the number of meals that are eaten per day at   the 10th percentile of consumption, the 25th percentile, the 50th, the 75th, the 90th, the 95th and the 99th.  Along with data on species of fish, this latter step enabled us to estimate exposure to methylmercury as a result of eating various quantities of fish.  This information was also essential to our assessment of the effect of fish consumption on the risk of fatal coronary heart disease and stroke.  

Estimating Per Capita Fish Meals Per Day:   In the 1989-91 CSFII data set, 11,912 respondents completed the three-day survey.  These individuals reported eating 5,008 fish meals during the three-day period.  We assumed that the ratio of fish meals to respondents provided by this survey constitutes the long term average number of fish meals per U.S. resident per day.  In order to determine the ratio on a “per day” basis, we divided the total number of fish meals eaten over the three day period (5,008) by three.  Consequently, the ratio is about 1,667 fish meals per 11,912 people per day.   This ratio results in a per capita of 0.14 fish meals per day (or under one fish meal per week per capita).  

It is worth noting that only about 34 percent of women of childbearing age in the three-day survey reported eating any fish during the three days.  By contrast, about 85 percent of the women in the 30-day survey reported eating fish during the survey period.  We would expect that a higher percentage of respondents would eat fish during the 30-day survey than during the 3-day survey.  Even so, we recognize that the 85 percent in the 30-day survey may underestimate the number of eaters for a longer period of time.  That is, some respondents who ate no fish during the 30 days would still eat some fish over the course of a year.  We assume that U.S. fish eaters comprise somewhere between 85 and 95 percent of consumers.  

Determining Frequency Through the Range of U.S. Consumption:   Because of the longer time period involved, we assume that the 30-day survey provides a more accurate picture of long-term frequency at various percentiles of consumption than does the three-day survey.  Consequently, we used the distribution in the 30-day survey to determine what the frequency of consumption is at the 10th, 25th, 50th, 75th, 90th, 95th and 99th percentiles of consumption.  We used the per capita fish meals per day from the 3-day survey to impose limits on this apportionment since the total results could not result in a per capita estimate for the country that is other than 0.14 meals per day.   

Amount of Fish as Calculated from Frequency and Serving Size:  As indicated previously, the amount of fish consumed is a product of frequency and serving size. The three-day survey was our only source of data on serving sizes.  When we applied the repetition ratios to the individuals who ate fish in the three-day survey, we also used the serving sizes reported for that individual.  When an individual ate more than one fish meal during the three day period, the serving size could vary from meal to meal.  Where the repetition ratio was less than 1.0 and it was necessary to include fish from the NMFS database, we assumed that the serving size constituted the average of all serving sizes reported in the three-day survey.     
Adjustment of the Total Amount Against NMFS Market Share Data:  The NMFS data on market share for commercial species provide the total number of pounds of edible commercial species available to U.S. consumers.  From this, NMFS calculates a per capita number of pounds of commercial fish consumed annually.  We made a minor adjustment (a factor of 1.125) in our calculation of the total amount of fish consumed in order to correspond to the NMFS total (after adjusting for weight loss from cooking).  The adjustment resulted in a slight increase in our calculated amount.  
For this risk assessment we needed to estimate fish consumption for women ages 16-45, men ages 16-45, women age 46+, and men 46+.  Consequently, in addition to apportioning the results among several percentiles of consumption, we also tabulated the results by these subpopulations.  The three-day survey contained sufficient information about the respondents to enable us to apportion results among subpopulations.   
Estimating Levels of Methylmercury in Commercial Fish
Data
 

Total mercury concentrations in most commercial fish species are available from FDA surveillance data (1990-2004) (FDA 2006).  Data for a small number of minor species were obtained from reports from a National Marines Fisheries Survey (NMFS 1978) and the EPA (EPA 2000, page 59).  These data are summarized in Table AA-2 in Appendix A.

Method
A realistic estimate of exposure to methylmercury requires consideration of the variations in concentrations of methylmercury that occur across and within commercial fish species.  Variations in methylmercury concentrations from fish to fish are generally attributed to differences in size (Barber et al., 1972, page 638; Kraepiel et al., 2003, page 5,554) and age of the fish as well as differences in the concentrations of methylmercury in what the fish consumed.  

The primary source of data for this part of the assessment was FDA’s database of mercury concentrations in commercial species of fish.  For many species in the database, FDA provides a mean, median, high-low range, and standard deviation based on all the samples in the database for the species in question. These values are for the total mercury in the fish, rather than for methylmercury, because the standard laboratory analysis is for total mercury.  Recent analysis by FDA scientists has shown that for finfish, methylmercury constitutes about 95 percent of the total mercury in the fish, and about 45 percent of the total mercury in molluscan bivalve shellfish (e.g., clams, oysters, mussels) (Hight & Cheng 2006).  Consequently, for purposes of this exposure assessment, we reduced the mercury values in the FDA database by five percent for finfish and 55 percent for bivalve molluscs.  The methylmercury concentrations in bivalve molluscs tend to be low to the point of being essentially nondetectable, so the actual reductions for these species had a minimal impact even though the percentage was relatively high.  

Rather than using only one number, like an average or another type of "best estimate," to represent this variation, we used a statistical simulation approach that allowed for the inclusion of a range of concentrations for individual fish in each species. Approaches for developing distributions of mercury in fish are described in “Mercury Concentrations in Individual Species” in Appendix A.  

Output
Results are shown in Table AA-3 (Summary of Mercury Concentration Models”) in Appendix A.   
Estimating Methylmercury Intake from Consumption of Commercial Fish
The model for the fetal neurodevelopmental endpoint requires that we calculate the exposure to methylmercury for women of childbearing age, as explained in Section IV(a).    Such a calculation is not essential to the modeling for fatal coronary heart disease or stroke, however, as explained in Section IV(d).  

The modeling involved extending our statistical simulation modeling for amounts and types of fish by selecting a value for the concentration of methylmercury in each type of fish from the distribution of methylmercury values for that fish.  A new value was randomly selected for each iteration of the model.  

Converting Dietary Methylmercury Intake to Hair Levels of Methylmercury  

The next step involved estimating the actual level of methylmercury in the body on the basis of dietary intake.  As indicated previously, methylmercury is excreted with a half life of around 50 days; consequently, the level of methylmercury in a person’s body would not be identical to their accumulated daily intake.  

As also indicated previously, mercury concentration in scalp hair is the most commonly used biomarker of a person’s body level of methylmercury.  Much of the data from scientific studies that we use in the assessment of neurodevelopmental risk to the fetus measure the “dose” of methylmercury to the fetus in terms of the concentrations of methylmercury in the mother’s hair.  We retain this measure of dose in the fetal neurodevelopment risk assessment.  

In order to do so, however, we first had to convert dietary intake to mercury blood levels and then convert from blood levels to hair levels.  We converted to blood levels by using the results from a study (Sherlock et al., 1984) with controlled exposures to fish that related dietary mercury to blood levels.  Estimations of hair levels from given methylmercury blood levels were calculated with a distribution developed from the 1999-2000 NHANES survey.  The data and methodology we used for converting dietary intake into blood levels and then into hair levels are described in Appendix A.  
Exposure Assessment Results
Amount of Fish Consumed
Table IV-1 shows daily fish consumption, by population group.  The consumption is provided in terms of grams per day.  To place grams per day in context, we can convert it into servings per week.  Serving sizes vary among individuals and there is no universal serving size.  If we assume a serving size of 100 grams, it produces a range of 0.97 – 1.38 servings per week for the mean daily consumption represented along the top row of the table.  If we assume a serving size of 175 grams, which is about the size of a serving in the joint FDA/EPA consumption advisory on methylmercury (2004), the range becomes 0.55 – 0.79 servings per week for the mean daily consumption.  The table also indicates that 12 ounces of fish per week (i.e., about 50 grams per day) -- the consumption advisory’s recommended maximum for women who are pregnant or considering getting pregnant -- represents consumption in the vicinity of the 95th percentile for women of childbearing age.    
In addition to the results from our exposure modeling, Table IV-1 provides average daily consumption taken from the 2003-2004 NHANES survey for purposes of comparison.  Because our model is based in part on data from 1989-1991, Table IV-1 also contains the most recent NHANES results in order to verify that our results are consistent with current consumption patterns.    
Table IV‑1:  Daily Fish Consumption (g/day); Median (5th percentile, 95th percentile)

	
	Women 16-45
	Women 46+
	Men 16-45
	Men 46+

	Average
	13.4 (12.7, 13.9)
	15.1 (14.3, 16.1)
	18.3 (17.1, 19.2)
	19.0 (18.0, 20.6)

	10th %tile
	0.1 (0.0, 0.9)
	0.2 (0.0, 1.3)
	0.2 (0.0, 1.2)
	0.3 (0.0, 1.7)

	25th %tile
	2.8 (2.0, 3.6)
	3.4 (2.7, 4.3)
	3.7 (2.7, 4.6)
	4.6 (3.5, 5.8)

	50th %tile
	7.2 (6.4, 7.9)
	8.4 (7.4, 9.1)
	9.6 (8.3, 10.6)
	10.8 (9.5, 11.9)

	75th %tile
	16.3 (14.9, 17.7)
	18.4 (16.9, 19.6)
	21.9 (19.6, 23.1)
	22.7 (21.0, 24.5)

	90th %tile
	32.3 (29.3, 34.4)
	36.4 (33.7, 39.5)
	43.7 (40.1, 47.6)
	44.4 (40.5, 49.5)

	95th %tile
	46.4 (42.1, 50.7)
	53.7 (47.4, 60.5)
	65.5 (58.5, 74.7)
	65.1 (58.2, 75.3)

	99th %tile
	88.3 (74.4, 114.3)
	101.5 (85.0, 128.3)
	136.0 (106.8, 179.3)
	131.8 (108.3, 178.4)

	NHANES average for comparison
	10.3
	14.2
	16.8
	20.8


Dietary Intake of Methylmercury 
Table IV-2 shows the results for women of child-bearing age (16-45).  Recall that the mother’s hair-mercury level during pregnancy is serving as a surrogate, or biomarker, for fetal exposure.  

Table IV-2:   Dietary MeHg from Fish (µg per day)

	
	Women 16-45

Median (5th, 95th)

	Average
	1.4 (1.3, 1.4)

	10th %tile
	0.0 (0.0, 0.1)

	25th %tile
	0.2 (0.1, 0.3)

	50th %tile
	0.7 (0.6, 0.7)

	75th %tile
	1.6 (1.5, 1.8)

	90th %tile
	3.4 (3.1, 3.6)

	95th %tile
	4.9 (4.5, 5.5)

	99th %tile
	10.3 (8.1, 12.8)


P 105 orig doc Table IV-3 shows the results from Table IV-2 along with our conversions from dietary methylmercury from fish to blood and hair concentrations.  These results in terms of hair mercury can now be used as input for the dose-response modeling.

Table IV-3. Model Estimates of Blood and Hair Mercury levels in Women of Childbearing Age (16-45)

	Blood Hg

 (µg/L)*:
	Population Percentile
	Hair Hg

(ppm)

	1.2 (1.2, 1.3)
	Average
	0.3 (0.2, 0.3)

	0.1 (0.1, 0.1)
	10th Percentile
	0.0 (0.0, 0.0)

	0.3 (0.2, 0.3)
	25th Percentile
	0.0 (0.0, 0.1)

	0.6 (0.5, 0.7)
	50th Percentile
	0.1 (0.1, 0.1)

	1.5 (1.3, 1.6)
	75th Percentile
	0.3 (0.2, 0.3)

	2.9 (2.7, 3.2)
	90th Percentile
	0.6 (0.5, 0.7)

	4.3 (3.8, 4.8)
	95th Percentile
	1.0 (0.8, 1.2)

	8.8 (7.4, 10.7)
	99th Percentile
	2.2 (1.8, 2.7)


*parts per billion

(c)  Fetal Neurodevelopment 

What is the “Response” that is being Modeled
?
One consideration in performing a quantitative assessment for fetal neurodevelopment is that there are many ways to measure human performance.  In the absence of overt effects such as were seen in the poisoning events in Japan and Iraq, the effect on fetal neurodevelopment has to be measured in terms of when milestones occur (e.g., age of first talking) and the results on test scores that examine various aspects of neurodevelopment, many of which are not closely related to each other, e.g., motor skills and verbal skills.  By contrast, death from coronary heart disease or stroke, which are the other endpoints that we assess, are relatively easily defined and measured.   

It was well beyond our capability – and may be currently impossible – to model all aspects of neurodevelopment in a single assessment.  Through a process of elimination, the primary neurodevelopmental response we chose to model was the ability to communicate at an early age, one aspect of which is age of first talking.  (We also modeled age of first walking, although we were more limited in our ability to model this milestone)   We assume that early age communication and developmental milestones such as age of first talking and walking are meaningful neurodevelopmental measures for methylmercury.  Various skills are expected to be achieved by certain ages in life.

Ages of first talking and walking have been recognized as useful measures for neurological health, in general.  

“Age at which an infant talks, stands alone and walks without assistance may appear to be crude indices of development.   However, they all 
106 require the effective integration of a large number of complex motor and sensory neural mechanisms, and when supported by neurological observations of behavior, vocalization, understanding, motor and sensory functions, they provide very good standards for comparisons on an individual infant or group basis.”  (Marsh, et al., 1995b)

Both early speech and motor development have been associated with greater IQ at eight years of age; early speech development has been associated with reading comprehension at 26 years of age (Murray et al., 2007).  

We recognize two primary sources of uncertainty associated with this approach.  First, there has been some discussion in the scientific literature about whether effects from methylmercury take time to manifest themselves and thus would be difficult to detect in very young children (Myers et al., 1997, see page 827).  Although effects did reveal themselves early in Iraq, most of these children experienced extreme prenatal exposures similar to those experienced in the poisoning events in Japan.  A second uncertainty relates to whether, regardless of age, other types of tests are more sensitive to the effects of methylmercury than early age communications milestone results.  As stated by Crump et al. (1998):  “The measures of effect in the Iraqi study (late walking, late talking, and neurological score) are relatively crude measures of neurological deficit and may not be as sensitive to methylmercury as more subtle but equally important effects that could be occurring, such as effects upon IQ.”  

In light of these uncertainties, we have included in this risk assessment two analyses that were developed outside of FDA (Axelrad et al., 2007; Cohen et al., 2005b) on the effect of prenatal exposure to methylmercury on IQ.  A comparison of the results of these IQ analyses against the results of our modeling reveals a consistency of outcome in certain  respects.  

Basis for the Selection of Data that Were Incorporated into the Fetal Neurodevelopment Modeling
As described in Section II-A of this report, human data on fetal neurodevelopment derive from studies that have examined either:  (a) an association between exposure to methylmercury in utero and neurodevelopmental outcomes; or (b) an association between maternal consumption of fish containing methylmercury during pregnancy and neurodevelopmental outcomes.  We had to make choices about data to incorporate into the risk assessment, based primarily on the following considerations:  

Overall Net Effect and its Components:  We wanted to assess the net effect on fetal neurodevelopment from eating fish.  We also wanted to estimate methylmercury’s adverse contribution to the net effect and fish’s beneficial contribution.   In order to isolate the methylmercury contribution, we wanted data on the effects of ingesting 
107 methylmercury in food other than fish.   In order to measure the totality of the fish contribution, we wanted data from fish consumption. 

Individual Subject Data:  We regarded the availability of individual subject data to be a prerequisite for inclusion in the FDA modeling (although not for the modeling on IQ that was performed outside FDA).  Individual subject data, rather than summary statistics, are important for modeling “continuous” endpoints such as these on neurological function.  Where endpoints are “continuous,” the outcome in an individual is a matter of degree, e.g., the results on a test of neurodevelopment, or when an infant first talks (as opposed to whether an infant ever talks).  By contrast, coronary heart disease and stroke are non-continuous in that they either occur or not, or are either fatal or nonfatal.  We were more comfortable with summary data when we modeled fatal coronary heart disease and stroke.

For a continuous endpoint, differences among observed values at the same levels of exposure are an indication of biological variability.  Results from each participant on an individual basis, rather than from the study population on a summary basis, provide the information necessary to model biological variability within a population.  Models that rely on population averages do not provide information on biological variability and could produce results that do not reflect the possibility of more susceptible subpopulations. 

Another concern with using statistical summaries of data for a “continuous” endpoint is that the assessment would have to rely on how the investigators used and treated the data and the statistical techniques they used to evaluate the data.  Modeling based on individual subject results and modeling based on statistical summary results could produce different outcomes.   This is an important consideration when the outcome of the risk assessment has regulatory implications, i.e., where a regulatory agency will take the results of the risk assessment into account when considering whether and how to intervene in the marketplace.   

Comparability:  A third consideration was comparability of data among studies.  As mentioned earlier, neurodevelopmental functions can be distinct from one another and not easily compared.  When we combined data from different studies in a single model, we wanted the data to measure the identical outcome (e.g., age of talking from two different studies) or to measure essentially the same outcome or same underlying aspect of neurodevelopment (e.g., early age verbal comprehension), even if not identical.     
Methylmercury’s Contribution to the Net Effect 
In order to assess the effect from methylmercury alone, it was necessary to find data that measured an association between prenatal exposure to methylmercury and neurodevelopment where the methylmercury effect was not confounded, i.e., not offset or mitigated by fish.  The study of the poisoning event in Iraq, where methylmercury was 
P108 ingested in bread, provides such data.  The Iraq researchers published individual results from each of the study participants.  The researchers collected data on ages of first walking and talking that showed dose-response relationships with prenatal exposure to methylmercury (Marsh et al., 1987).  These data are probably the least ambiguous data on methylmercury toxicity currently available.  
While this study has its uncertainties (e.g., the exact age of the children), questions about whether the reported effects reflect  methylmercury alone have not been among them.  Also, because the data come from one of the most extreme exposures ever to occur with methylmercury, they can be regarded as anchoring the model at the upper end of observed effect
.  

Another potential source of data for the consumption of methylmercury other than from fish was the study conducted in the Faroe Islands.  The Faroe Islands study also obtained early age developmental milestone data.  Moreover, the primary source of methylmercury in that study population was from pilot whale, although fish was also a source of methylmercury.  On the other hand, the milestones they measured were age of first creeping, sitting, and standing (Grandjean et al., 1995), rather than walking and talking.  For this model we were looking for data from milestones that were identical to those measured in Iraq
.  An additional impediment is that individual scores on developmental milestones (or on neurodevelopmental tests that were administered when the children were older) have not been made available from that study.  For these reasons we could not incorporate data from the Faroe Islands for this aspect of the modeling (although data from the Faroe Islands were employed in the IQ modeling).

The only other studies that measured age of first talking and walking were the studies in Peru (Marsh et al., 1995b) and in the Seychelles Islands (Myers et al., 1997).  The individual subject data from Peru were never published and are not available primarily due to the age of the study (conducted between 1981 and 1984).  

We have obtained the individual subject data on age of talking and walking from the Seychelles Islands (they remain the only individual subject data from that study that are available to us).  The problem with these data is that they derive from exposure to methylmercury solely from maternal consumption of fish ((Shamlaye et al., 1995, page 601
).  Nonetheless, we combined these data with data from Iraq in order to model a methylmercury effect independent of fish for the following reasons:  

· We were concerned that a model that utilized only the data from Iraq would produce results of limited utility due to the small size of the study population (81 mother-infant pairs) and
 the fact that very few subjects within this population  experienced relatively low levels of exposure (Marsh et al., 1987).  Adding data from the Seychelles helps characterize the variation in the response at low doses where the contribution of methylmercury to the overall variation is relatively small.  Also, adding data from 680 mother-infant pairs from the Seychelles produces a more robust assessment. 

· The model's characterization of the dose-response relationship (adverse) was still driven primarily by the Iraq data because the effects attributable to p 109methylmercury were much larger in Iraq.  Thus, any offsetting effects from fish were minimized
.  

Although this model could not completely screen out the effects from fish consumption in the Seychelles, we regard the outcome as sufficiently close to a methylmercury effect minus fish to give us a reasonable approximation of it.  

Net Effect from Fish Containing Methylmercury

Fish presents a “package” that includes lean protein, omega-3 fatty acids, selenium, and other minerals and nutrients, some of which may offset or prevent adverse effects that could otherwise occur from methylmercury.  In order to assess the net effect on fetal neurodevelopment from maternal consumption of fish, it was necessary to find data from one or more studies that measured an association between the amount of fish consumed by pregnant women and neurodevelopmental outcomes in their offspring.  

As with the modeling of methylmercury’s contribution to net effect, we regarded the availability of individual subject data as a prerequisite to the inclusion of data into this model.    Moreover, we wanted to model an outcome comparable to age of first talking or age of first walking in order to model the same underlying aspects of neurodevelopment and to combine all of our results in a single model (see “Results from the “Combination Net Effect” Model,” below.   

The study that met these considerations (availability of individual subject data and comparability of outcome) was that of 7,421 mother-infant pairs in the ALSPAC study in the United Kingdom (Daniels et al., 2004).  First, fish provided the only significant route of exposure to methylmercury in that population.  The net effect of fish on neurodevelopment was not confounded by exposure to additional methylmercury through consumption of marine mammals as occurred in the Faroe Islands.  Second, the individual subject data from this study were made available to us so that we could model the individual variability that occurred within the population.  Third, although the neurodevelopmental outcomes measured in the children did not include age of talking, the tests did include verbal comprehension at young ages, i.e., vocabulary comprehension on the MacArthur Communicative Development Inventory (MCDI) at 15 months of age and the language component of the Denver Developmental Screening Test (DDST) at 18 months of age.  Furthermore the children were of the same age as children who first walk and talk (that is, one - two years).  In light of the similarity in age to age of first talking, we assume that these results were comparable -- even though not identical -- to the milestone results on age of first talking from Iraq and the Seychelles Islands.     

The data available to us from that study did not include individual subject data on early age motor skills that would be comparable to age of first walking from Iraq and Seychelles.  The DDST total scores include a motor component, but it could not be separated from total score.  

The only other study from which we have some individual subject data and which involves fish as the source of  exposure to methylmercury was conducted in Poland (Jedrychowski et al., 2005).  Among other things, the study included the results from the Bayley Mental Scales administered at one year of age.  The Mental Scale includes vocalization and language results that appear to be comparable with the Iraq-Seychelles data on age of talking, but it also includes assessments of memory, habituation, problem solving, early number concepts, generalization, classification, and social skills.  We could   not separate the vocalization and language results from the aggregated total.  Consequently, we did not include the Poland data in the model. (Note, however, that we did develop a dose-response curve for the one-year data from Poland in order to measure the size of the effect that was seen in that study; see “Bayley Scales at 12 months – Poland Study” in Appendix A.)   

Table IV-4 reviews all of the studies that we considered for inclusion in the risk assessment and explains why the data from each study were or were not included.  

Note that in assessing net effect from fish consumption we did not include data from studies that involved dosing with omega-3 in supplements and infant formula fortified with omega-3 fatty acids.  (The latter also involve postnatal, rather than prenatal exposure.)   For this aspect of the assessment we adhered to our preference for data solely from fish consumption in order to best reflect the nutrient “package” that fish represents.  Whether individual nutrients have the same impact when consumed independent of fish as they do when consumed as a component of fish remains an open question.   One study conducted in Norway (Nurk et al., 2007) appears to indicate that the impact might not be the same.  See Section II-A(c) of this report.   

We leave for future assessments the modeling of individual nutrients such as omega-3 fatty acids.  We review the state of the science on omega-3 fatty acids in Apendix C.  

Table IV-4:  Study-by-study basis for including/excluding data in the risk assessment.
	Study

(location, authors, year)
	Size of Study

Pop.
	Source of MeHg


	Outcome 

Measures
	Availability of individual subject data
	Application to the Risk Assessment

	Iraq

(Marsh et al., 1987)
	81
	 Mother’s consumption of bread           
	--Age of first talking

--Age of first walking

--Neuro examination
	Yes
	Age of talking & walking data used in modeling performed in FDA for MeHg effect independent of any countervailing effect from fish.

	Seychelles Islands

(Myers et al., 1995)
	Approx.

700
	Mother’s consumption of fish
	--Age of first talking

--Age of first walking
	Yes
	Age of talking & walking data were combined with similar data from Iraq in modeling a MeHg effect described above. 

	Peru

(Marsh et al., 1995b)
	131
	Mother’s consumption of fish
	--Age of first talking

--Age of first walking

--Neurological examination
	No
	Not used.  Individual age of talking data not available. 

	Faroe Islands

(Grandjean et al., 1995)
	583
	Mother’s consumption of fish and pilot whale
	-- Age of first sitting

-- Age of first creeping

-- Age of first standing
	No
	Not used.  Individual subject data not available.  Also, the developmental milestones that were measured (sitting, creeping, standing) are different from ages of first talking & walking.

	Quebec:  Cree Native Americans

(McKeown-Essen et al., 1983
	234
	Not reported 
	Ages 12-30 months:

--Denver Developmental Scale

--Neurological examination
	No
	Not used.  Individual subject data not available.  Also, whether exposure to MeHg was solely from fish or also from marine mammals was not published.

	New Zealand

(Kjellström et al., 1986 & 1988)
	38 at age 4; 61 at age 6 (“high exposure” part of  study pop.)
	Mother’s consumption of fish
	Age 4:

--Denver Developmental Screening Test

--Neurological Screening Tests

Age 6:

--battery of tests including IQ
	No
	--Not used in modeling performed in FDA.  Individual subject data not available.  Also, data not comparable to early age verbal. 

-- IQ data were used in IQ modeling performed outside FDA and these results are included in this risk assessment.

	Seychelles Islands

(Myers et al., 1997 & 2003; Davidson et al., 1995a & 1998)
	Approx 700
	Mother’s consumption of fish
	Battery of neurodevelopmental tests at ages 6.5 mo., 19 mo., 29 mo., 66 mo., & 9 yrs.  IQ at age 9 yrs.
	No
	--Not used in modeling performed in FDA.  Individual subject data not available. 

-- IQ data were used in IQ modeling performed outside FDA and these results are included in this risk assessment.

	Faroe Islands

(Grandjean et al., 1998; Debes et al., 2006)
	900+
	Mother’s consumption of fish and pilot whale
	Battery of neurodevelopmental tests at ages 7 & 14.  
	No
	--Not used in modeling performed in FDA.  Individual subject data not available.  Also, data not comparable to early age verbal. 

-- 9-yr data that constitute aspects of IQ were used in IQ modeling performed outside FDA and these results are included in this risk assessment.

	U.K.

(Daniels et al., 2004)
	7,421
	Mother’s consumption of fish
	15 mo.:

--MacArthur Communicative Development Inventory

18 months:

--Denver Developmental Screening Test
	Yes
	Data on verbal skills at 15 & 18 months used in modeling performed in FDA of net effect from fish consumption.  

	U.K.

(Hibbeln et al., 2007a)
	Approx. 9,000 


	Mother’s consumption of fish
	Ages 6 mo. through 8 yrs:

--various neurodevelopmental tests including IQ
	No
	Not used.  Individual subject data not available. 

	U.S.

(Oken et al., 2005)
	135
	Mother’s consumption of fish
	Ages 5.5 – 8.4 mos:

--visual recognition memory test
	No
	Not used.  Individual subject data not available.  Also, data not comparable to early age verbal.

	U.S.

(Oken et al., 2008)
	341
	Mother’s consumption of fish
	Age 3 yrs:

--Wide Range Assessment of Visual Motor Abilities test

--Peabody Picture Vocabulary Test
	No
	Not used.  Individual subject data not available.  Also, data not comparable to early age verbal
.

	U.S.

(Lederman et al., 2008)
	329
	Mother’s consumption of fish
	Age 3 yrs:

--Bayley Scales of Infant Development psychomotor score

Age 4 yrs:

-- IQ
	No
	Not used.  Study was published after completion of our assessment.  Also:  (1) individual subject data not available; and (2) the outcomes that were measured were not comparable with early age communication.

	Poland

(Jedrychowski et al., 2006)
	233
	Mother’s consumption of fish
	Age 1 yr:

--Bayley Scales Mental and Motor


	No (with qualifications)
	We have the Bayley Scales Mental Scores but the verbal component is not distinguishable from the total.   (We did model dose-response from the Bayley scores separately in order to determine the size of the dose-response function.)

	Poland

(Jedrychowski et al., 2007)
	374
	Mother’s consumption of fish
	Ages 2 & 3 yrs:

--Bayley Scales Mental and Motor
	No
	Not used.  Individual scores not available.

	Denmark

(Oken et al., 2008a)
	25,446
	Mother’s consumption of fish
	Ages 6 & 18 mos.:

--range of neurodevelopmental milestones 
	No
	Not used.  Study was published after completion of our assessment.  Also:  (1) individual subject data not available; and (2) the developmental milestones that were measured were different from ages of first talking & walking.
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The Use of Six Models
Our risk assessment for fetal neurodevelopment involved six models:  four that assess the contribution of methylmercury to the net effect on fetal neurodevelopment; one that assesses the beneficial fish contribution to net effect, and one that assesses the overall net effect. 

Individual Effects vs. Population Effects
We estimate both: (a) the effects in individuals throughout the range of fish consumption and exposures to methylmercury encountered in the United States; and (b) effects within the population as a whole.  Population effects can be helpful, for example, in predicting the overall impact of a change in consumption or exposure to methylmercury by a significant segment of the population.  Population effects are shown in Tables IV-8, IV-11, and IV-12 (the “what if” modeling results).  The other tables reflect individual results.  

Where results convey effects in individuals, biological variability is treated as a source of uncertainty about a “random” individual.  Where results convey population effects, the estimates are “two dimensional” since they describe both the frequency of outcome in the population and the uncertainty associated with those estimates. 

Units of Measurement for the Results from Each Model  
Two of the models that estimate methylmercury’s contribution to the net effect express outcomes in terms of time, i.e., length of delays in first talking and first walking, and in reductions in IQ.  The model that estimates fish’s contribution to net effect expresses outcomes in terms of scores on neurodevelopmental tests.  In order to compare these outcomes, each model also presents results in terms of Z-Scores, which are statistical tools described below that essentially measure the size of an effect.  Z-Scores facilitate the comparison of results from one model to another.  They also facilitate combining results from different models into a single model
.  

On the other hand, Z-Scores are unfamiliar to most people.  Results expressed as Z-Scores can seem abstract.  Consequently, we convert Z-Scores into a unit of measurement that is equivalent to the size of an IQ point, a more familiar unit of measure.  This conversion allows us to express the size of an effect by comparing it to the size of some number of IQ points either gained or lost.   We express this result in terms of some number of  “IQ Size Equivalents (IQse).”   

A Brief Explanation of Z-Scores
115A  Z-Score describes where a particular measurement or result (e.g., a child’s weight) stands relative to other measurements or results within a group (e.g., the weights of other children in the group).  Assuming that the data follow a normal distribution, a Z-Score describes how far a particular result is (above or below) from the average of all the results in the group.  When a Z-Score is positive, the result exceeds the average, e.g., a child is heavier than the average weight in the group.  When a Z-Score is negative, the result is below the average, e.g., a child that is lighter than the average.  A positive Z-Score of exactly 1.0 means that the result exceeds the average by one standard deviation.  In a normal distribution, 68 percent of all the results within a group will fall within one standard deviation of the average.  A Z-Score of 1.0 typically means that a particular result is about 34 percent above the average for the group.  A fraction of a Z-Score means that the result is above or below the average by that fraction of a standard deviation.  

Z-Scores are used to indicate the relative size of a change in a result in a population.  For example, if, as result of maternal consumption of fish containing methylmercury, a child talks slightly later or slightly sooner than otherwise would have been the case, the size of the change can be expressed as the difference between what the Z-Score would have been without any exposure to methylmercury and what it is as a consequence of that exposure.  In this respect we are providing “net Z-Scores,” i.e. the difference between one Z-Score and another.   

Another feature of Z-Scores is that they can be used to compare results from different groups.  A simple example involves two identical exam scores (e.g., two scores of 75) obtained in two different college classes.  Converting each exam score to a Z-Score (which compares that exam score to the other exam scores in the class) will reveal whether they are likely to produce the same or different grades (assuming that both are graded on a curve).  If one exam score produces a positive Z-Score, it means that the exam result was above the average for that class.  If the other exam score produces a negative Z-Score, it means that the exam score was below average.  In such a situation, the Z-Scores reveal that the grades will be different even though the exam scores were identical.  If the two exam scores each produce positive Z-Scores, but one is larger than the other, the one with the larger Z-Score may result a higher grade even though both are above average.  

Because Z-Score and IQ scores are linked to standard deviation, a Z-Score it can be converted to IQ (or at least to the size equivalent of IQ) and vice versa.  The standard deviation for IQ scores in the population is 15 IQ points.  Consequently, Z-Scores can be converted into 
IQ points by multiplying them by 15 (Cohen et al., 2005c). 

 Results from Our Modeling of  Methylmercury’s Adverse Contribution to the Net Effect
Because methylmercury is a neurotoxin with no known benefits, the only effects predicted by these models are adverse.  
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We modeled these two outcomes separately because they represent different aspects of neurodevelopment (communication and motor).  As stated previously, each of these models combined data on the identical endpoint from two sources, i.e., the Iraq and Seychelles studies).  The Iraq data did not involve fish consumption.  The Seychelles data did involve fish consumption; however, the models were dominated by the Iraq data so that benefits from fish consumption in the Seychelles do not appear to have significantly influenced the outcome.
   The combining of dose-response functions from Iraq and Seychelles into single dose-response function is described in Appendix A.    

The results from this modeling reflect several major assumptions.  The first is that the predicted methylmercury effects have not been offset to any substantial degree by benefits obtained elsewhere in the diet.  For example, we assume that the predicted effect has not been reduced by selenium obtained from vegetables or another source.  The second assumption is that methylmercury may have a threshold of effect, i.e., that methylmercury might not produce an adverse effect below a certain level of exposure.  Because we do not know what a threshold level might be for methylmercury, the probabilistic modeling that we employed included simulations of various possible thresholds, including no threshold.  Finally, we assume that the modeling results reflect the largest possible adverse effects – as expressed in terms of delay in talking and walking – when the net effect is adverse or when it is still beneficial due to a larger beneficial effect contributed by the fish.

The delay attributable to methylmercury is expressed in: (1) units of time (days, months); (2) net Z-Scores; and (3) IQ Size Equivalents.  All of these reflect changes in age of talking and walking from what they would have been had there been no exposure to methylmercury.  For the change in age of talking, for example, we converted units of time into Z-Scores by dividing the age of talking in months by 2.76, which is the standard deviation of the age of talking data from the Seychelles.  We convert the net Z-Scores to IQ Size Equivalents in order to compare these results to the IQ modeling results from Cohen et al. (2005b) and Axelrad et al. (2007).  We also use the net Z-Scores to combine the age-of-talking results with early age verbal test scores from the United Kingdom in our net effect model.   

Age of First Talking
:  The model predicts that without any contribution by methylmercury to the net effect, the age of first talking would range from 10.9 months 117through 18.8 months, with a central estimate of 15.1 months.
  This timeframe provides a frame of reference for the size of the methylmercury contribution.  The table provides a median estimate and 95 percent confidence interval for the size of the methylmercury contribution at various percentiles of U.S. exposure (the 10th percentile through the 99.9th percentile).  In the simplest terms, the size of the methylmercury contribution probably falls within the range provided by the confidence intervals.  The median estimate is at the midpoint of the range so that half the values in the range are above it and half are below.  Since no other value in the range meets this criterion, we regard it as the “best” estimate.  

Table IV-5 shows that the most likely delays are less than a day through the 95th percentile of exposure.  As reflected by the confidence intervals, there is a small possibility of no delay through the 50th percentile of exposure.  This possibility suggests that methylmercury has a threshold of effect, i.e., that below some level of exposure methylmercury does not produce an adverse effect.   At the 99th percentile of exposure the median estimate reaches a delay of slightly over two days and then jumps to slightly over four days at the 99th percentile.  Exposure to methylmercury essentially doubles between the 99th and 99.9th percentiles.  

When compared to the size of an IQ point in the far right column of Table IV-5, the delays are all equivalent in size to a fraction of an IQ point (median estimates), although at the highest confidence limit at the 99.9th percentile of exposure, it slightly exceeds one IQ point in size.

118Table IV-5:  Methylmercury’s adverse contribution to the net effect on fetal neurodevelopment as measured by delay in age of first talking.   The effects are provided as delays in both days and hours.  These delays are also provided in terms of changes in both Z-Scores and “IQ size equivalents (IQse).”  

	Hg Dose (ppm in maternal hair)*
	Percentile of  U.S
	Delay in talking (days) 
	Delay in talking (hours)
	Change in Z-Score
	Change in IQse

	0.02
	10th
	-0.0158

(-0.0277, 0.0000)
	-0.3788

(-0.6647, 0.0000)


	-0.0002

(-0.0003, 0.0000)
	-0.0029

(-0.0050, 0.0000)

	0.04
	25th
	-0.0399

(-0.0701, 0.0000)
	-0.9583

(-1.6814, 0.0000)
	-0.0005

(-0.0008, 0.0000)
	-0.0072

(-0.0127, 0.0000)

	0.12
	50th
	-0.1109

(-0.1946, 0.0000)
	-2.6616

(-4.6695, 0.0000)
	-0.0013 

(-0.0023, 0.0000)
	-0.0201

(-0.0352, 0.0000)

	0.30
	75th
	-0.2713

(-0.4759, -0.0520)
	-6.5106

(-11.4217,

-1.2487)
	-0.0033

(-0.0057, -0.0006)
	-0.0491

(-0.0862, -0.0094)

	0.63
	90th
	-0.5914

(-1.0224, -0.1818)
	-14.1938

(-24.5364,
-4.3643)
	--0.0071

(-0.0123, -0.0022)
	-0.1071

(-0.1852, -0.0329)

	0.98
	95th
	-0.9258

(-1.5794, -0.2816)
	-22.2188

(-37.9047,
-6.7589)


	-0.0112

(-0.0191, -0.0034)
	-0.1677

(-0.2861, -0.0510)

	2.16
	99th
	-2.0671

(-3.4954, -0.6835)
	-49.6107

(-83.8904,
-16.4035)
	-0.0250

(-0.0422, -0.0083)
	-0.3745

(-0.6332, -0.1238)

	2.83
	99.5th
	-2.7131

(-4.5905,  -0.8962)
	-65.1140

(-110.1711,
-21.5093)
	-0.0328

(0.0554, -0.0108)
	-0.4915

(-0.8316, -0.1624)

	4.37
	99.9th
	-4.3902

(-7.4202, -1.4505)
	-105.3653

(-178.0840,

-34.8128)
	-0.0530

(-0.0896, -0.0175)
	-0.7953

(-1.3442, -0.2628)


* These hair levels have been calculated from our exposure assessment.  They differ slightly, but not significantly, from the average hair levels in the NHANES sampling.  The results of our modeling and the NHANES averages are both estimates.  The NHANES results are estimates because they involve extrapolating from the NHANES survey sample to the general U.S. population.   Our results are slightly lower than the NHANES results.  One possible reason for the difference is that our modeling is focusing on methylmercury only while NHANES may be capturing some inorganic mercury in addition to methylmercury.  Another possibility may be that our modeling screens out more of the methylmercury contribution from recreational fishing than does NHANES.  NHANES is unlikely to capture unusual, localized patterns of recreational consumption but it does not actively screen out recreational consumption.  Our modeling does some screening by using the NMFS data on commercial fish supplies, for example.   

119 Age of First Walking:  The model predicts that without any contribution by methylmercury to the net effect, the age of first walking would range from 6.3 months through 17.8 months, with a median estimate of 10.4 months.  This timeframe provides a frame of reference for the size of the methylmercury contribution.  

As with the table for age of first talking, Table IV-6 provides a median estimate and a 95 percent confidence interval for the size of the methylmercury contribution at various percentiles of U.S. exposure (the 10th percentile through the 99.9th percentile).  The table shows that for age of first walking, the most likely delays are less than a day through the 90th percentile of exposure.  Above that, the median estimate is about a day-and-a-half at the 95th percentile, 3.5 days at the 99th percentile, and 4.6 days at the 99.5th percentile.  As with age of talking, the delay nearly doubles to 7.4 days at the 99.9th percentile, commensurate with the increase in exposure between the 99.5th and the 99.9th percentiles.  

When compared to the size of an IQ point in the far right column of Table IV-6, the delays are equivalent in size to a fraction of an IQ point through the 99.5th percentile of exposure (median estimates), and slightly exceed one IQ point in size at the 99.9th percentile.  

The confidence intervals for the age of first walking model are notably wider than they are for the age of talking model.   At one end, the confidence limit is always zero, i.e., no adverse contribution to the net effect, suggestive of a threshold of effect for methylmercury that is above all U.S. exposures to it through the 99.9th percentile of exposure.  By comparison, the age-of-talking model predicts that a possibility of no adverse contribution only exists through the 50th percentile of exposure.   The reason for this difference is that the individual data points (i.e., the results from specific individuals in the study populations in the Seychelles and Iraq) include one individual with relatively low exposure but a significant delay in age of talking.  This data point reduces the threshold of effect in that model.   By contrast, the age of walking model does not contain a similar data point.  Suffice it to say that both the age of first talking and age of first walking models predict the possibility of a threshold of effect but differ as to where it might be; and, in any case, these predictions do not reflect a median, or “best’ estimate in either model.      
At the other end of the confidence intervals, the confidence limit for age of walking is always somewhat more adverse than it is for age of first talking.   This difference largely reflects differences in the shapes of the dose-response curves produced by the raw data on age of first talking and age of first walking in the Iraq study.  As a consequence, there are differences in the modeling we used for these two endpoints in order to best fit the differences in the curves.  

120Table IV-6:  Methylmercury’s adverse contribution to the net effect on fetal neurodevelopment as measured by delay in age of first walking.   The effects are expressed as delays in both days and hours.  These delays are also expressed in terms of changes in both Z-Scores and “IQ Size Equivalents (IQse).”  

	Hg Dose (ppm in maternal hair)
	Percentile of  U.S
	Delay in walking (days) 
	Delay in walking (hours)
	Change in Z-Score
	Change in IQse

	0.02
	10th
	-0.0259

(-0.0930, 0.0000)
	-0.6225

(-2.2308, 0.0000)
	-0.0003

(-0.0011, 0.0000)
	-0.0047

(-0.0168, 0.0000)

	0.04
	25th
	-0.0656

(-0.2368, 0.0000)
	-1.5748

(-5.6830, 0.0000)
	-0.00008

(-0.0029, 0.0000)
	-0.0119

(-0.0429, 0.0000)

	0.12
	50th
	-0.1823

(-0.6530, 0.0000)
	-4.3744

(-15.6714, 0.0000)
	-0.0022

(-0.0079, 0.0000)
	-0.0330

(-0.1183, 0.0000)

	0.30
	75th
	-0.4461

(-1.5908, 0.0000)
	-10.7057

(-38.1797, 0.0000)
	-0.0054

(-0.0192, 0.0000)
	-0.0808

(-0.2882, 0.0000)

	0.63
	90th
	-0.9920

(-3.4041, 0.0000)
	-23.8073

(-81.6994, 0.0000)
	-0.0120

(0.0411, 0.0000)
	-0.1797

(-0.6167, 0.0000)

	0.98
	95th
	-1.5640

(-5.2607, 0.0000)
	-37.5360

(-126.2561, 0.0000)
	-0.0189

(-0.0635, 0.0000)
	-0.2833

(-0.9530, 0.0000)

	2.16
	99th
	-3.5134

(-11.5457, 0.0000)
	-84.3207

(-277.0978, 0.0000)
	-0.0424

(-0.1394, 0.0000)
	-0.6365

(-2.0916,  0.0000)

	2.83
	99.5th
	-4.6147

(-15.1282, 0.0000)
	-110.7534

(-363.0763, 0.0000)
	-0.0557

(-0.1827, 0.0000)
	-0.8360

(-2.7406, 0.0000)

	4.37
	99.9th
	-7.4767

(-24.2005, 0.0000)
	-179.4416

(-580.8112, 0.0000)
	0.0903

(-0.2923, 0.0000)
	-1.3545

(-4.3841, 0.0000)


The IQ Models
The preference that we incorporate individual subject data in our own modeling resulted in the exclusion of data from some studies that historically have been important in efforts to understand the relationship between fetal neurodevelopmental endpoints and maternal exposure (namely, data from older children in the Seychelles, Faroe Islands, and New Zealand).  We concluded that it would be useful to include in this risk assessment dose-response models developed elsewhere (Axelrad et al., 2007 and Cohen et al., 2005b) involving data from these studies.      

These dose-response models used the single metric of IQ.  Although there are some uncertainties associated with this metric, one advantage is that it incorporates a range of sub-tests in several “domains” of neurodevelopment, each of which increases the likelihood that it includes tests that could be sensitive to effects of methylmercury at low doses.  Moreover, IQ’s predictive value for achievement throughout life has been studied extensively.  There is a body of literature that can provide insight into the potential consequences for achievement later in life of very small changes in IQ that modeling 121might predict.  Another advantage provided by the IQ models is that they address neurodevelopmental results that were measured from ages six through nine.  If, as been hypothesized, effects from prenatal exposure to methylmercury are difficult to detect until a child becomes older, they could be more likely to appear at ages six though nine than at ages of first talking and walking.  
One of these IQ dose-response models was developed as part of the EPA Regulatory Impact Analysis for the Clean Air Act (Axelrad et al., 2007).  This model calculated changes in IQ as the response to methylmercury exposure using data from the Seychelles Islands, Faroe Islands, and New Zealand studies.  In the Seychelles and New Zealand studies, the researchers looked for an association between IQ score and prenatal exposure to methylmercury (see Section II-A(a) of this report). The Faroe Islands study did not test for IQ per se, but the Axelrad et al. model incorporated results from some tests administered at age seven because they were regarded as being significant components of IQ.  These three slopes were weighted and averaged into one linear IQ slope for methylmercury exposure.  Unlike our age-of-talking and age of walking models, the Axelrad et al. (2007) model assumes that methylmercury has no threshold of effect for the fetal neurodevelopmental endpoint, meaning that the smallest possible exposure to methylmercury will effect IQ, although very faintly (Axelrad et al., 2007, page 613).  The model predicts a loss of 0.18 of an IQ point for each part per million of methylmercury in maternal hair.  

Another dose-response model was published by Cohen et al. (2005b).  As with the Axelrad et al. (2007) model, the response to methylmercury was calculated as change in IQ.  This analysis used reported dose-response slopes from neurodevelopmental tests from Seychelles (although not the actual IQ tests), New Zealand, and the Faroe Islands to represent IQ.  These three slopes were combined into one linear slope, using weighted averages.  Like the Axelrad et al. (2007) model, the Cohen et al. (2005b) model assumes that methylmercury has no threshold of effect. 

Cohen et al. (2005b) conducted two analyses with data from the Faroe Islands.  The first analysis linearized the published log linear function in the range of U.S. exposures while the second analysis linearized in the range of exposures in the original study. The second analysis, which we find more plausible,
 predicts a loss of 0.2 of an IQ point for each part per million of methylmercury in maternal hair (Cohen et al., 2005b, page 362).  (For additional discussion see “IQ at Seven Years – Harvard Center for Risk Analysis (HCRA):  Cohen et al. (2005b)” in Section (b) of Appendix A in this report.)

The decrements predicted by the Axelrad et al. (2007) and Cohen et al. (2005b) models are shown in Table IV-7.  Because they are so close to each other, we show them as essentially one result.

122Table IV-7.   IQ loss from methylmercury predicted by Axelrad et al. (2007) and Cohen et al. (2005b)

	Percentile of exposure (Hg in hair):  U. S. women of child-bearing age
	Change in IQ 
(central estimates)

	10th
	0.00 of an IQ point*

	50th
	0.02 of an IQ point

	90th
	0.13 of an IQ point

	95th
	0.20 of an IQ point

	99th
	0.43 of an IQ point

	99.9th
	0.87 of an IQ point


* This number is actually higher than zero, but is low enough to “round” to zero when only two digits to the right of the decimal point are shown.


A significant question from our standpoint is whether these results reflect the entire net effect on fetal neurodevelopment from maternal consumption of fish or methylmercury’s contribution to the net effect.  As explained previously, we interpret both our age-of-first talking and age-of-first walking models as roughly indicative of a methylmercury effect independent of any offsetting benefits from fish consumption.   We interpret these IQ results similarly.  

The results from the Faroe Islands that were used as indicators of IQ largely reflected exposures to methylmercury that derived more from pilot whale than from fish.  Based on data and analysis available in 2005, Cohen et al. concluded that “consumption of whale meat by members of the Faroe Islands study population did not result in an exposure pattern that made the results of the Faroe Island study substantially less relevant to the U.S. population than results from the New Zealand study and the SCDS [Seychelles Child Development Study]” (Cohen et al., 2005b, Technical Appendix, page 353.e20).    However, as described previously (see Section II-A(a)), subsequent reanalysis of the Faroe Islands data by the researchers in that study (Butz-Jørgensen et al., 2007) revealed
 that pilot whale did substantially alter the outcome in ways that do not reflect the U.S. experience. The nutritional components of pilot whale and marine fish species are not the same.  At the very least, exposure to methylmercury from both pilot whale and fish, where the majority is from pilot whale, would produce an unusually high methylmercury-to-fish ratio that would not be typical of exposure in the United States.  

The IQ results from New Zealand also appear to reflect high methylmercury-to-fish ratios that derive from consumption of shark and other fish high in methylmercury (see discussion of New Zealand in Section II-A(a) of this report).  Of all of the studies that have examined the association between prenatal exposure to methylmercury and fetal neurodevelopment, the New Zealand study is the only one that has reported an adverse association without any qualification, e.g., without any offsetting beneficial effect from fish.  

123Finally, although the IQ data from the Seychelles reflect fish consumption where the concentrations of methylmercury in the fish are similar to those in U.S. commercial fish (Davidson et al., 1998), the adverse dose-response slope of 0.20 of an IQ point per 1.0 ppm maternal hair would essentially cease to exist if it were based primarily on the IQ results from the Seychelles
.  Cohen et al. (2005b) calculated a faint beneficial dose-response slope from that study (Cohen et al., 2005b, page 362).   

The results from the IQ models are very close to the results from our age-of-first talking model and similar to the results from our age of first walking model in terms of size of effect.  (Compare the “IQ Size Equivalents” in Tables IV-5 and 6 to the results in Table IV-7.)   This consistency occurs despite the differences in study populations, age of children, outcome measures, and differences in the analytical approaches.  It helps obviate concerns that our model has too narrow a focus relative to a broad range of potential measures of neurodevelopment, as well as the very young age of the children, could limit its ability to provide valid results.  

Results from Our Modeling of the Beneficial Contribution from Commercial Fish to the Net Effect
This model utilizes data from the United Kingdom that measured an association between maternal fish consumption and improvements in scores on two tests of verbal comprehension at early ages (Daniels et al., 2004).  We deemed the scores on these types of tests to be comparable to age of first talking because they both measure communication ability at a similar age.  

The U.K. data from Daniels et al. (2004) only show beneficial associations between maternal fish consumption and neurodevelopmental test scores.  Those data show no association between prenatal mercury exposure and the same test scores.  For these reasons, we assume that these data provide a reasonable measure of the beneficial contribution by fish to fetal neurodevelopment without any significant reduction from methylmercury. 

Table IV-8 reports the results from this model.  The model essentially predicts the amount of improvement on the language components of the MDCI and DDST as a consequence of maternal fish consumption.  The table expresses these results as changes in Z-Scores.  In the right column, the Z-Scores are converted to “IQ Size Equivalents.”   The fish consumption column, i.e., the number of grams of fish eaten per day, reflects consumption of a variety of fish over time because the model does not differentiate among types of fish from a nutritional standpoint.  Each estimate of fish consumption is associated with an estimated hair-mercury level in the box to the left of it.  This hair-mercury level represents what a person’s exposure would be if each fish he or she ate contained 0.086 ppm of methylmercury, i.e., the average amount of methylmercury in commercial fish weighted for popularity.  In this model, these hair-mercury levels are provided primarily for context since the model only measures the beneficial contribution of the fish independent of methylmercury.       

We estimated the exposure to methylmercury from eating a certain amount of fish per day by using the following equations:


[image: image1.wmf] (Weighted average ratio from NHANES 1999-2000 data)


[image: image2.wmf] (from Sherlock et al., 1984)


[image: image3.wmf] (0.086 ppm is average MeHg concentration in U. S. fish.)

As Table IV-8 shows, when consumption involves a variety of fish containing, collectively the average amount of methylmercury in commercial fish weighted by popularity, the neurodevelopmental effects predicted by the “beneficial fish effect” model are larger than the adverse effects predicted for methylmercury by the ages of first talking and walking models (median estimates) at every percentile of fish consumption and corresponding exposure to methylmercury.  Even so, the beneficial effects do not exceed the size of one IQ point until consumption exceeds 44.2 grams of fish per day.  Consumption beyond that produces benefits that are equivalent in size to just under two IQ points at 97.5 grams of fish per day; equivalent in size to 2.4 IQ points at 127 grams of fish per day; and equivalent in size to just under four IQ points at 205.7 grams of fish per day.   At this highest level of fish consumption examined by the model, the upper limit of the confidence interval shows a small possibility of benefits equivalent in size to 7.5 IQ points.  Presumably at some level of consumption the benefits “plateau” and no longer increase as consumption increases, but such a plateau does reveal itself in this model.  

Table IV-8:  Fish’s beneficial contribution to the net effect on fetal neurodevelopment as measured by improvements in verbal scores on the MacArthur Communicative Development Inventory and the Denver Communication Test.  The improvements are expressed in terms of changes in both Z-Scores and “IQ Size Equivalents (IQse).”  Because the assessment did not measure the differences in beneficial contributions from species to species, these results essentially reflect eating a variety of fish over time.
	Hg Dose (ppm in maternal hair) Estimated for a Correspond-ing Amount of Fish/ Day
	Amount of Fish Consumed

(grams of fish/day)
	Change in 

Z-Score
	Change in 

IQse

	0.02
	0.8
	0.0010

(0.0003, 0.0020)
	0.0152

(0.0049, 0.0293)

	0.04
	2.0
	0.0025

(0.0008, 0.0048
	0.0376

(0.0121, 0.0724)

	0.12
	5.5
	0.0069

(0.0022, 0.0133)
	0.1033

(0.0333, 0.1991)

	0.30
	13.3
	0.0168

(0.0054, 0.0324)
	0.2518

(0.0812, 0.4854)

	0.63
	28.6
	0.0360

(0.0116, 0.0694)


	0.5403

(0.1741,  1.0414)

	0.98
	44.2
	0.0557

(0.0179, 0.1073)
	0.8348

(0.2691, 1.6091)

	2.16
	97.5
	0.1229

(0.0396, 0.2369)
	1.8437

(0.5943, 3.5538)

	2.83
	127.8
	0.1610

(0.0519, 0.3104)
	2.4155

(0.7786, 4.6561)

	4.37
	205.7
	0.2600

(0.0838, 0.5013)
	3.9007

(1.2573, 7.5188)


Results from Our Modeling of the Net Effect on Fetal Neurodevelopment from Commercial Fish 

In order to estimate the net effect on fetal neurodevelopment from maternal consumption of commercial fish, we developed this model by combining the results from age of talking in Iraq and the Seychelles (representing “methylmercury”) with early age verbal comprehension results from the United Kingdom (representing “fish”).  The results were combined by converting them all into a common metric of Z-Scores and then adding them together.  We converted these Z-Scores into “IQ Size Equivalents.”

We assume that the combined responses provide a reasonable picture of net effect, although this picture might somewhat overstate adverse effects because: (a) it double counts methylmercury from both the Iraq-Seychelles data and U.K. data (recall that the data from the United Kingdom derived from the consumption of fish containing methylmercury); and (b) the data representing methylmercury-only are dominated by the extreme effects seen in the poisoning event in Iraq.  On the other hand, there is also some double counting of benefits (although not as much) because the methylmercury-only results partially reflect fish consumption in the Seychelles.   

“Average Commercial Fish” Results
As with the other models, we present results in a table that predicts effects at specific levels of fish consumption and methylmercury exposure (Table IV-9).  This approach enables risk managers to view outcomes when levels of consumption and exposure are below, at, or above levels that have been identified as significant for methylmercury (e.g., 12 ounces of fish per week as recommended in the joint FDA/EPA consumer advisory; the exposure levels identified in current risk assessment levels for methylmercury such as the EPA Reference Dose).  The disadvantage in this presentation is that, by necessity, it is limited to people who eat a variety of fish that, over time, contain both an average amount of methylmercury for commercial fish (0.086 ppm) and an average amount of nutrients that contribute to a beneficial net effect for fetal neurodevelopment.  It is limited in this way because there are multiple dose-response issues that such a table cannot capture.  For example, the net effect from high fish consumption may depend upon both the amount of fish that a person eats, as well as the nutrient profiles of those fish, and the amount of methylmercury in the fish.  Net effect cannot be linked solely to the level of exposure to methylmercury.  This view is consistent with the collective results of research studies reported to date that suggest that effect is determined both by exposure to methylmercury and the amounts and types of fish being consumed (see the discussion of the New Zealand study in Section II-A; also see the discussion in Section II-A of the difference in effect when exposure to methylmercury is primarily from the consumption of pilot whale versus primarily from fish in the Faroe Island study).  

There is also an advantage in this presentation, however, because it can predict whether high exposure to methylmercury from eating a lot of “average” commercial fish -- which in fact are low in methylmercury – could result in a net adverse effect.  In other words, the presentation predicts the consequences of eating a variety of commercial fish over time.  

The results, as presented in Table IV-9, are beneficial through the 99.9th percentile of exposure to methylmercury.  This level of exposure requires the consumption of 205.7 grams of “average” commercial fish per day.  For purposes of comparison, the current FDA/EPA consumption advisory recommends that those who are the subject of the advisory eat no more than 50 grams of fish per day.  Neither the median estimates nor the confidence intervals surrounding each median estimate predict the possibility of an adverse effect.  

Benefits tend to increase as both fish consumption and exposure to methylmercury increase.  The benefits are the size of a fraction of an IQ point through the 95th percentile of exposure to methylmercury (involving the consumption of 44.2 grams of fish per day), but then increases to the size of about 1.5 IQ points at the 99th percentile of exposure (involving the consumption of about 98 grams of fish per day), and to about the size of about three IQ points at the 99.9th percentile of exposure (involving 205.7 grams of fish per day).  At this highest level the model also predicts a low possibility that the benefit could be as high as about 6.8 IQ points (the highest confidence limit of the confidence interval surrounding the median estimate).  Note that these predicted benefits are all slightly lower than those predicted for the beneficial contribution from fish.  We attribute the difference to the adverse contribution of methylmercury to the net effect.  

Table IV-9:  The net effect on fetal neurodevelopment from eating commercial fish that, collectively, contain an average amount of methylmercury and an average amount of beneficial nutrients.  Eating a variety of commercial fish over time should achieve this outcome.  The results are expressed in terms of changes in both Z-Scores and “IQ Size Equivalents (IQse).”  
	Hg Dose (ppm in maternal hair) Estimated for a Correspond-ing Amount of Fish/ Day
	Amount of Fish Consumed

(grams of fish/day)
	Change in 

Z-Score
	Change in 

IQse

	0.02
	0.8
	0.008

(0.0001, 0.0018)
	0.0126

(0.0018, 0.0268)

	0.04
	2.0
	0.0021

(0.0003, 0.0044)
	0.0310

(0.0043, 0.0660)

	0.12
	5.5
	0.0057

(0.0008, 0.0121)
	0.0851

(0.0115, 0.1813)

	0.30
	13.3
	0.0137

(0.0018, 0.0293)
	0.2054

(0.0276, 0.4389)

	0.63
	28.6
	0.0292

(0.0037, 0.0627)
	0.4373

(0.0561, 0.9405)

	0.98
	44.2
	0.0448

(0.0058, 0.0969)
	0.6714

(0.0866, 1.4531)

	2.16
	97.5
	0.0985

(0.0121, 0.2139)
	1.4778

(0.1816, 3.2090)

	2.83
	127.8
	0.1291 

(0.0156,  0.2803)
	1.9361

(0.2345, 4.2044)

	4.37
	205.7
	0.2078

(0.0253, 0.4526)
	3.1177

(0.3788, 6.7895)


“Baseline” Results 

We also modeled results from actual U.S. consumption of commercial fish by women of childbearing age, including diets involving fish that are both lower and higher in methylmercury.  In order to model this “baseline” of actual consumption and exposure, we used the results from our exposure modeling for women of childbearing age.  The exposure modeling gave us a picture of fish consumption and the resulting exposure to methylmercury as of about 2005, since the data available for exposure modeling will always be subject to some lag time.  

Because this version of the model involves fish that vary substantially in the amount of methylmercury they contain, we could not equate any particular level of exposure to methylmercury to a corresponding amount of fish per day or vice versa.  Consequently, we present these results in terms of percentiles  of the population that are likely to experience a particular effect, without associating these percentiles to specific levels of exposure or consumption.  Table IV-10 arrays these percentiles from adverse (lower population percentiles) to beneficial (higher population percentiles).  

The effects are presented as changes in Z-Score and “IQ Size Equivalents.”   In summary, the model predicts that one-tenth of one percent of the population will likely experience an adverse effect and most of the remainder of the population will likely experience a beneficial effect.  These are the median estimates of effect.  The confidence intervals surrounding these estimates include a small possibility of no adverse effect for anyone and, conversely, a small possibility of an adverse effect through 10 percent of the population.  It is this probability of a net adverse effect for a small segment of the population that differentiates the “baseline” results from results involving identical exposures from methylmercury, but which are obtained from the consumption of “average commercial fish,” e.g., from eating a variety of commercial fish over time.  

Table IV-10:   The net effect on fetal neurodevelopment on a population basis as a result of  “baseline” consumption of commercial of fish, i.e., what women of childbearing age actually eat (as of about 2005).  The population percentiles are arrayed from most adverse net effect (at the top) to most beneficial net effect (at the bottom).    The results are expressed in terms of changes in both Z-Scores and “IQ Size Equivalents (IQse).”  

	Population Percentile
	Change in Z-Score
	Change in IQse

	0.1 Percentile
	-0.003 (-0.046, 0.000)
	-0.04 (-0.69, 0.000)

	0.2 Percentile
	-0.000 (-0.028, 0.000)
	-0.00 (-0.41, 0.00)

	0.3 Percentile
	0.000 (-0.024, 0.000)
	0.00 (-0.36, 0.01)

	0.4 Percentile
	0.000(-0.019, 0.000)
	0.00 (-0.29, 0.01)

	0.5 Percentile
	0.000 (-0.018, 0.000)
	0.00 (-0.27, 0.01)

	1st Percentile 
	0.000 (-0.011, 0.001)
	0.00 (-0.17, 0.01)

	5th Percentile 
	0.001 (-0.002, 0.003)
	0.02 (-0.03, 0.04)

	10th Percentile
	0.002 (-0.001, 0.005)
	0.03, (-0.01, 0.08)

	25th Percentile
	0.004 (0.000, 0.010)
	0.06 (0.00, 0.15)

	50th Percentile
	0.009 (0.001, 0.021)
	0.14 (0.02, 0.31)

	75th Percentile
	0.020 (0.003, 0.045)
	0.30 (0.05, 0.67)

	90th Percentile
	0.039 (0.007, 0.082)
	0.58 (0.11, 1.23)

	95th Percentile
	0.055 (0.011, 0.118)
	0.82 (0.17, 1.77)

	99th Percentile
	0.105 (0.022, 0.226)
	1.58 (0.33, 3.39)

	99.5th Percentile
	0.140 (0.028, 0.299)
	2.10 (0.42, 4.49)

	99.9th Percentile
	0.221 (0.048, 0.540)
	3.32 (0.72, 8.09)

	Most Adverse
	-0.027 (-0.138, 0.000)
	-0.41 (-2.07,0.00)

	Most Beneficial
	0.311 (0.088, 0.788)
	4.67 (1.32, 11.82)


“What If” Scenarios

We modeled several “what-if” scenarios in addition to the recent “baseline” in order to predict how changes in fish consumption by women of childbearing age could affect their children’s neurodevelopment.  “What if” modeling can provide some context for evaluating current and future FDA risk management strategy.  
A potential limitation on the results from this “what if” modeling, however, is that for those scenarios involving increases or decreases in fish consumption, we were not able to take into account health consequences from corresponding increases or decreases in consumption of foods other than fish.  Such modeling was beyond the scope and resources of this risk assessment.  Analyses by the 2005 Dietary Guidelines Committee (2004) and by Mozaffarian and Rimm (2006) suggest, however, that the effects of food substitution might not have a significant impact on the outcomes (see the discussion on substitution in Appendix C under “2005 Dietary Guidelines Committee”).    

We present the results here in terms of the magnitude of the change on population-level effects.  The simulations are based on two-dimensional population models that describe frequency of outcome in the population and the uncertainty associated with the estimates.

Specifically, the results are presented as population shifts above or below the “baseline.”  We described the “baseline” previously as recent levels of fish consumption and the resulting exposures to methylmercury experienced by women of childbearing age in the United States.  In the “baseline,” most women eat less than 12 ounces of fish per week 9the recommended maximum in the FDA/EPA consumption advisory) but some eat more; some women eat mostly “low methylmercury fish” while others eat fish with higher levels of methylmercury.  For purposes of these “what if” scenarios, we calculated    the average individual effect on neurodevelopment for all children at the “baseline” as compared to what the average effect would be if their mothers ate no fish and were essentially exposed to no methylmercury during pregnancy.  The “baseline” represents an average improvement in Z-Score of 0.017 (equivalent in size to an average improvement of 0.255 of an IQ point) as a result of maternal fish consumption during pregnancy as compared to maternal consumption of no fish.
  A change against the “baseline” is an increase or decrease in this average individual effect.  

A summary of the results is presented in Table IV-11.  The “what if” results are also presented in Appendix B in Tables AB-8, AB-9, AB-12, and AB-19.    

First “What If” Scenario:   Women of Childbearing Age Limit Their Consumption to 12 Ounces a Week.   Under this scenario, women who consume 12 ounces or less of fish per week would not alter the amount or types of fish they eat.  Those who are eating more than 12 ounces per week would reduce their consumption to exactly 12 ounces but would not change the types of fish they eat. (The third and fourth scenarios involve changes in types of fish.)  Results expressed as average change against baseline are presented in Table IV-12; results expressed as population percentiles are presented in Table AB-8 (Appendix B).  

On an overall national basis, the average change against baseline is predicted to be a loss per child of 0.001 Z-Score (equivalent to the size of 0.015 of an IQ point) even though most children would not be affected one way or another (because roughly 95 percent of pregnant women do not eat over 12 ounces of fish per week).  The change against “baseline” reflects the reduction in fish consumption by roughly five percent of pregnant women.   (However, children whose mothers had to reduce their consumption of fish that were high in methylmercury could experience an improvement.)   Again, an average for all children shows how this scenario would affect the national average relative to the “baseline.”

Second “What If” Scenario:  Women of Childbearing Age All Consume 12 Ounces a Week.  Under this scenario, all women of childbearing age eat exactly 12 ounces of commercial fish per week.  This scenario would require changes in consumption by most people.  Twelve ounces of fish per week is about 40 pounds per year while per capita fish consumption is only around 16 pounds per year.  Most people would have to increase their fish consumption substantially in order to maintain 12 ounces per week.  Only a small minority would have to reduce consumption.   Results expressed as average change against baseline are presented in Table IV-12; results expressed as population percentiles are presented in Table AB-12 (Appendix B).  In summary:  
On an overall national basis, the predicted average change against “baseline” is a neurodevelopmental improvement per child of 0.038 Z-Score (equivalent to the size of 0.57 of an IQ point).  This is the greatest average per-child gain in all of our scenarios due to the substantial national increase in fish consumption that would be needed for most people to achieve 12 ounces per week.  

Children born to mothers who had to increase their fish consumption (most children) would generally experience increased benefits.  However, if their mothers increased their fish consumption by eating a lot of high methylmercury fish, their benefits could be decreased to the point where the net effect for them could become adverse.    

For children whose mothers had to reduce consumption down to 12 ounces per week (a minority), the model predicts they would generally experience a reduction in benefits.  However, if their mothers’ reduced fish consumption involved eating less high methylmercury fish, an opposite result could occur.  

Third “What If” Scenario:   Women of Childbearing Age Limit Their Consumption to 12 Ounces a Week of “Low Methylmercury Fish”:  As a modification to the first scenario, we estimated the impact if women of child-bearing age were to limit their weekly consumption of fish to no more than 12 ounces of only “low methylmercury” fish.
  Those who already eat 12 ounces or less of fish per week would continue to eat the same amount but would only eat “low methylmercury” fish.  Those who already eat over 12 ounces of fish per week would reduce to exactly 12 ounces and would eat only “low methylmercury fish.”    Results expressed as average change against baseline are presented in Table IV-12; results expressed as population percentiles are presented in Table AB-9 (Appendix B).  

On an overall national basis, the predicted average change against “baseline” would be a loss per child of 0.0004 Z-Score (equivalent to the size of 0.006 of an IQ point). The reductions in fish consumption within the population would produce losses that exceeded the gains from all the switches to “low methylmercury” fish.  Most commercial fish are either “low methylmercury” fish or close to it, so the switching would not involve substantial changes in exposure to methylmercury for most people.  On the other hand, the switch to “low methylmercury” fish produces an average loss against “baseline” that is slightly smaller than the loss in the first scenario, in which women of childbearing age do not exceed 12 ounces of fish per week but eat any fish regardless of methylmercury content. 

Specifically, children born to mothers who did not have to reduce their fish consumption or change the types of fish they ate would be unaffected.  The model predicts that children born to mothers who did not have to reduce their fish consumption but did have to change at least some of the types of fish they ate would likely experience a benefit.  
For children whose mothers had to reduce their fish consumption but did not have to change the types of fish they ate, the model predicts they would generally experience reduced benefits.  Children whose mothers had to reduce their fish consumption and had to change the types of fish they ate could experience either reduced or an increased benefits depending upon the nature of the change.  

Fourth “What If” Scenario:  Women of Childbearing Age Eat Only “Low Methylmercury Fish” with No Limit on Consumption:  This scenario enables a comparison of the 12 ounce per week limitation on fish consumption in the previous scenario against no limitation on consumption.  In both scenarios, women of childbearing age are limited to “low methylmercury” fish.  Results expressed as average change against baseline are presented in Table IV-12; results expressed as population percentiles are presented in Table AB-19 (Appendix B).  In summary:
The only change against “baseline” in this scenario is a reduction in the concentrations of methylmercury in fish consumed by some people.  Otherwise, the scenario is identical to the “baseline.”  The model predicts that would generally experience benefits from the reduced exposures to methylmercury.  On an overall national basis, the predicted average change against “baseline” is a gain per child of 0.0012 Z-Score (equivalent to the size of 0.018 of an IQ point).  This predicted gain derives from reduced exposures to methylmercury experienced by children whose mothers had to change at least some of the types of fish they ate.    

Table IV-11:  “What If” Scenarios for Fetal Neurodevelopment.  The results are presented as changes in overall population effects above or below a baseline.    

	Scenario
	Change in Z-Score
	Change Expressed as 

IQ Size Equivalence

	Baseline:

The effect on fetal neurodevelopment from recent fish consumption and the resulting exposure to methylmercury by women of childbearing age.  
	Z-Score:  0.017
(0.002, 0.037)

(Average Z-Score for children is 0.017 higher than it would be if women of childbearing age ate no fish.)    
	Average improvement over eating no fish is equivalent to the size of 0.225 of an IQ point (0.03, 0.555)

	1st Scenario:

Women of child-bearing age eat no more than 12 oz. of fish per week
	Average Z-Score loses 0.0010 

(-0.0001, -0.0036) from baseline.


	Average loss is equivalent to the size of 0.0105 of an IQ point (-0.0015, -0.054) 

	2nd Scenario:

Women of child-bearing age eat  exactly 12 ounces of fish per week
	Average Z-Score gains 0.038 (0.008, 0.076) over baseline.
	Average improvement is equivalent to the size of 0.57 of an IQ point (0.12, 1.17)

	3rd Scenario:

Women of child-bearing age eat no more than  12 oz. of  “low MeHg” fish per week
	Average Z-Score loses 0.0004 

(-0.0010,  0.0025) from baseline.
	Average loss is equivalent to the size of 0.006 of an IQ point (-0.015, 0.0375)

	4th Scenario:

Women of child-bearing age eat only “low MeHg” fish with no limit on consumption 


	Average Z-Score gains 0.0012
(0.0002, 0.0018) over baseline.


	Average improvement is equivalent to the size of 0.018 IQ points (0.003, 0.027)


(d)  Fatal Coronary Heart Disease

Introduction
This model estimates the net effect of eating fish containing methylmercury on fatal coronary heart disease (CHD).  

Our modeling strategy for fatal CHD differed from the strategy we employed for fetal neurodevelopment because of the nature of the applicable data on CHD.  

For fetal neurodevelopment, most but not all studies measured the exposure to methylmercury from eating fish.  For CHD, some studies have looked for an association between methylmercury and risk of CHD (described in Section II-B(b)) but most of the studies -- involving literally hundreds of thousands of study participants – have  investigated an association between fish consumption and risk of CHD without considering exposure to methylmercury.  Because all fish contain methylmercury to some degree and exposure to methylmercury correlates with fish consumption, we assume that these studies are relevant to the net effect on risk of CHD from eating fish containing methylmercury.      

Of the studies that measured exposure to methylmercury and CHD, adverse associations were seen in two of five study populations but not in the others, including one in the United States.  As an additional matter, in four of the five study populations, data on exposure to methylmercury were obtained through methodologies that make comparison of exposures from one population to another, or to U.S. exposures, difficult.  These methodologies involved measuring methylmercury levels in toenail clippings and blood serum (as opposed to whole blood).  Without the ability to make such comparisons, it is not possible to know the methylmercury levels in the study participants as revealed by the established biomarkers, e.g., whole blood and hair.  That knowledge would be essential for a quantitative risk assessment keyed to levels of exposure to methylmercury.  

For those reasons, we concluded that a risk assessment based on the data from these five study populations would not be scientifically robust.  Instead, we modeled data from the studies that measured the net effect of eating fish on risk from death from CHD without measuring the exposure to methylmercury.  The collective size of these studies, i.e., hundreds of thousands of study participants, compares favorably to the roughly 6,000 participants, including both “case” and “control” group participants, in the studies that measured mercury exposures.  Moreover, the fish studies include data from Finland, the location in which an adverse association between methylmercury and CHD was first observed.  

Consequently, our risk assessment results describe the effect of fish consumption on CHD deaths.  We assume that the fish eaten by the study participants contained at least as much methylmercury, on average, as commercial fish typically eaten by U.S. consumers.  We have no data to suggest that methylmercury levels in fish in the U.S. marketplace are higher than they are elsewhere.  We also assume that any increase in risk of fatal CHD as a result of consuming fish would be due to the methylmercury in the fish.   

Finally, we assume that any reduction in the risk of fatal CHD from eating fish means that any negative effect that might occur from methylmercury alone is being offset by positive effects from other components of fish (e.g., omega-3 fatty acids or selenium).  No assumptions were made, however, about which components of the fish may be contributing to the total net effect.  We assume that the results of this risk assessment reflect the consumption of a variety of fish over time.  

We do not address issues such as whether a component of fish ingested alone as a supplement or added to another food has the identical effect on CHD as that component when ingested in fish.
  There are studies on omega-3 fatty acids, a component found at varying degrees in fish, which indicate an effect on reducing risk from CHD.  These data help provide a scientific foundation for the effects of fish on the cardiovascular system.  These are described in Appendix C.

Basis for the Selection of Data that Were Incorporated into the CHD Modeling 
Information has been gathered on hundreds of thousands of individuals who have participated in studies that have investigated the relationship between fish consumption and CHD.  As would be expected, there are variations in the study populations, study designs, and analytical methods that can lead to differences in study conclusions.  

Given the substantial volume of data in question, we reviewed published meta-analyses of these data to determine whether any of them could be of utility to us as a screening tool.  Without a pre-existing analysis of the published literature in this area in order to screen the data down to a manageable level, it would have been difficult if not impossible for us to perform this risk assessment for CHD.  

In this context, a meta-analysis looks for an association between fish consumption and CHD risk by combining the results of several studies that address the same question.  Meta-analyses utilize their own criteria to determine whether individual studies are credible for inclusion in the analysis.    

A meta-analysis by He et al. (2004a) that examined the association between fish consumption and fatal CHD also included quantitative dose-response modeling.  Consequently, we performed risk assessment modeling using both the data from the studies that He analyzed and the published He et al. (2004a) dose-response modeling.  We reviewed each study that passed the He et al. (2004a) inclusion criteria, which we adopted as our own for purposes of the risk assessment.  Based on these criteria, we added some studies to our own modeling that were published after He et al. (2004a) published their meta-analysis.  
Because CHD death either occurs or it does not, we did not need individual data on each study participant in order to model dose-response.  This type of endpoint prompted us to develop a population model for CHD death rather than an individual-severity model, i.e., a model based on degrees of severity, as we did for neurodevelopment.

The inclusion criteria, i.e., the characteristics that each study must possess,  that He et al. (2004a) used
 in order to select data that would best enable them to draw conclusions relating fish consumption and the effect on CHD mortality are as follows:  

· The study must have been a human study of clinical cardiovascular events.  Therefore, studies that were in vitro or in animals do not meet this criterion.  Similarly, studies that measured effects only in terms of biomarkers do not meet this criterion.

· The study must have been conducted in adults with no history of heart disease (primary prevention).  Studies in adults with existing heart disease (secondary prevention/intervention) will provide qualitative scientific support, but cannot be used quantitatively in the analysis.

· The study must have been an observational epidemiology study in populations. (There are no randomized clinical trials for primary prevention.)  Randomized clinical trials for secondary prevention will provide qualitative scientific support. 
· The study must have measures of exposure that are in terms of fish consumption and amount of fish eaten per unit of time (e.g., days, weeks).  Studies based only on exposure to omega-3 fatty acids do not meet this criterion.

· The study must have included at least three levels of fish consumption (that is, the study cannot just have compared no fish to some fish but must have included at least three levels of fish consumption), in order to be able to develop a quantitative dose-response function.

· The study must have reported relative risk and corresponding 95 percent confidence intervals of CHD mortality relating to each exposure level (that is, amount of fish consumed).

· The study must have been a prospective cohort study design that was published in an English language journal.  

The studies included in He et al. (2004a) meta-analysis are listed as studies 1-13 in Table AA-14 in Appendix A.  We used results from these studies in our own assessment.  Additional studies (14-16 in Table AA-14) are those that we identified through a literature search as having met the inclusion criteria but that were published after the He et al. (2004a) cut-off date.  We incorporated these studies into a second assessment (the “Carrington” CHD model) that we performed in addition to the “He-based” risk assessment, as described below.  

Of the thirteen studies that He et al. (2004a) analyzed and that we modeled, six involve U. S. study populations.  A substantial U. S. contribution to the data can be important because, as discussed in Section II-B(d) of this report, risk factors for CHD, including the potential risk factor of methylmercury in fish, may be affected by population characteristics.  Different populations appear to experience different overall risks based on such things as diet (including the types of fish they eat), lifestyle, and genetics.    

One of the studies analyzed by He et al. (2004a) included participants from eastern Finland, which is also the location of studies that initially reported an association between relatively high levels of methylmercury in fish and increased risk of CHD
 (Salonen et al., 1995).  The eastern Finland study that was incorporated in He et al. (2004a) is not from the identical population that was studied by Salonen et al. and others.  However, data from the Salonen et al. (1995) study population were included in another meta-analysis along with data from various other countries, including the United States (Whelton et al., 2004), that produced results similar to those produced by He et al. (2004a).  Whelton et al. (2004) found an association between fish consumption and an approximately 20 percent reduction in the risk of fatal CHD, even with the inclusion of the eastern Finland study population in which a relationship in the opposite direction was observed.

Modeling Steps and Results
Baseline Results for Fatal CHD
We divided the population by age and gender into the following categories:  females aged 16-45, males aged 16-45, females aged 46 and above, and males aged 46 and above.  The primary question for our assessment was whether fish consumption reduces the risk of fatal coronary heart disease, has no effect, or increases the risk in these population categories.  Death rates from coronary heart disease vary by age and gender.  As stated previously, for purposes of this modeling, ages 16-45 represent childbearing age for females.  

We estimated baseline rates for fatal coronary heart disease in the United States for these subpopulations by dividing the number of deaths from CHD per year for each subpopulation (NCHS, 2006) by the number of people in each subpopulation per the U.S. Census Bureau.  Because the data from NCHS and the Census Bureau are in five year increments, the closest increment to “women of childbearing age” as we are defining it (16-45 years of age) is 15-44 years of age.  Consequently, we calculated death rates for the age range of 15-44 and we assume that it is essentially the same as the death rate for the 16-45 age group. We then adjusted these rates for sex differences using data from Ho et al. (2004).  Because Ho et al. (2004) did not contain rate information for persons under the age of 45, we used the relative rates for men and women in the youngest age group covered by Ho et al. (2004) (45-50) to correct for sex differences in the 15-44 subpopulations of both sexes. The resulting baseline rate estimates are presented in Table IV-12.  

Table IV-12:  2003 CHD Death Rates for each U. S. Subpopulation

	Sex
	Age 15-44
	Age 45 and above

	Female
	0.14 per 10,000


	38 per 10,000



	Male
	1.3 per 10,000 


	51 per 10,000 




 “He-based” CHD Model
He et al. (2004a) used a pooled meta-regression of relative risk to combine the results from all 13 studies into one estimate of effect.  Details on the methodology are available in He et al. (2004a).  We characterize results as being from the "He-based" model in order to differentiate them from the results from our “Carrington” CHD model, as explained later.   The “Carrington” CHD model used a different approach in developing its dose-response function in order to reflect various uncertainties in the data.  
The “He-based” dose-response model defines a linear relationship between fish consumption and CHD death in which every additional 20 grams of fish per day, on average, leads to seven percent lower risk of CHD mortality (He, et al., 2004a).  No model uncertainty was included in this analysis, consistent with common practices of epidemiological meta-regression. 

In Table IV-13, the bottom two rows reflect the “He-based” model’s estimates for the median change in CHD death rate and the median number of deaths due to current levels of fish consumption.  Negative numbers in the fourth row indicate reductions in death rates due to fish consumption. The differences in the subpopulations reflect the differences in the overall rates in each subpopulation as well as differences in the amount of fish consumed.  Results from the “He-based” model can also be found in the second column of Table AB-6 in Appendix B.  

Table IV-13:  CHD deaths – Current Rates and “He-based” Model Results
	
	Women 16-45
	Women 46+
	Men 16-45
	Men 46+

	Number of people of this age in US (2001-2005)

	64,349,357


	56,417,619


	66,229,773


	48,713,395



	Annual rate of

CHD death
	0.14 per 10,000
	38 per 10,000
	1.3 per 10,000
	51 per 10,000

	Annual deaths per year from CHD
	901
	214,387
	8,610
	248,438

	Median Change in CHD death rate due to fish consumption:

He-based model
	-0.007 per 10,000


	-2.2 per 10,000


	-0.09 per 10,000


	-3.7 per 10,000



	CHD deaths averted attributable to current fish consumption:

He-based model
	44


	12,498 


	589


	18,104



Table IV-14 shows the “He-based” model’s predictions for how different levels of fish consumption can affect the annual frequency of death from CHD in each subpopulation.  Within each subpopulation eating more fish reduces the frequency of death from CHD and vice versa.  Because the model is predicting the effect of eating a variety of fish on fatal CHD, the table does not include estimates for exposure to methylmercury at each percentile of fish exposure.  For purposes of this modeling, we assume that the highest percentiles of fish consumption, which the model associates with the lowest risk, tend to involve the highest levels of methylmercury exposure.  For those who want to match the fish consumption percentiles in Table IV-14 with methylmercury levels that have been estimated for women of childbearing age, see Table IV-8 or IV-9.  

Note also that we do not attempt to match frequency of fatal CHD with consumption of any particular type of fish (e.g., oily vs. non-oily).  As stated previously, we are not attempting to predict the specific qualities of fish that could reduce the risk.  We lack the data necessary for a risk assessment of that type.  All the data we have that meet our inclusion criteria derive from the consumption of “fish” without differentiation as to species.  

Table IV-14:  Annual Frequency of Death from CHD Based on Amounts of Fish Consumed Using   “He-based” Model
	Fish Consumption

Percentile
	Women 16-45
	Women 46+
	Men 16-45
	Men 46+

	10th
	0.142 in 10,000
	 40.2 in 10,000
	1.350 in 10,000
	54.4 in 10,000

	25th
	0.141 in 10,000
	39.7 in 10,000
	1.33 in 10,000
	53.6 in 10,000

	50th
	 0.139 in 10,000
	 39.0 in 10,000
	1.30 in 10,000
	52.4 in 10,000

	75th
	0.134 in 10,000
	37.6 in 10,000
	1.25 in 10,000
	50.2 in 10,000

	90th
	0.126 in 10,000
	35.1 in 10,000
	1.14 in 10,000
	46.0 in 10,000

	95th
	0.119 in 10,000
	32.6 in 10,000
	1.04 in 10,000
	42.1 in 10,000

	99th
	0.098 in 10,000
	25.9 in 10,000
	0.71 in 10,000
	29.4 in 10,000


Fish consumption percentiles are based on the median estimates of fish consumption presented in Table 2-3

 “Carrington” CHD Model 
We also estimate the effect of fish consumption on CHD death with an alternative model (the “Carrington” CHD model).  This model incorporated results from the same studies as were used in the “He-based” model (i.e., studies 1-13 in Table AA-14 in Appendix A), plus three additional studies (i.e., studies 14-16 in that table).  However, it used a methodological approach that is more reflective of uncertainties in the estimates than might be used in other models.    

The description of the differences between the “Carrington” CHD and the “He-based” model is technical and is explained in detail in Appendix A.  A brief summary follows.  

First, the “Carrington” CHD model used separate dose-response functions that were developed from the data in each of the individual studies.  These dose-response functions were then integrated into a common dose-response function by weighting according to sample size.  By contrast, the “He-based” model involved pooling the data together into a single dose-response function, essentially treating all the data as if they were drawn from the same underlying population. This treatment does not allow for the possibility that these populations have significant differences in terms of risk factors for CHD. 

Second, the confidence intervals for the “Carrington” CHD model were based on sampling error for each individual data point.  This was done so that we did not have to assume a common variance across all studies and dose groups, as was done in the He-based model.  

Third, in addition to a linear model, alternative non-linear (“sigmoidal”) models were used to describe the data.  The linear model included a maximum effective dose parameter, meaning that the benefits from fish consumption peak at some point.  All these models permitted greater effects at particular dose ranges than did the simple linear model used by He et al.  A probability tree was used to include model choice as a source of uncertainty.

Finally, rather than using relative risk, the “Carrington” CHD model used adjusted group events. This approach allows sampling error from the low dose group to be represented instead of being fixed to a relative risk of one.  As a result, the model is not forced through the illness rate reported for the control group.  

The practical consequence of this approach is that the “Carrington” CHD model has confidence intervals that are wider than those produced by the “He-based” model.  These wider confidence intervals reflect the uncertainty that arises from using data from different study populations, each with its own risk factors for CHD, and applying those results to the entire U.S. population.  The narrower confidence intervals in the “He-based” model derive from the assumption that the study populations are collectively analogous to each other.  

Wider confidence intervals means that the “Carrington” CHD model predicts a wider range of possible outcomes, including a small possibility of some increase in risk of CHD death in the U. S. population due to fish consumption (which we assume would be due to methylmercury in fish), than does the “He-based” model.  This prediction that in a population of fish eaters there is an increased possibility that some individuals will have an adverse response is a consequence of (1) including data in the model from locations outside the United States where some studies have reported an association between fish consumption and increased risk of CHD death and (2) using a modeling approach that is more sensitive to a range of possibilities and uncertainties so that the data showing an adverse association has a greater affect on the model’s outcome.  

Because the two approaches are based largely on the same data, their central estimates, i.e., their median estimates, are close to one another, as is shown in Table IV-16.  Both models produce central estimates of annual deaths averted ranging from a low of 42 deaths averted (“He-based” model for women 16-45) to a high of over 22,000 deaths averted (“Carrington” model for men 46+), depending on subpopulation.  

Table IV-15 provides outcomes from both the “He-based” model and the “Carrington” CHD model, including both the central estimates and the confidence intervals surrounding each central estimate.  The first two rows provide the results from the “He-based” model.  The central estimate is the median estimate (50th percentile) and the confidence intervals are the 5th and 95th percentile estimates.  The last two rows of Table IV-16 provide the results for these estimates from the “Carrington” CHD model.  These results in terms of death rate are shown in Table AB-6 in Appendix B.

Note that the terminology differs between Tables IV-15 and IV-13.  For example, Table IV-13 lists "deaths averted" due to current fish consumption because the He-based model does not include any possibility of deaths caused by fish consumption.  However, Table IV-15 refers to "change in number of deaths due to fish consumed" because the “Carrington” CHD model includes some possibility of death attributed to fish consumption.

Table IV-15.  Median results with Confidence Intervals (5th and 95th percentiles) for Effect on CHD Death Rate from Current Levels of Fish Consumption, as predicted by “He-based” and “Carrington” CHD Models 

	
	Women 16-45
	Women 46+
	Men 16-45
	Men 46+

	Median Change in CHD Death Rate Due to Fish Consumed:
”He-based” Model
	-0.007 per 10,000

(-0.013 per 10,000, -0.001 per 10,000)
	-2.2 per 10,000

(-4.3 per 10,000, -0.4 per 10,000)
	-0.09 per 10,000

(-0.17 per 10,000, 

-0.002 per 10,000)
	-3.7 per 10,000 

(-7.2 per 10,000,

-0.7 per 10,000)

	Change in Number of Deaths due to Fish Consumed: “He-based” Model
	-42

(-86, -5)
	-12,498
(-24,158, -2,274)
	-589
(-1,134, -106)
	-18,104
(-35,152, -3,211)



	Median Change in CHD Death Rate Due to Fish Consumed:
“Carrington” CHD Model


	-0.01 per 10,000 

(-0.25 per 10,000,

0.015 per 10,000)
	-3.1 per 10,000

(-64 per 10,000, 

5.2 per 10,000)
	-0.15 per 10,000 

(-1.9 per 10,000, 

0.13 per 10,000)


	-4.6 per 10,000 

(-90 per 10,000, 

8.3 per 10,000)



	Change in Number of Deaths due to Fish Consumed:  “Carrington” CHD Model
	-72
(-1631, 98)
	-17,593

(-364,777,  29,127)
	-961
(-12,754,  861)
	-22,107

(-440,429,  40,369)


The way to read this table is as follows:  for women of child-bearing age, the “He-based” model’s central estimate is that 42 CHD deaths are prevented annually due to current levels of fish consumption (although at the 5th and 95th percentile confidence intervals the estimated number of deaths averted are as high as 86 or as low as five).  Since the current annual number of deaths is 901 per year (see Table IV-13), the number of deaths if there were no fish consumption is estimated to be 901 plus 42, or 943, per the central estimate.  

The “Carrington” CHD model produces a central estimate of 72 deaths averted due to fish consumption in this age group, although this number could be as high as 1,631 (at the 5th percentile confidence interval).  It also estimates that at the 95th percentile confidence interval, up to 98 CHD deaths could be caused by fish consumption.  However, the bulk of the probability distribution is less than zero, so it is more likely than not that increased fish consumption leads to a decrease in CHD death.

 “What-If” Scenarios that Impact the Risk of Fatal Coronary Heart Disease 
We modeled several “what-if” scenarios in order to predict how changes in fish consumption could affect risk of fatal CHD.  We present these results as changes in numbers of deaths within the U.S. population due to changes in consumption. “What if” scenarios provide some context for making risk management decisions.  Two of the five scenarios modeled for CHD involve only women of childbearing age so they could be germane to risk management decisions regarding fetal neurodevelopment as well as CHD.    

We have not included scenarios in which people eat only “low methylmercury” fish.  As stated previously, our modeling for fatal CHD was based on fish consumption where exposure to methylmercury was not measured.  Consequently, we lack that data that would be necessary to model whether eating “low methylmercury” fish would affect risk at various levels of fish consumption.  As Table IV-14 suggests, higher exposure to methylmercury – at least when it is a consequence of greater fish consumption involving a variety of fish – does not appear to have a significant impact on fatal CHD risk in the United States.  Finally, as with the “what if” modeling for fetal neurodevelopment, we did not attempt to include in the results the possible health consequences of eating more or less of foods other than fish.  

First “What If” Scenario:  Women of Childbearing Age Limit Their Consumption to 12 Ounces a Week.   In this scenario, women of childbearing age who are consuming 12 ounces or less of fish per week do not change their consumption but women of childbearing age who are consuming more than 12 ounces reduce their consumption to 12 ounces.  This reduction is long term and does not occur solely during pregnancy.
  Because the models predict that a decrease in consumption causes an increase in risk, the most likely change in this scenario would be an overall increase in the number of deaths from CHD for this population.  Such an increase would be small, however, because the only people who would be eating less fish would be relatively young women.  The median estimate for the “He-based” model is an increase of 4.1 deaths per year while the median increase for the “Carrington CHD” model is actually zero.  However, most of the effect in the “Carrington CHD” confidence interval involves small increases in deaths per year, with an upper confidence limit of 8.2 deaths.      

NOTE:  We also modeled this scenario for fetal neurodevelopment (described in Section IV(c)) and for stroke (described in Section IV(e)).   

Table IV-16:   Change in CHD Annual Deaths (vs. Baseline) Resulting from a Consumption Limit of 12 oz Per Week by Women of Childbearing Age
	Population Group
	CHD Death Cases Per -Year

“Carrington” CHD Model
	CHD Death Cases Per Year

“He-based” Model

	Women 16-45
	An increase of 0.0 (-2.4, 8.2) 

Deaths per year
	An increase of 4.1 (0.4, 10)

Deaths per year


The primary values are the median cases per year of the uncertainty distribution, the 5th and 95th percentiles given as confidence intervals.

Second “What If” Scenario:  Women of Childbearing Age All Consume 12 Ounces a Week.  In the next scenario, all women of child-bearing age consume exactly 12 ounces of fish.  As with the first scenario, this consumption is not just during pregnancy.  Because most women of childbearing age consume much less than 12 ounces per week (results of FDA survey research on this point are in Appendix H), the majority of women in this age group would have to increase their consumption substantially under this scenario.  Only a small minority would have to decrease consumption down to 12 ounces per week.  The most likely overall impact of this scenario would be a decrease in the number of deaths from CHD in women of childbearing age. 

NOTE:  We also modeled this scenario for fetal neurodevelopment (described in Section IV(c)) and for stroke (described in Section IV(e)).   

Table IV-17:   Change in CHD Annual Deaths (vs. Baseline) Resulting from Consuming Exactly 12 oz per Week by Women of Childbearing Age

	Population Group
	CHD Death Cases Per Year

“Carrington” CHD Model
	CHD Death Cases Per Year

“He-based” Model

	Women 16-45
	A decrease of 88 (-187, -627)

deaths per year
	A decrease of 11 (-11, -215)

deaths per year


The primary values are the median cases per person-year of the uncertainty distribution, the 5th and 95th percentiles given as confidence intervals.

Third and Fourth “What If” Scenarios:  Men and Older Women Reduce Their Fish Consumption.   One of the questions surrounding the FDA/EPA consumer advisory has been whether it would affect fish consumption throughout the population even though the target audience is limited to certain women of childbearing age and young children. The next two scenarios examine the potential impact of reductions in fish consumption by (1) young men; (2) older men; (3) older women.  In one scenario, the number of fish consumers in each of these subpopulations decreases by one percent (i.e., one percent of fish eaters stop consuming all fish).  In the second scenario, there is a 10 percent reduction in the amount of fish consumed by all fish consumers in these subpopulations.  

The “He-based” model predicts that a one percent reduction in the number of consumers that eat fish would be 130 additional deaths per year among for older women, 191 additional deaths per year among older men, and six additional deaths per year among young men.  The “Carrington CHD” estimates are similar, although the confidence intervals are wider to the extent that they include decreases in deaths per year.  The predicted impact from an across the board reduction of 10 percent in the amount of fish consumed is substantially greater with 1,250 additional deaths per year among older women, 1,810 additional deaths per year among older men, and 59 additional deaths per year among young men in the “He-based” model.  Again, the “Carrington CHD” model estimates are similar but with wider confidence intervals.     

Table IV-18:   Change in CHD Annual Deaths (vs. Baseline) Resulting from a One Percent Reduction the Number of Men and Older Women Who Consume Fish  

	Population Group
	CHD Death Cases Per Year

“Carrington” CHD Model
	CHD Death Cases Per Year

“He-based” Model

	Women 46+
	An increase of 186 (-284,  3,892)

deaths per year
	An increase of 130 (20, 286)

deaths per year

	Men 15-45
	An increase of 9.8 (-9.1, 144)

deaths per year
	An increase of 6.1 (0.9, 14)

deaths per year

	Men 46+
	An increase of 257 (-372, 5,043)

deaths per year
	An increase of 191 (29, 422)

deaths per year


Estimates of increased rates of CHD Death resulting from decreased number of fish consumers in three population groups.  The primary values are the median cases per person-year of the uncertainty distribution, the 5th and 95th percentiles given as confidence intervals.

Table IV-19:  Change in CHD Annual Deaths (vs. Baseline) Resulting from a 10 Percent Decrease in the Amount of Fish Consumed by Men and Older Women

	Population Group
	CHD Death Cases Per Year

“Carrington” CHD Model
	CHD Death Cases Per Year

“He-based” Model

	Women 46+
	An increase of 1,141 (-1,478, 6,154) deaths per year


	An increase of 1,250 (227,  2,416) deaths per year

	Men 15-45
	An increase of 60 (-62,  382)

deaths per year
	An increase of 59 (11, 113)

deaths per year

	Men 46+
	An increase of  804 (-2,061,  10,479)

deaths per year 
	An increase of 1,810 (321,  3,515)

deaths per year


Estimates of increased rates of CHD Death resulting from decreased number of fish consumers in three population groups.  The primary values are the median cases per person-year of the uncertainty distribution, the 5th and 95th percentiles given as confidence intervals.

Fifth “What If” Scenario:  50 Percent Increase In Fish Consumption by Everyone.  This scenario examines the health impact of a 50 percent increase in fish consumption by all subpopulations.  The models predict decreases in CHD death from such increases in consumption. 

Table IV-20:   Change in CHD Annual Deaths (vs.  Baseline) Resulting from a 50 Percent Increase in the Amount of Fish Consumed by all Population Groups
	Population Group
	CHD Death

“Carrington” CHD Model
	CHD Death

“He-based” Model

	Women 16-45
	A decrease of 21, (-30,  105)

deaths per year
	A decrease of 21 (2,  44)
deaths per year

	Women 46+
	A decrease of 4,114 (-6,154, 29,003)

deaths per year 
	A decrease of 6,249 (1,137,  12,079)
deaths per year

	Men 15-45
	A decrease of 253 (-263,  1391)

deaths per year
	A decrease of 294 (53,  567)
deaths per year

	Men 46+
	A decrease of 3,146 (-8,928, 40,206) deaths per year
	A decrease of 9,052 (1,606, 17,576) deaths per year 


The primary values are the median cases per person-year of the uncertainty distribution, the 5th and 95th percentiles given as confidence intervals.

(e)  Fatal Stroke

Introduction
Stroke is the third leading cause of death in the United States and the leading cause of adult disability according to the National Stroke Association (NSA 2008).  It involves interrupted blood flow to an area of the brain due to an obstruction of an artery (ischemic stroke) or a break in a blood vessel (hemorrhagic stroke).  Our modeling involved total strokes without distinction between types of stroke.  
Salonen et al. (1995) found an association between methylmercury and increased risk of both CHD and stroke in a population in eastern Finland with an unusually high death rate from coronary heart disease.   The researchers in that study hypothesized that dietary factors in that region, including the consumption of lean, freshwater fish, could be contributing to the increased risk.  Commercial fish in the United States tend not to be lean, freshwater fish.  A risk assessment based solely on data from eastern Finland would of questionable applicability to the U.S. population generally and would not be scientifically robust.  

Other studies, including several in the United States, have examined whether there is an association between fish consumption and stroke.  These studies have involved hundreds of thousands of individuals.  As with our assessment for CHD, we incorporated data from those types of studies into the risk assessment.  

In accordance with the data, our assessment addresses the consequences on the fish consumption on risk of fatal stroke.  We assume that the fish eaten by the study participants contained at least as much methylmercury, on average, as commercial fish typically eaten by U.S. consumers.  We make no assumptions, however, about which components of the fish or what aspects of fish consumption may be contributing to the total net effect.  We assume that the results of this risk assessment reflect the consumption of a variety of fish over time.  Finally, we do not address issues such as whether a component of fish when consumed alone as a supplement or added to another food might have the identical effect on stroke as eating fish containing that component.  

Basis for the Selection of Data that Were Incorporated Into the Stroke Modeling
Published meta-analyses have investigated the relationship between fish consumption and stroke by combining the results from several studies.  Given the substantial volume of data in question, we reviewed these meta-analyses to determine whether they could be of utility to us as a screening tool.  As with CHD, the existence of pre-existing analyses of the published literature in this area greatly facilitated our ability to perform a risk assessment.     

A meta-analysis that estimated a quantitative dose-response relationship between fish consumption and stroke was Bouzan et al. (2005).  We developed a risk assessment on the basis of the Bouzan et al. (2005) dose-response relationship and the data that Bouzan et al. (2005) had incorporated into their meta-analysis.  We also estimated the effect of fish consumption on stroke death with an alternative model, as described below (the “Carrington stroke” model).  

Because a stroke death either occurs or it does not, we did not need individual data on each study participant in order to model dose-response.  This type of endpoint (death) prompted us to develop a population model for stroke death rather than an individual-severity model, i.e., a model based on degrees of severity, as we did for neurodevelopment.

The data inclusion criteria, i.e., the characteristics that each study must possess, that He et al. (2004a) used for their meta-analysis on CHD remained generally applicable for this stroke assessment.  They are:   

· The study must have been a human study of stroke events.  

· The study must have been conducted in adults with no history of stroke (primary prevention).  

· The study must have been an observational epidemiology study in populations.  

· The study must have measures of exposure that are in terms of fish consumption and amount of fish eaten per unit of time (e.g., days, weeks).  

· The study must have included at least three levels of fish consumption (that is, the study cannot just have compared no fish to some fish but must have included at least three levels of fish consumption), in order to be able to develop a quantitative dose-response function.

· The study must have reported relative risk and corresponding 95 percent confidence intervals of stroke relating to each exposure level (that is, amount of fish consumed).

· The study must have been a prospective cohort study design that was published in an English language journal.  

Table IV-21 shows the studies that were used in the “Bouzan-based” and “Carrington stroke” models.  The “Bouzan-based” model used the six studies that Bouzan et al. (2005) used in their meta- analysis.
  One of these studies (Caicoya 2002) did not involve multiple exposure groups per the inclusion criteria but we regarded the use of the Bouzan et al. (2005) published dose-response function as sufficiently important to justify using all the data that Bouzan et al. (2005) used.  It would not have been possible to extract one study from that dose-response function.  We could fully apply the inclusion criteria to the data used for the “Carrington stroke” model, however, since it involved the development of our own dose-response function.  The “Carrington stroke” model did not incorporate the results from the Caicoya (2002) study.    

Another meta-analysis, by He et al. (2004b), also investigated the relationship between fish consumption and stroke, but did not estimate a dose-response relationship.  The “Carrington stroke” model used all but one of the studies identified in the He et al. meta-analysis.  Consequently, the “Carrington stroke” model utilizes a larger database than does the “Bouzan-based” model.   As Table IV-21 shows, the “Carrington stroke” model used five of the six studies that were used in the “Bouzan-based” model (there was significant overlap in the studies used by Bouzan et al. and He et al.) in addition to three used solely by He et al. and two others that were published after the He meta-analyses but that met the inclusion criteria:  Nakamura et al. (2005), and Mozaffarian et al. (2005).  In addition to omitting the Caicoya (2002) study, the “Carrington stroke” model also omitted the study by Keli et al. (1994) used by He et al. (2004b) because it only contained two exposure groups.
    

Table IV-21: Stroke Studies 

	Study 
	Population Size
	# of 

Events
	Average Age
	Avg. Follow up (yrs)
	% Male
	Site
	Bouzan

2005
	He et al., 2004b
	Carring-ton Stroke

Model

	Orencia et al. (1996) 
	1,847
	76
	47.6
	30
	100
	USA
	X
	X
	X

	Gillum (1996)
	2,059
	262
	62
	12
	100
	USA
	X
	X
	X

	Gillum

(1996)
	2,351
	252
	62
	12
	0
	USA
	X
	X
	X

	Iso et al. (2001)
	79,839
	574
	34
	14
	0
	USA
	X
	X
	X

	He et al. (2002)
	43,671
	608
	53.4
	12
	100
	USA
	X
	X
	X

	Caicoya (2002)
	440 cases/ 473 controls
	
	n/a
	
	Spain
	X
	
	

	Morris et al. (1995)
	21,185
	281
	52
	4
	100
	USA
	
	X
	X

	Yuan et al. (2001)
	18,244
	460
	54
	12
	100
	USA
	
	X
	X

	Sauveget et al. (2003)
	40,349
	1,462
	56
	16
	100
	Japan
	
	X
	X

	Keli et al. (2004)
	552
	42
	
	15
	100
	Nether-lands
	
	X
	

	Nakamura et al. (2005)
	8,879
	288
	58.3
	12
	44
	Japan
	
	
	X

	Mozaffarian et al. (2005)
	4,775
	626
	58.3
	12
	42
	USA
	
	
	X


Modeling Steps and Results
To parallel the risk assessment for coronary heart disease, we divided the population by age and gender into the following categories:  females aged 16-45, males aged 16-45, females aged 46 and above, and males aged 46 and above.  The primary question for our assessment was whether fish consumption reduces the risk of stroke, has no effect on stroke, or increases the risk in these population categories. We present the results in terms of population-level effects.  The results are reported in terms of median (50th percentile) and a range of lower and upper bounds (5th and 95th percentiles, respectively).  

Baseline Rates for Stroke Death
We first estimated baseline rates for stroke death in the United States for females ages 15-45 and ages 46+ and for males ages 15-45 and ages 46+ by dividing the number of stroke deaths per year for each subpopulation (NCHS 2006) by the number of people in each subpopulation per the U.S. Census Bureau.  NCHS and the Census Bureau provide data in five year increments.  The closest such increment to “women of childbearing age” as we are defining it (16-45 years of age) is 15-44.  Consequently, we calculate the death rates for the 15-44 age groups and assume that it is essentially the same as the death rate for the 16-45 age groups.  

The baseline rates of death from stroke are shown in Table IV-22.

Table IV-22:  2003 Stroke Death Rates for each U. S. Subpopulation

	Sex
	15-44
	45 and above

	Female
	0.25 per 10,000
	18 per 10,000

	Male
	0.24 per 10,000
	13 per  10,000


“Bouzan-based” Stroke Model 

Bouzan et al. (2005) conducted a regression analysis with data from the five studies listed in Table IV-21 that investigated the relationship between the frequency of fish consumption and stroke.  Their regression analysis generated a linear slope that did not go through zero, as shown in Figure IV-1.  Bouzan et al. (2005) interpreted the intercept at the y-axis as an indicator of risk reduction associated with any quantity of fish consumption, even a small quantity.

We were not willing to adopt an assumption that a minute amount of fish consumption could have a substantial health impact.  Consequently, we modified the Bouzan et al. (2005) dose-response function in order to reflect a more biologically plausible relationship between fish consumption and stroke.  Specifically, we assumed that the effect at low doses occurs between zero and 50 grams of fish per week.  This amount roughly corresponds to the low end of the range of the data used in the Bouzan et al. (2005) analysis. Thus, the Bouzan et al. (2005) model’s 12 percent reduction in risk that it had attributed to a fish consumption of zero was modeled, instead, as a gradual increase up to 50 grams of fish per week.  The resulting dose-response function is shown in Figure IV-1.  

Figure IV-1.  Dose-response function for Stroke.  The intersection of the dotted line and the straight line represents the lowest dose that Bouzan et al. (2005) modeled.  

[image: image4.emf]
In Table IV-23, the first three rows show the population numbers, rates and estimated number of stroke deaths for the four subpopulations.  The fourth row shows the decrease in the death rate for each subpopulation that can be attributed to current fish consumption.  As with CHD, the decreases are based on the amounts of fish consumed by each sub-population.  There is only one dose-response function that is used for all four sub-populations.  The fifth row shows the number of deaths averted annually for each subpopulation due to fish consumption.   

Table IV-23:  Stroke deaths – Current Rates and “Bouzan-based” Model Results

	
	Women 16-45
	Women 46+
	Men 16-45
	Men 46+

	Number of people of this age in US (2001-2005)

	64,349,357


	56,417,619


	66,229,773


	48,713,395



	Annual rate of

stroke death
	0.25 per 10,000
	18 per 10,000
	0.24 per 10,000
	13 per  10,000

	Average baseline deaths per year from stroke
	1,551
	101,549
	1,560
	63,911

	Median stroke death rate decrease due to fish consumption

[Bouzan-based dose-response model]
	0.031 per 10,000


	1.7 per 10,000


	0.033 per 10,000


	2.2 per 10,000



	Stroke lives saved (deaths averted) attributable to current fish consumption [Bouzan-based dose-response model]
	188
	9,150
	216
	10,089


For women aged 16-45, the “Bouzan-based” model estimates that 188 stroke deaths per year are averted due to fish consumption while 9,150 stroke deaths are averted for women over age 45 due to fish consumption.  Two hundred sixteen stroke deaths per year are averted for men aged 16-45 due to fish consumption while 10,089 stroke deaths per year are averted due to fish consumption by men over the age of 45. 

These figures reflect the median estimates.  In order to show the full range of uncertainty in these estimates and to present the results from the “Carrington stroke” model, Table IV-24 shows the fifth and 95th confidence intervals in addition to the central estimates.  These results are also shown in Table AB-7 in Appendix B.

 “Carrington Stroke” Model

As explained previously, we developed a second model for the effect of fish consumption on risk of fatal strokes that used the data from four of the studies used in the “Bouzan-based” assessment as well as most of the data that had been evaluated in the meta-analysis conducted by He et al. (2004b).  In addition to utilizing a larger database, the “Carrington stroke” model used a methodological approach in which the uncertainties produced larger confidence intervals than were produced by the “Bouzan-based” model.  

The “Carrington stroke” model developed separate dose-response functions from the data in each of the individual studies.  These dose-response functions were then integrated into a common dose-response function by weighting according to sample size.  By contrast, the “Bouzan-based” model involved pooling the data together into a single dose-response function, essentially treating all the data as if they were drawn from the same underlying population.  This treatment does not allow for the possibility that these populations have significant differences in terms of risk factors for stroke. 

The confidence intervals for the “Carrington stroke” model were based on sampling error for each individual data point.  This was done so that we did not have to assume a common variance across all studies and dose groups, as was done in the “Bouzan-based” model.  

Finally, rather than using relative risk, the “Carrington stroke” model used group disease rates. This approach allows sampling error from the low dose group to be represented instead of being fixed to a relative risk of one.  As a result, the model is not forced through the illness rate reported for the control group.  

Both models predict that reduction in risk of fatal stroke is the most likely outcome from fish consumption.   The “Carrington stroke” model also predicts a lesser possibility that fish consumption can increase the risk of stroke, as revealed by the results of the 95th percentile confidence intervals in Table IV-24.
   There is an 87 percent probability that fish consumption is averting deaths rather than causing them, however.

Where these models differ most notably is in the size of the confidence intervals.  The “Carrington stroke” model produced confidence intervals that are considerably greater than those produced by the “Bouzan-based” model.  Larger confidence intervals mean a wider range of possible outcomes, including some possibility of more deaths averted and more deaths caused by fish consumption, than is predicted by the “Bouzan-based” model.    

To read Table IV-24:  As noted earlier, for women aged 16-45, the “Bouzan-based” model predicts that 188 stroke deaths are averted per year due to fish consumption.  The confidence intervals around that median estimate indicate that as many as 351 or as little as 57 deaths may be averted by fish consumption.  
For this same subpopulation, the “Carrington” stroke model’s central estimate is that 238 stroke deaths are being averted annually for this subpopulation from fish consumption but at the fifth percentile confidence interval it also estimates that fish consumption could be averting up to 1,995 deaths while at the 95th percentile of the confidence interval it predicts that fish consumption may be causing 97 stroke deaths.  

Table IV-24.  Median results with Confidence Intervals (5th and 95th percentiles) for Effect on Stroke Death Rate from Fish Consumption, as Predicted by “Bouzan-based” and “Carrington Stroke” Models 

	
	Women 16-45
	Women 46+
	Men 16-45
	Men 46+

	Stroke Death Rate Change:  “Bouzan-based” Model
	-0.031 per 10,000

(-0.078 per 10,000, 

0.007 per 10,000)
	-1.7 per 10,000

(-4.7 per 10,000, 0.13 per 10,000) 
	-0.033 per 10,000

(-0.10 per 10,000, 0.005 per 10,000)


	-2.2 per 10,000

(-6.4 per 10,000,  0.31 per 10,000)

	Change in Number of Deaths due to Fish Consumed: “Bouzan-based” Model
	-188
(-351,  -57)


	-9,150
(-17,003, -2,907)
	-216
(-407,  -76)
	-10,089
(-19,226,  -3,808)

	Stroke Death Rate Change: 

“Carrington Stroke” Model
	-0.037 per 10,000

(-0.15 per 10,000, 0.016 per 10,000)
	-2.2 per 10,000

(-27 per 10,000, 

1.4 per 10,000)
	-0.04 per 10,000

(-0.31 per 10,000, 0.03 per 10,000)
	-2.4 per 10,000

(-20 per 10,000, 

0.9 per 10,000)

	Change in Number of Deaths due to Fish Consumed: “Carrington Stroke”  Model
	-238
(-1,995,  97)
	-12,693
(-154,932,  7,938)
	-294
(-2,054,  203)
	-11,923
(-95,049, 4,458)


 “What-If” Scenarios that Impact the Risk of Fatal Stroke 

We modeled several “what-if” scenarios in addition to our “baseline” modeling in order to predict how changes in fish consumption could affect risk of fatal stroke.  We present these results as changes in numbers of deaths within subsections of the U.S. population.  The scenarios are the same as for CHD.  As with the “what if” modeling for fetal neurodevelopment and CHD, we did not consider health effects from eating more or less of other foods as a consequence of eating more or less fish.
First “What If” Scenario:  Women of Childbearing Age Limit Their Consumption to 12 Ounces a Week.   In the first scenario, women of childbearing age who are consuming 12 ounces or less of fish per week do not change their consumption but women of childbearing age who are consuming more than that reduce their consumption to 12 ounces.  This reduction does not occur only during pregnancy.
  Because the models predict that a decrease in consumption is likely to increase risk, the most likely change would be an overall increase in the number of deaths from stroke in this population.  Such an increase would be small, however, because the only people who would be eating less fish would be relatively young women.  The median estimate for the “He-based” model is an increase of 3.6 deaths per year while the median increase for the “Carrington stroke” model is actually zero.  However, most of the effect in the “Carrington stroke” confidence interval involves small increases in deaths per year, with an upper confidence limit of 5.1 deaths.  
Table IV-25:   Change in Annual Stroke Deaths (vs. Baseline) Resulting from a Consumption Limit of 12 oz Per Week by Women of Childbearing Age
	Population Group
	Stroke Death Cases Per -Year

“Carrington” Stroke Model
	CHD Death Cases Per Year

“Bouzan-based” Model 

	Women 15-45
	An increase of 0.0 (-2.0,  5.1) 

deaths per year
	An increase of 3.6 (-8.9, 19)
deaths per year 


The primary values are the median cases per year of the uncertainty distribution, the 5th and 95th percentiles given as confidence intervals.

Second “What If” Scenario:  Women of Childbearing Age All Consume 12 Ounces a Week.  In this scenario, all women of child-bearing age consume exactly 12 ounces of fish.  As with the first scenario, this consumption does not just occur during pregnancy.  Because most women consume much less than 12 ounces per week, the majority of women in this age group would have to substantially increase their fish consumption.  Only a small minority would have to decrease consumption down to 12 ounces per week. The models predict that the most likely overall impact of this scenario would be a decrease in the number of deaths from stroke in women of childbearing age.    

Table IV-26:   Change in Annual Stoke Deaths (vs. Baseline) Resulting from Consuming Exactly 12 oz Per Week by Women of Childbearing Age
	Population Group
	Stroke Death Cases Per -Year

“Carrington” Stroke Model
	CHD Death Cases Per Year

“Bouzan-based” Model

	Women 15-45
	A decrease of  250 (-43, 504)
deaths per year 
	A decrease of 143 (-153,  566)
deaths per year 


The primary values are the median cases per year of the uncertainty distribution, the 5th and 95th percentiles given as confidence intervals.

Third and Fourth “What If” Scenarios:  Men and Older Women Reduce Their Fish Consumption.   These scenarios model the impact of decreased consumption of fish by: (1) young men; (2) older men; and (3) older women, none of whom are targeted by the current FDA/EPA consumer advisory.  In one scenario, there is a one percent reduction in the number of fish consumers (i.e., one percent of fish eaters stop consuming all fish).  In the other scenario, all fish consumers in these subpopulations reduce their fish consumption by10 percent.  For both scenarios, the models predict that most likely result would be a decrease in deaths averted in each of these subpopulations. 

Table IV-27:   Change in Annual Stroke Deaths (vs. Baseline) Resulting from a One Percent Reduction in the Number of Men and Older Women Who Consume Fish 

	Population Group
	Stroke Death Cases Per Year

“Carrington” Stroke Model
	Stroke Death Cases Per Year

“Bouzan-based” Model

	Women 46+
	An increase in 144 (-84,  1,823)
	An increase in 99 (-8, 310)

	
	deaths per year 
	deaths per year

	Men 15-45
	An increase in 2.9 (-1.8, 23)
death per year 
	An increase in 2.3 (-0.3, 7.4)
deaths per year

	Men 46+
	An increase in 134 (-45,  1,023)
deaths per year 
	An increase in 109 (-11, 363)
deaths per year 


Estimates of increased rates of stroke death resulting from decreased number of fish consumers in three population groups.  The primary values are the median cases per person-year of the uncertainty distribution, the 5th and 95th percentiles given as confidence intervals.

Table IV-28:   Change in Annual Stroke Deaths (vs. Baseline) Resulting from a 10 Percent Decrease in the Amount of Fish Consumed by Men and Older Women

	Population Group
	Stroke Death Cases Per Year

“Carrington” Stroke Model
	Stroke Death Cases Per Year

“Bouzan-based” Stroke Model

	Women 46+
	An increase in  751 (-688,  3,193)
deaths per year 
	An increase in 405 (-278, 1,349)
deaths per year 

	Men 15-45
	An increase in 13.9 (-13.1, 47)
deaths per year 
	An increase in 9.4 (-9.1, 33)
deaths per year 

	Men 46+
	An increase in 575 (-419,  1,862)

deaths per year
	An increase in 419 (-436, 1,543)
deaths per year 


Estimates of increased rates of stroke death resulting from decreased number of fish consumers in three population groups.  The primary values are the median cases per person-year of the uncertainty distribution, the 5th and 95th percentiles given as confidence intervals.

Fifth “What If” Scenario:  50 Percent Increase In Fish Consumption by Everyone.   In this scenario, all subpopulations increase their fish consumption by 50 percent.  The models predict that most likely result would be an increase in deaths averted in each subpopulation. 

Table IV-29:   Change in Annual Stroke Deaths (vs. Baseline) Resulting from a 50 Percent Increase in the Amount of Fish Consumed by All Population Groups
	Population Group
	Stroke Death Cases Per Year

“Carrington” Stroke Model
	Stroke Death Cases Per Year

“Bouzan-based” Stroke Model

	Women 15-45
	A decrease of 52 (-39,  193)
deaths per year 
	A decrease of 34 (28, -108)
deaths per year 

	Women 46+
	A decrease of 2,899 (-1,725, 10,889)
	A decrease of 1,565 (-1,726, 5,724)

	Men 15-45
	A decrease of 53 (-57,  168)
deaths per year 
	A decrease of 39 (-49, 141)
deaths per year 

	Men 46+
	A decrease of  2,151 (-1,810,  6,549)
deaths per year 
	A decrease of 1,749 (-2,352,  6,602)
deaths per year 


Estimates of decreased rates of stroke death resulting from decreased number of fish consumers in three population groups.  The primary values are the median cases per person-year of the uncertainty distribution, the 5th and 95th percentiles given as confidence intervals.

 (f)  Summary and Interpretation 

Fetal Neurodevelopment Risk Assessment
The risk assessment predicts that the most likely outcomes for most people are small improvements in fetal neurodevelopment as a consequence of maternal fish consumption during pregnancy even though the fish contain methylmercury.  The largest possible improvements are associated with the highest levels of fish consumption, e.g., above 12 ounces per week.  The risk assessment predicts that, on a population basis, capping maternal fish consumption at 12 ounces would reduce the national average level of neurodevelopment slightly even if pregnant women were to eat only “low methylmercury” fish.   The risk assessment does not predict a level of consumption at which benefits plateau, although we anticipate that a plateau does exist at some point.  

The risk assessment also predicts a probability of an adverse effect from methylmercury in the fish for one-tenth of one percent of the population (median estimate), although the confidence intervals include small possibilities of:  (a) no adverse effect for anyone; and (b) an adverse effect for as much as 10 percent of the population.  The most likely cause of an adverse effect would be a diet involving some significant amount of fish that are relatively high in methylmercury.  In our model, the possibility of an adverse effect essentially vanishes (i.e., no longer appears within any of the confidence intervals) when people eat only fish that are low in methylmercury on average.  Because the “average” commercial fish weighted for popularity is low in methylmercury, eating a variety of commercial fish over time should achieve this result.  .  

When the model results are considered in the context of the studies described previously, however, it is also possible that risk from methylmercury is not solely related to the level of methylmercury to which a person is exposed, but is also dependent on the amounts and types of nutrients in the fish that are consumed.  In this case, a diet during pregnancy of relatively high methylmercury fish that are low in nutrients beneficial to fetal neurodevelopment or that otherwise offset adverse effects from methylmercury could reduce the size of the benefit to the fetus or result in a small adverse net effect.   

Commercial species that are relatively high in methylmercury on average have been identified through sampling by FDA and others.  These species are not among the most frequently consumed commercial fish in the United States (see Section III of this report).  Because the risk assessment does not predict the contribution that individual nutrients in fish make to the net effect, any conclusion we might draw on how to obtain the most benefit would be limited at this point to eating a variety of fish rather than eating specific species of fish.  Also, the risk assessment does not predict the consequence of obtaining similar nutrients from elsewhere in the diet. 

Fatal Coronary Heart Disease Risk Assessment 

The primary question that our assessment addressed was the effect of current fish consumption, which includes exposure to methylmercury, on annual deaths from coronary heart disease.  Is fish consumption averting deaths, causing deaths, or having no effect at all?   We asked that question for four age groups and both genders:   women aged 16-45, men aged 16-45, women aged 46 and above, and men aged 46 and above.  We modeled this question twice, using different methodologies.  In each age group and gender, the medianl estimate produced by each model is that fish consumption is averting some number of deaths per year.  The median estimates from the two models are similar.

A key difference between the “He-based” model and the “Carrington CHD” model is in the characterization of the uncertainty and therefore in the size of the confidence intervals surrounding the central estimates.  For the “He-based” model, the confidence intervals do not predict a possibility of deaths associated with fish consumption.  For the “Carrington CHD” model, the techniques used to emphasize uncertainty produced confidence intervals that include some possibility of increased risk from fish consumption in all gender/age categories. The fact that the confidence intervals include deaths caused by fish consumption suggests that the issue of methylmercury as a risk factor in the United States, at least for some people under some circumstances, cannot be ruled out, although the greater likelihood for most people is a beneficial net effect from fish.        

As one might anticipate, our “what if” modeling predicts that increases in fish consumption would be most likely accompanied by increases in deaths averted.  “What if” modeling predicts that if all women of childbearing age were to limit consumption to no more than 12 ounces per week, it could result in a small reduction in the current number of deaths averted.  This result would not be expected to apply to women who limited consumption only during pregnancy, however, because that is such a short time period.     

One limitation in our modeling is that we cannot measure the beneficial contribution of individual nutrients or the potential adverse contribution of methylmercury to the overall net effect on risk of fatal CHD from eating fish.  That kind of assessment could provide information that might be useful for consumer advice, but it would require better data than we now have available to us.  The modeling results are sufficient, however, to help FDA determine whether there is a reasonable possibility of injury from CHD within the U.S. population as a result of eating a variety of commercial fish.  

Fatal Stroke Risk Assessment
As with CHD, we employed two models for stroke.  We call these models the “Bouzan-based” model and the “Carrington stroke” model.  Among other things, the “Carrington stroke” model used techniques that generated wider confidence intervals than were generated by the “Bouzan-based” model.  

For each age group and gender, the median estimates from both the “Bouzan-based” and “Carrington” stroke models assessment predict that fish consumption is averting some number of stroke deaths per year.  Again, the median estimates from the two models are similar.    

A key difference between the “Bouzan-based” model and the “Carrington stroke” model is in the characterization of the uncertainty and therefore in the size of the confidence intervals surrounding the central estimates.  For the “Bouzan-based” model, the confidence intervals do not predict a possibility of deaths associated with fish consumption.  For the “Carrington stroke” model, the techniques used to emphasize uncertainty produced confidence intervals that include some small possibility of increased risk from fish consumption in all gender/age categories.  Explanations for why the “Carrington stroke” model predicts that fish consumption could cause some stroke deaths include the possibility that high levels of omega-3 fatty acids could increase the risk of hemorrhagic stroke, the possibility that fried fish (as opposed to baked or broiled fish) could increase risk, and various uncertainties in the model, in addition to metylmercury.  

The central estimates from our “what if” modeling predict that increases in fish consumption would result in decreases in risk and vice versa (median estimates).  

APPENDIX A

TECHNICAL DESCRIPTION OF THE

RISK ASSESSMENT METHODOLOGY
(a) Methylmercury and Fish Exposure Assessment

Fish Consumption

Overview – Data Sources

Estimates of daily fish consumption were developed from several different data sources:  1) The U. S. Department of Agriculture’s (USDA) Continuing Survey of Food Intake by Individuals (CSFII) survey conducted between 1989 and 1991 (USDA 1993); 2) the National Health and Nutrition Survey (NHANES) conducted in 2001-02 (CDC 2004); and 3) market share data obtained from the National Marine Fisheries Service (NMFS 2002).  The aspects of the consumption estimate addressed with the use data from each of these sources is listed in Table AA-1.
CSFII:   As the exposure model was designed to generate estimates for each individual in the CSFII survey, the data from this source figured in just about every aspect of the estimates.  Records for all fish consumption events were selected for all individuals for which a full three-day record was included in the survey (3,525 individuals).  The survey data were provided with demographic weights that were used to project the survey to the U.S. population.  Although more recent data are available, the 89-91 data were accumulated from surveys which tabulated consumption over a three-day period, rather than more recent data which contained records for only two days (CSFII 94-98) or one day (NHANES)  The additional day makes the 1989-91 survey a better instrument for characterizing the chronic behavior of fish consumers.  Daily intakes from CSFII 89-91 and CSFII 1994-98 are similar.

NHANES:  Data from the 30-day fish consumption survey from NHANES were used for two purposes.  First, they were used to adjust the short-term population distribution to generate long term fish consumption frequency population distributions and to estimate.  Second, they were used to estimate the extent to which different individuals eat a variety of different fish.  

NMFS Market Share:  Data describing the extent to which different fish species are marketed in the United States were obtained from the National Marine Fisheries Service.  Market share data was used to allocate frequency of consumption under two different circumstances.  First, it was used to allocate species consumption for CSFII food categories that were composed of multiple species.  Second, it was used to allocate species consumption when the short-term survey was considered inadequate for a particular serving (see Variation in Fish Species Consumed, below).  In addition, a correction factor was applied to portion sizes from the CSFII survey so that total intake matched per capita estimates from NMFS.

Table AA-1:  Where different fish consumption data sources were used in the exposure assessment 

	
	CSFII 1989-1991
	NHANES 2003
	NMFS Market Share as of 2005

	Portion Size
	X
	
	

	Species Consumed
	X
	
	X

	Demographic Characteristics
	X
	
	

	Frequency of  Fish Consumption
	X
	X
	

	Variety of  Consumption


	X
	X
	


Adjustments for Chronic Frequency of Intake

Short-term surveys often do not provide accurate estimates of long-term food consumption (Paustenbach 2000).  In particular, short-term surveys tend to misrepresent infrequent consumers since they will either not account for consumers who did not eat a specific food item during the survey period and they will project a higher average intake for an infrequent consumer who did happen to eat the specific food item during the survey period.  As a result, a short-term survey will underestimate the number of eaters and overestimate average daily intake for eaters for longer periods of time.  Furthermore, a short-term survey may not accurately reflect the pattern of fish consumption, i.e., individuals who consume a particular species during the survey period may consume other species over a longer period of time.

To compensate for the inaccuracy of short-term food intake surveys, several adjustments were made.  First, the number of fish consumption events was decreased and the number of eaters increased by a Long Term-to-Short Term Consumer Ratio (LTSTCR) with an uncertain range of 2.3 to 2.5.  Adjusting the survey data for LTSTCR results in an estimate that in a given year, 85 to 95 percent of the total U.S. population consumes fish.  This range is consistent with the food consumption/frequency information available from the 30-day National Human and Nutrition Estimation Survey (NHANES; CDC 2001).   Since equal and opposite LTSTCRs were applied to the frequency of consumption and number of consumers, the long-term per capita mean consumption of fish was held constant to short-term consumption.

Because short term surveys are better at monitoring consumption patterns for frequent consumers than for infrequent consumers, the LTSTCR in serving frequency was reduced for frequent fish consumers using an exponential function that reduced the LTSTCR as the number of servings increased according to the following equation:


[image: image5.wmf]
Where:
AS = Annual Servings

D3S = 3 Day Servings

LTSTCR = Long Term to Short Term Consumer Ratio
(, ( = model parameters

The model parameters used to extrapolate long-term frequency of consumption from short- term records were chosen to be consistent with the 30-day fish consumption data collected by NHANES (see Figure AA-1). 

Figure AA-1:  Long-Term Frequency Extrapolation for Consumption

[image: image6.emf]
The CSFII based projection employed the exponential function described in Carrington and Bolger (2002b), using values of 0.696 and 0.356 for the alpha and beta parameters, respectively.  These parameters were obtained by fitting the projected frequency distribution to 30 day survey data obtained from NHANES III (CDC, 2003).

Variation in Fish Species Consumed

Short-term surveys also may also fail to portray variation in the types of fish consumed.  For example, an individual who consumes a particular species every day of a three-day survey may consume other species at other times during the year.  Since the levels of mercury in fish may vary considerably by species, this may significantly influence the exposure estimate for that individual.  Therefore, individual exposure estimates employed both the survey data and per capita market share information to build a consumption pattern for each individual.  This distribution was derived from the NHANES survey, by calculating the fraction of total fish consumption in the fish category with the highest number of eating occasions for the 403 adult women who consumed fish on four or more occasions (see Figure AA-2).
Figure AA-2:  Variation Among Individuals of the Variation in Species Consumed

[image: image7.emf]
A distribution representing the extent to which a single species dominates fish consumption over a 30-day period.  This distribution was used to determine the extent to which the short-term survey was used to predict long-term fish consumption behavior.   Specifically, the fraction of fish belonging to a single category was used to determine the fraction of the species determined by the CSFII.  For example, if all the fish for an individual was an identical species, then the CSFII survey was considered to adequately characterize long term consumptions.  If the fraction was low, indicating that the individual ate a wide variety of species, then most of the fish were selected from the market share distribution.

Water Loss During Food Preparation

A concentration factor was applied to serving sizes to reflect water loss during food preparation.  These factors were based on water loss of 11 percent for fried fish, 21 percent for poached or steamed fish, and 25 percent for baked or broiled fish (EPA 2002, pages 2-5 and 2-6).  Group specific correction factors were calculated based on the frequency of different food preparation procedures (e.g. baking, steaming, or frying) within each fish group.  A value of 20 percent was used for fish groups represented in the methylmercury surveillance data but not in the CSFII survey.  The resulting concentration factors are listed in Table AA-3.  Correction factors were not needed for canned tuna since the methylmercury concentration values in that fish group were obtained after cooking and draining of water or oil from the can. 

Portion Size Adjustment

A correction factor of 1.15 was applied to portion sizes from the CSFII survey so that total intake matched per capita estimates from NMFS.  This correction was factor was calculated as follows:

Average Intake from CSFII (1989-91): 14.3 g/day

Average Intake from NMFS (2005):  16.2 lbs/year = 20.1 g/day

Weight loss During Cooking: 20 percent

Correction factor = 20.1 * 0.8/ 14.2 = 1.125

Methylmercury Levels in Fish

Mercury Concentrations in Individual Species

Most surveys of mercury in fish, as well as biomarkers in blood and hair measure total mercury, and as a result do not distinguish between inorganic mercury and methylmercury.  However, when the forms are speciated it has been shown that most (over 90 percent) of the mercury in fish is methylmercury (WHO 1990; Hight & Cheng 2006).  
In order to combine the fish consumption data with the levels of mercury in fish, it was necessary to map the 268 food codes employed in the CSFII survey with the groups used for reporting methylmercury levels (see Table AA-2).  The mapping resulted in a total of 51 fish groups.  In most cases, the correspondence was either direct or the fish ingredient in the survey food code was a member of a methylmercury contamination group.  For several species, an analog (or surrogate) was chosen.  If there was no other species that was very similar, several new distributions were created that combined multiple methylmercury contamination groups.  Specifically, groups were created for crabs, lobster, shellfish, finfish, and all other fish.  Per capita market share was used to assign histogram frequencies for each group.

Distributions of methylmercury levels in fish were constructed for each of the 51 fish groups which represented over 99 percent of the fish consumed in the United States.  Three different methods were used to construct the distributions: 

· For fish categories (fresh tuna, canned light tuna, canned albacore tuna, shark, and swordfish) for which there were over 100 observations, distributions were generated empirically by directly sampling from FDA surveillance data.  

· For other species for which additional raw survey data are available, distributions were developed by fitting the distributions to the portions of the cumulative distribution above the levels of detection.  A battery of ten distributions was fit to each data set and the four that provided the best fit were used to construct a probability tree.  An example is shown in Figure AA-3.  See Carrington (1996) for further description of the methodology.

· Since raw data were unavailable for some species, distributions were generated with modeled distributions that reflected reported arithmetic mean values published from a National Marine Fisheries Service survey (NMFS 1978) for each group and a range analogous to those obtained from tuna, shark, and swordfish.  Lognormal and Gamma distributions were used to represent the data, with each model assigned a probability of 0.5 to represent model uncertainty. The magnitude of the shape parameters (the geometric standard deviation of the lognormal distribution and the beta parameter of the gamma distribution) were represented as uniform distributions that encompassed the range of values resulting from fitting the shark, swordfish, and tuna data.  The scale parameters (the geometric mean of the lognormal distribution and the alpha parameter of the gamma distribution) were calculated from the arithmetic mean in the NMFS survey and the shape parameter (Evans et al., 2000).

The type of distribution used for each species is identified in Table AA-3. The one percent of the fish market not included was presumed to follow the same distribution as the rest of the market.

Table AA-2:  Summary of Mercury Concentration Data
	SPECIES
	MERCURY CONCENTRATION (PPM)1
	
	NO. OF
	SOURCE OF DATA2

	
	MEAN
	MEDIAN
	STDEV
	MIN
	MAX
	SAMPLES
	

	ANCHOVIES
	0.043
	N/A
	N/A
	ND
	0.34
	40
	NMFS REPORT 1978

	BASS (SALTWATER, BLACK, STRIPED)3
	0.219
	0.13
	0.227
	ND
	0.96
	47
	FDA 1990-04

	BASS CHILEAN
	0.386
	0.303
	0.364
	0.085
	2.18
	40
	FDA 1990-04

	BLUEFISH
	0.337
	0.303
	0.127
	0.139
	0.634
	52
	FDA 2002-04

	BUFFALOFISH
	0.19
	0.14
	‡
	0.05
	0.43
	4
	FDA SURVEY 1990-02

	BUTTERFISH
	0.058
	N/A
	N/A
	ND
	0.36
	89
	NMFS REPORT 1978

	CARP
	0.14
	0.14
	‡
	0.01
	0.27
	2
	FDA SURVEY 1990-02

	CATFISH
	0.049
	ND
	0.084
	ND
	0.314
	23
	FDA 1990-04

	CLAM
	ND
	ND
	ND
	ND
	ND
	6
	FDA 1990-02

	CRAB 4
	0.06
	0.03
	0.112
	ND
	0.61
	63
	FDA 1990-04

	CRAWFISH
	0.033
	0.035
	0.012
	ND
	0.051
	44
	FDA 2002-04

	CROAKER ATLANTIC (Atlantic)
	0.072
	0.073
	0.036
	0.013
	0.148
	35
	FDA 1990-03

	CROAKER WHITE (Pacific)
	0.287
	0.28
	0.069
	0.18
	0.41
	15
	FDA 1990-03

	FLATFISH 5
	0.045
	0.035
	0.049
	ND
	0.18
	23
	FDA 1990-04

	GROUPER (ALL SPECIES)
	0.465
	0.41
	0.293
	0.053
	1.205
	43
	FDA 2002-04

	HADDOCK (Atlantic)
	0.031
	0.041
	0.021
	ND
	0.041
	4
	FDA 1990-02

	HAKE
	0.014
	ND
	0.021
	ND
	0.048
	9
	FDA 1990-02

	HALIBUT
	0.252
	0.2
	0.233
	ND
	1.52
	46
	FDA 1990-04

	HERRING
	0.044
	N/A
	N/A
	ND
	0.135
	38
	NMFS REPORT 1978

	JACKSMELT
	0.108
	0.06
	0.115
	0.04
	0.5
	16
	FDA 1990-02

	LOBSTER (NORTHERN/AMERICAN)
	0.31
	N/A
	N/A
	0.05
	1.31
	88
	NMFS REPORT 1978

	LOBSTER (Species Unknown)
	0.169
	0.182
	0.089
	ND
	0.309
	16
	FDA 1991-2004

	LOBSTER (Spiny)
	0.09
	0.14
	‡
	ND
	0.27
	9
	FDA SURVEY 1990-02

	MACKEREL ATLANTIC (N. Atlantic)
	0.05
	N/A
	N/A
	0.02
	0.16
	80
	NMFS REPORT 1978

	MACKEREL CHUB (Pacific)
	0.088
	N/A
	N/A
	0.03
	0.19
	30
	NMFS REPORT 1978

	MACKEREL KING
	0.73
	N/A
	N/A
	0.23
	1.67
	213
	GULF OF MEXICO REPORT 2000

	MACKEREL SPANISH (Gulf of Mexico)
	0.454
	N/A
	N/A
	0.07
	1.56
	66
	NMFS REPORT 1978

	MACKEREL SPANISH (S. Atlantic)
	0.182
	N/A
	N/A
	0.05
	0.73
	43
	NMFS REPORT 1978

	MARLIN *
	0.485
	0.39
	0.237
	0.1
	0.92
	16
	FDA 1990-02

	MONKFISH
	0.18
	N/A
	N/A
	0.02
	1.02
	81
	NMFS REPORT 1978

	MULLET
	0.046
	N/A
	N/A
	ND
	0.13
	191
	NMFS REPORT 1978

	ORANGE ROUGHY
	0.554
	0.563
	0.148
	0.296
	0.855
	49
	FDA 1990-04

	OYSTER
	0.013
	ND
	0.042
	ND
	0.25
	38
	FDA 1990-04

	PERCH (Freshwater)
	0.14
	0.15
	‡
	ND
	0.31
	5
	FDA SURVEY 1990-02

	PERCH OCEAN 
	ND
	ND
	ND
	ND
	0.03
	6
	FDA 1990-02

	POLLOCK
	0.041
	ND
	0.106
	ND
	0.78
	62
	FDA 1990-04

	SABLEFISH
	0.22
	N/A
	N/A
	ND
	0.7
	102
	NMFS REPORT 1978

	SALMON (CANNED)
	ND
	ND
	ND
	ND
	ND
	23
	FDA 1990-02

	SALMON (FRESH/FROZEN)
	0.014
	ND
	0.041
	ND
	0.19
	34
	FDA 1990-02

	SARDINE
	0.016
	0.013
	0.007
	0.004
	0.035
	29
	FDA 2002-04

	SCALLOP
	0.05
	N/A
	N/A
	ND
	0.22
	66
	NMFS REPORT 1978

	SCORPIONFISH
	0.286
	N/A
	N/A
	0.02
	1.345
	78
	NMFS REPORT 1978

	SHAD AMERICAN
	0.065
	N/A
	N/A
	ND
	0.22
	59
	NMFS REPORT 1978

	SHARK
	0.988
	0.83
	0.631
	ND
	4.54
	351
	FDA 1990-02

	SHEEPSHEAD
	0.128
	N/A
	N/A
	0.02
	0.625
	59
	NMFS REPORT 1978

	SHRIMP
	ND
	ND
	ND
	ND
	0.05
	24
	FDA 1990-02

	SKATE
	0.137
	N/A
	N/A
	0.04
	0.36
	56
	NMFS REPORT 1978

	SNAPPER
	0.189
	0.114
	0.274
	ND
	1.366
	43
	FDA 2002-04

	SQUID
	0.07
	N/A
	N/A
	ND
	0.4
	200
	NMFS REPORT 1978

	SWORDFISH
	0.976
	0.86
	0.51
	ND
	3.22
	618
	FDA 1990-04

	TILAPIA
	0.01
	ND
	0.023
	ND
	0.07
	9
	FDA 1990-02

	TILEFISH (Atlantic)
	0.144
	0.099
	0.122
	0.042
	0.533
	32
	FDA 2002-04

	TILEFISH (Gulf of Mexico)
	1.45
	N/A
	N/A
	0.65
	3.73
	60
	NMFS REPORT 1978

	TROUT (FRESHWATER)
	0.072
	0.025
	0.143
	ND
	0.678
	34
	FDA 2002-04

	TUNA (CANNED, ALBACORE)
	0.353
	0.339
	0.126
	ND
	0.853
	399
	FDA 2002-04

	TUNA (CANNED, LIGHT)
	0.118
	0.075
	0.119
	ND
	0.852
	347
	FDA 2002-04

	TUNA (FRESH/FROZEN, ALBACORE)
	0.357
	0.355
	0.152
	ND
	0.82
	26
	FDA 2002-04

	TUNA (FRESH/FROZEN, BIGEYE)
	0.639
	0.56
	0.184
	0.41
	1.04
	13
	FDA 2002-04

	TUNA (FRESH/FROZEN, SKIPJACK)
	0.205
	N/A
	0.078
	0.205
	0.26
	2
	FDA 1993

	TUNA (FRESH/FROZEN, Species Unknown)
	0.414
	0.339
	0.316
	ND
	1.3
	100
	FDA 1991-2004

	TUNA (FRESH/FROZEN, YELLOWFIN)
	0.325
	0.27
	0.22
	ND
	1.079
	87
	FDA 2002-04

	TUNA(FRESH/FROZEN, ALL)
	0.383
	0.322
	0.269
	ND
	1.3
	228
	FDA 2002-04

	WEAKFISH (SEA TROUT)
	0.256
	0.168
	0.226
	ND
	0.744
	39
	FDA 2002-04

	WHITEFISH
	0.069
	0.054
	0.067
	ND
	0.31
	28
	FDA 2002-04

	WHITING
	ND
	ND
	‡
	ND
	ND
	2
	FDA SURVEY 1990-02


1 - Mercury was measured as Total Mercury and/or Methylmercury.  ND - mercury concentration below the Level of Detection (LOD=0.01ppm). NA - data not available.

2 -  Source of data: FDA Surveys 1990-2003, "National Marine Fisheries Service Survey of Trace Elements in the Fishery Resource" Report 1978 , "The Occurrence of Mercury in the Fishery Resources of the Gulf of Mexico" Report 2000 

3 - Includes: Sea bass/ Striped Bass/ Rockfish

4 - Includes: Blue, King, and Snow Crab

5 - Includes: Flounder, Plaice, Sole

Figure AA-3:   Fitted Distributions for Mercury in Crab Meat

[image: image8.emf]
An example of a fitted distribution.  Ten different distributions were fit to the sample Hg data for Crabs.  The four best models were used to create a probability tree that describes the frequency distribution with a representation of model uncertainty.   A primary advantage of using distributions to describe the data is that they can be used to extrapolate the concentration in the samples that are below the level of detection – which comprised about 50 percent of the crab samples.
Table AA-3:  Summary of Mercury Concentration Models
	Species
	Market

Share1
	Mean Hg

(ppm)
	Distribution

Type2
	Concentration

Factor3

	Tilefish, Gulf
	0.01%
	1.450
	Surrogate
	0.839

	Shark
	0.07%
	0.988
	Empirical
	0.758

	Swordfish
	0.44%
	0.976
	Empirical
	0.75

	Mackerel, King
	0.05%
	0.73
	Surrogate
	0.8

	Orange Roughy
	0.20%
	0.550
	Modeled
	0.809

	Marlin
	0.02%
	0.489
	Modeled
	0.8

	Grouper
	0.27%
	0.46
	Modeled
	0.823

	Tuna, Fresh
	1.22%
	0.384
	Empirical
	0.8

	Mackerel, Spanish 
	0.05%
	0.368
	Surrogate
	0.8

	Tuna, Albacore Canned
	3.81%
	0.353
	Empirical
	1

	Bluefish
	0.06%
	0.34
	Modeled
	0.839

	Bass, Freshwater
	0.19%
	0.318
	Modeled
	0.791

	Lobsters, American
	1.22%
	0.31
	Surrogate
	0.758

	Croaker, Pacific
	0.00%
	0.303
	Modeled
	0.871

	Bass, Saltwater
	0.51%
	0.301
	Modeled
	0.797

	Lingcod and Scorpion fish
	0.02%
	0.286
	Surrogate
	0.802

	Sablefish
	0.19%
	0.273
	Surrogate
	0.839

	Trout, Saltwater
	0.10%
	0.269
	Modeled
	0.77

	Halibut
	0.48%
	0.22
	Modeled
	0.761

	Carp and Buffalo fish
	0.04%
	0.203
	Modeled
	0.871

	Haddock, Hake, and Monkfish
	4.86%
	0.17
	Modeled
	0.802

	Perch, Freshwater
	0.14%
	0.162
	Modeled
	0.785

	Snapper, Porgy, and Sheepshead
	0.86%
	0.137
	Modeled
	0.812

	Skate
	0.46%
	0.137
	Surrogate
	0.758

	Lobsters, Spiny
	0.71%
	0.121
	Modeled
	0.758

	Tuna, Light Canned
	11.41%
	0.118
	Empirical
	1

	Cod
	3.36%
	0.115
	Modeled
	0.809

	Tilefish, Atlantic
	0.01%
	0.111
	Modeled
	0.839

	Smelt
	0.09%
	0.092
	Modeled
	0.867

	Mackerel, Chub
	0.61%
	0.088
	Surrogate
	0.8

	Whitefish
	0.19%
	0.075
	Modeled
	0.752

	Croaker, Atlantic
	0.21%
	0.073
	Modeled
	0.871

	Squid
	1.92%
	0.07
	Surrogate
	0.818

	Catfish
	5.71%
	0.068
	Modeled
	0.8

	Butterfish
	0.04%
	0.0580
	Surrogate
	0.839

	Pike
	0.10%
	0.056
	Modeled
	0.75

	Crabs
	2.12%
	0.05
	Modeled
	0.775

	Flatfish
	2.42%
	0.05
	Modeled
	0.761

	Anchovies, Herring, and Shad
	3.06%
	0.05
	Surrogate
	0.737

	Mackerel, Atlantic
	1.04%
	0.049
	Surrogate
	0.8

	Pollock
	7.32%
	0.049
	Modeled
	0.794

	Perch, Ocean and Mullet
	0.47%
	0.04
	Surrogate
	0.809

	Trout, Freshwater
	0.60%
	0.037
	Modeled
	0.752

	Crawfish 
	0.47%
	0.033
	Modeled
	0.773

	Salmon
	6.83%
	0.028
	Modeled
	0.77

	Clams
	2.04%
	0.023
	Modeled
	0.764

	Oysters and Mussels
	2.22%
	0.023
	Modeled
	0.782

	Scallops
	1.46%
	0.023
	Modeled
	0.793

	Tilapia
	4.83%
	0.02
	Modeled
	0.8

	Sardines
	1.73%
	0.016
	Modeled
	0.75

	Shrimp
	22.21%
	0.012
	Modeled
	0.776


1 –  Market share calculation based on 2003 National Marine Fisheries Service published landings data.

As a result of species not included in the list, the sum of the market share values is about 99 percent.

2 - Empirical – Direct sampling of data set, used for large data sets with very few values below the limit of detection.  Fitted – Modeled distribution with uncertainty about model form (see text for additional explanation).  Used for data sets with a limited number of observations, often with many values below the level of detection.  Surrogate  – Two generic distributional forms (lognormal or gamma) were employed, with a mean value from 1978 National Marine Fisheries Survey, and a shape parameter shape derived from distributions for other species.  This technique was used when only mean values are available. 

3 – These values reflect weight after food preparation as a percentage of initial weight.  Mercury concentrations for fish as eaten were calculated by dividing initial concentration by the correction factor. No correction factor was applied for canned tuna, since the mercury measurements were made after cooking.

Biomarker Calculations: Mercury in Blood and Hair

Diet-Blood Relationship

While many studies have attempted to relate dietary methylmercury exposure to blood mercury levels, in most cases the correlation is very poor, with r values of 0.3 or less (reviewed in WHO 1990).  This lack of correlation may be attributed in large part to the failure of short-term measurements of mercury exposure to gauge long-term dietary exposure (Sherlock & Quinn 1988).  The study by Sherlock et al. (1984), in which 20 male volunteers consumed controlled fish diets with known methylmercury concentrations over a 100-day exposure period, was selected for use in this assessment.  Mercury blood values monitored for the duration of the study were used to project equilibrium values for a chronic diet-blood relationship.  The mean body weight for the subjects was 71 kg, with a range of 52 to 102 kg.  The relationship between dietary exposure and mercury blood level appeared to be linear with respect to dose.  Although the ratio of mercury blood level to dietary exposure was inversely related to body weight, it was not directly proportional to body weight.  Therefore, Sherlock et al., (1984) suggested using a body weight (BW) dose conversion factor of BW.1/3   We  have determined that a conversion factor of BW0.44 will result in corrected values that have no correlation with body weight (i.e. r=0; see Figure AH-4) . 

Sherlock et al. (1984) extrapolated steady-state blood levels from two other parameters (a and b).  The extrapolated steady-state levels reported in the paper were not corrected for body weight.  Therefore, the values for each of the 20 subjects were recalculated using BW0.44 to normalize all values to a BW of 70 kg.  In order to characterize the measurement error for each subject, 40 bootstrap data sets were generated from the standard deviations reported for each parameter estimate.  Each bootstrap set was then fit by 10 different frequency distributions using least squares regression.  Three weighted models were retained per bootstrap, which were assigned probabilities on the basis of goodness-of fit and number of parameters (Carrington 1996).  The resulting 120 models were then employed as a probability tree to characterize uncertainty from measurement error and model selection.  When used in a simulation, the contribution of body weight was calculated by applying BW0.44 to the weight of each subject in the food consumption survey.

Figure AA-4: Influence of Body Weight on Blood/Diet Ratio

[image: image9.emf]
Exposure to Other Sources of Methylmercury 

Since the present model is intended to represent methylmercury exposure from fish, background mercury blood levels were added to the model to acknowledge the possibility of minor exposures from sources other than fish. This range reflected the levels at the low end of the NHANES 30-day fish survey (CDC 2003).  Virtually everyone in the NHANES survey had a blood mercury level above zero, yet 10-20 percent of the NHANES survey population reported no fish consumption, suggesting that there are contributions to blood mercury levels from other sources (e.g., dental amalgams) other than fish.  To model the population distribution for background blood methylmercury (i.e., methylmercury from sources other than fish), a normal distribution with an uncertain range of 0.05 to 0.1 ppb for the mean and a standard deviation of 0.02 ppb was used.  The distribution was truncated at zero.

174Blood-Hair Relationship

For the purposes of predicting hair levels from given blood levels, an empirical distribution was constructed from paired observations from the NHANES 1999-2000 survey (CDC 2003).  Since this data is more recent, has a larger sample size, and reflects exposures ranges found in the United States, it was used in favor of other data used in previous versions of the model (Carrington et al., 2002; Carrington et al., 2004).  The data were used as follows:

· In order to avoid potential errors arising from analytical imprecision at low concentration levels, only individuals with total mercury levels above one ppb were used.  

· The 1999-2000 NHANES survey measured both total mercury and inorganic mercury in blood. In order to avoiding confounding contributions from inorganic mercury, only individuals with an inorganic contribution of 25 percent or less of the total were used
.  

· The survey consisted of children aged one-five and adult women.  Since the present model is only concerned with exposure of adults to mercury, only the data from adult women were used.

· An individual with an extremely high hair level (849 ppm) was excluded since this hair level almost certainly did not result from the consumption of fish (see McDowell et al., 2004 for further discussion; see also Section III(a) of this report).
· Methylmercury concentrations for the 526 individuals who met the above criteria were calculated by subtracting the inorganic mercury concentration from the total concentration.

· Hair/Blood ratios were calculated for each individual to develop a population distribution of ratios. This approach presumes that the ratio is independent of dose (i.e. the relationship between blood methylmercury and hair methylmercury is linear.)  The ratio is also presumed to be independent of body weight.  

· Not all of the variation observed may be true variation in the pharmacokinetic relationships between blood and hair (or blood and hair, which hair is used as a marker for).  Of particular concern is the fact that blood measurements fluctuate and are dependent on the time since the last fish meal, and as a result, measurements made at a single time point may not accurately reflect long-term exposure.  Since inorganic mercury was not measured independently in hair, it is also possible that there is some contamination of hair from inorganic mercury – perhaps from environmental sources.  Regardless of the explanation, because actual pharmacokinetic variation is almost certainly narrower that the apparent distribution, the distribution was truncated with uncertainty ranges of 20 percent at both ends.
  

Paired measurements of hair and blood mercury concentrations are plotted in Figure AA-4.  The distribution of ratios is shown in Figure AA-5.  The tails of the distribution of ratios, which were partially (i.e. as an uncertainty) excluded are shown in Figure AA-6 and Figure AA-7.  The figures illustrate that while the majority of the hair/blood ratios fall in a relatively narrow range of 0.1 to 0.3, there is significant departure from this range at both the upper and lower tails.

Figure AA-5:   Hair and Blood Concentrations in Women of Childbearing Age in the U.S.  (from NHANES)
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Figure AA-6:   Hair/Blood Ratios in Women of Childbearing Age in the U.S.  (from NHANES)
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Figure AA-7: Hair-Blood Ratios, the Lower Tail of the Distribution (from NHANES)
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Figure AA-8: Hair-Blood Ratios, the Upper Tail of the Distribution (from NHANES)

[image: image13.emf]
178 (b) Dose-Response Functions

Methylmercury and Neurological Endpoints

Milestones at Two Years – FDA (Carrington & Bolger 2000
)

The dose-response function used to represent the relationship between maternal exposure to mercury, using hair mercury as a marker for dose, and the age of onset of walking and talking was based on the analysis described in Carrington and Bolger (2000).  This analysis is based on pooled data from the Iraqi poisoning episode in early 1970’s and data obtained from the prospective epidemiology study in the Seychelles.  

One modification was made to the prior analysis. Since the onset of walking and talking in Iraq was recorded in sixth month increments, the reported ages were 0-6 months higher than the actual age of onset.  Since milestones in the Seychelles study were recorded in one month increments, this accounts for some, but not all, of the differences in the baseline age of onset between the two populations.  To correct for this reporting imprecision, three months were subtracted from the reported milestone ages for the data obtained from Iraq.  The data were the reanalyzed as described previously.  Although this correction reduced the importance of the study parameter used to account for differences in the two populations, it had little impact on model fitness the other parameter estimates.       

IQ at Seven Years – Axelrad et al. (2007)

The analysis developed by Axelrad et al (2007) for the U.S. Environmental Protection Agency (EPA) developed separate integrated estimates of IQ for three different prospective epidemiology studies:  New Zealand, Seychelles, and the Faroe Islands which are presented in the following table.  

Table AA-4:   IQ Decrement per ppm of Maternal Hair Mercury in Axelrad (2007) Analysis)

	Study 
	Linear Slope1
	Pop. Size2
	Notes

	New Zealand 
	-0.50 ± .027
	237
	Reported in Table III of Crump (1998); outlier child omitted; rescaled to study population variance

	Seychelles
	-0.17  ± 0.13
	643
	Reported in Table 2 of Myers (2003); rescaled to study population variance

	Faroe Islands 
	-0.124 ± .057
	917
	Reported in Axelrad et al (2007), based on structural equation modeling of three IQ subtests by Budtz-Jørgensen et al. (2005).


1  ± .Standard Error of the Mean
2 –Population size reflects final study group size used to for the dose-response evaluation.

Axelrad et al. (2007) used a Bayesian analysis to generate an estimate of a single slope of -0.153 and
 confidence intervals based on the standard error of the mean that ranged from 179-0.047 to -0.259.  That estimate is employed in our analysis as a normal distribution, per  Axelrad, with a mean of -0.153 and standard deviation of 0.064.

IQ at Seven Years – Harvard Center for Risk Analysis (HCRA):  Cohen et al. (2005b
) 

Cohen et al. (2005b) conducted an analysis that is very similar to that of Axelrad et al. (2007).  However, there are two noteworthy differences.  First, the uncertainty analysis was based on a limited number of alternative assumptions.  Although it was based on the same three epidemiology studies, it did not generate separate IQ estimates for each study.  It was noted that much lower estimates were obtained from the Seychelles than from the other two studies.  It is also not clear whether the confidence ranges are statistical (i.e. fifth and 95th percentiles) or encompass the entire range of IQ estimates.  Second, the analysis developed linear coefficients from the Faroe Islands study using the low end of the log(dose)-linear slope reported in the study.  This range was chosen because it most closely matches exposures in the United States.  The results using this analysis yielded a central estimate of -0.7 IQ points per ppm in maternal hair.  The confidence range for this estimate was 0 to -1.5 IQ points per ppm in hair.  However, because the NAS committee deemed the log(dose
) transform used in the Faroe study to be “biologically implausible” (NRC, 2000), Cohen et al. (2005b) also calculated from the first and third quartiles, which yielded an estimate of -0.2 IQ points per ppm in hair – which is much closer to the Axelrad et al. (2007) estimate derived from the entire range. 

As pointed out in the National Academy of Sciences methylmercury report (NAS, 2000), the log(dose)-linear and linear models provide a similar description of at least some of the data from the Faroe Islands study.  However, the models diverge greatly at doses both below and above the ranges encountered in the study.  In addition to the more esoteric and theoretical criticisms of the log(dose) regression, there are empirical grounds for discounting the log(dose) transform from other data in the literature and from common experience.  First, the log(dose) transformation implausibly predicts that the size of the effect increases as the dose decreases.  In fact, the predicted increase in IQ approaches infinity as the dose approaches zero.  If this were even approximately true there would be huge differences in the IQ of populations who do not consume fish.  Second, the log(dose) transformation predicts that there is relatively little additional effect on IQ at dose higher that those encountered in the Faroe Islands study.  This prediction is inconsistent with the results from Iraq and Minamata where clinical effects that were much more severe than those modeled in the FI study occurred at higher levels of exposure.  The log(dose) scale yields an estimated decrease of about seven IQ points per 10-fold increase in mercury level.  Since the levels in various tissues were 10-100 times higher in Iraq and Minamata than in the Faroe Islands, the log linear model predicts relatively modest further effects corresponding to seven-14 IQ points at the higher dose levels (i.e. less than one standard deviation).  However, two children in Iraq were unable to walk or talk at five years of age.  Since the standard deviation for these milestones is roughly two months, this represents a developmental delay of about 18 standard deviations, or about 270 points on an IQ scale. Many other children in the Iraq study also 180displayed overt neurological symptoms that are not predicted by the log linear model (see Figure AA-10).  On the other hand, the observations from Iraq are consistent with a linear model (Carrington & Bolger, 2000, and see above) that is close to the slope noted in the secondary analysis from Cohen et al. (2005b). Given its implausibility, the log(dose) transformed doses does not merit serious consideration as a mathematical tool for drawing conclusions from the Faroe Islands study. The secondary analysis based on the range of the Faroe Islands data is more reliable. 

Finally, the Cohen et al. (2005b) analysis did not yield a formal quantitative representation of uncertainty.  They did present a plausible range of values that was based on various combinations of scores that were grouped by the similarity of the individual measures (e.g. cognitive, motor, language) or the study in the test was conducted (i.e. New Zealand  Seychelles, or Faroe Islands).  The uncertainty ranges in our simulation models employ a probability tree comprised of the individual measures using the weights assigned in the original paper.  Also this approach yields a wider confidence interval than the plausible range in the original report, the average is identical. 

Bayley Scales at 12 months – Poland Study (Jedrychowski et al., 2005
)

A small study of 233 infants in Krakow, Poland conducted by Jedrychowski et al. (2005) recorded the concentration of mercury in maternal and cord blood and subsequently examined the infants at 12 months of age.  The range of mercury exposures was relatively narrow and lower than either the Seychelles or the Faroe Islands.  Two test domains were reported – the Bayley Cognitive and the Bayley Psychomotor.  After obtaining the raw data from the authors, the relationship between both biomarkers and both test scores was examined by linear regression.  It may be observed from Figure AA-8 and Figure AA-9 that the regression slopes are relatively flat relative to the overall variation in the scores.  Nonetheless, there is a small negative slope for three of the four regression results which are similar in magnitude (see Table AA-4).

Figure AA-8:   Regression Analysis for Poland Study – Maternal Blood Hg

[image: image14.emf]
Figure AA-9: Regression Analysis for Poland Study – Cord Blood Hg
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183Table AA-5:  Linear Regression Analysis for Poland Study

	Hg Biomarker
	Bayley

Test Score
	Regression

Slope
	Test

SD
	Z

slope
	Z Slope

Hair Equivalent1

	Maternal Blood
	Cognitive
	0.1
	10.3
	0.01
	0.05

	Maternal Blood
	Psychomotor
	-0.9
	11.0
	-0.08
	-0.37

	Cord Blood
	Cognitive
	-0.7
	9.8
	-0.07
	-0.22

	Cord Blood
	Psychomotor
	-1.1
	11.0
	-0.10
	-0.30


1-Conversion factors of 5 and 3.3 were used to convert maternal and chord blood concentrations to hair equivalents, respectively.

Comparison of Neurodevelopmental Dose-Response Functions

Quantitatively, the dose-response functions developed from Iraq, New Zealand, Seychelles, and the Faroe Islands can be grouped into three categories (see Figure AA-10 and Figure AA-11):

1. The dose-response functions developed from developmental milestone data from the Iraqi poisoning episode, the IQ functions derived from the Faroe Islands using a linear dose-response model, and the Myers et al. (2003) slope for IQ in the Seychelles are all similar at both high and low doses.  Since the Iraqi estimates are anchored on high dose data, only this group of dose-response functions is  consistent to what was observed with the Iraqi study where there are data to anchor the high dose estimates
.

2. The two estimates derived from New Zealand and the linear slope derived from the lower quartile of the log-dose transformation of the Faroe Islands study by Cohen et al. (2005b) yield slopes that are much higher than those in the first group.  These slopes are not consistent with Iraq.  The Faroe Islands slope is demonstrably different because it is derived from a supralinear dose-response function.  However, the New Zealand study does seem to indicate a higher neurodevelopmental effect relative to normal variation than would be expected from the Iraqi epidemic.  Although the slope derived from the Poland study might also be placed in the “high” category, it is not so much higher than Iraq that it is necessarily unrealistic
. 

3. The slope for IQ derived by Cohen et al. (2005b) from the Seychelles study is slightly positive (i.e. the net decrease is negative).  When extrapolated to high doses, this is also clearly inconsistent with the epidemics in Iraq and Japan.  This discrepancy can be explained without resorting to uncontrolled variables.  First, a sublinear dose-response model is plausible.  Second, the fact that the methylmercury exposure in the Seychelles is almost entirely from fish may provide a beneficial effect of fish consumption that equals or exceeds the negative effect of methylmercury
.

The bases of the confidence intervals for the three dose-response functions considered in this analysis are different
.  These differences reflect the scientific rationale behind the derivation of the dose-response functions from their associated data.  Although these 184differences have relatively little effect on the central estimates, they do affect the width and shape of the confidence intervals.  In particular, some dose-response functions reflect statistical notions of probability (i.e., the uncertainty is related to an underlying frequency), while some do not.  Uncertainties based on notions of frequency can be represented by continuous statistical distributions.  The other sources of uncertainty may be represented with probability trees, where the sum of the probabilities of each model, study, or measure is one (Hacking, 1976; Rescher, 1993; Evans et al., 1994).  The sources of uncertainty for each dose-response function considered are summarized in Table AA-6.  In spite of the differences in approach, the confidence intervals for the neurobehavioral dose-response functions have a breadth that is quite comparable (see Figure AA-12).

Figure AA-10: Developmental Effects of Methylmercury: High Doses on a Log Scale

[image: image16.emf]
The values plotted are the median estimates of the uncertainty distributions.  The dose-response functions are listed in the legend in the order in which they appear on the graph, from left to right at the high-dose end of each function
.

185Figure AA-11: Developmental Effects of Methylmercury: Low Doses on a Linear Scale

[image: image17.emf]
The values plotted are the median estimates of the uncertainty distributions.  The dose-response functions are listed in the legend in the order in which they appear on the graph, from top to bottom at the high-dose end of each function.  The functions labeled from Iraq also include data from the Seychelles. 
Table AA-6:   Sources of Uncertainty Represented in the Neurobehavioral Dose-Response Functions

	Dose-Response Analysis 
	Sampling

Error1
	Model

Uncertainty2
	Study

Uncertainty3
	Measure Uncertainty4

	Carrington & Bolger (2000)
	No
	Yes
	Yes
	No

	Axelrad et al.(2007)
	Yes
	No
	Yes
	No

	Cohen et al. (2005b)
	No
	No
	Yes
	Yes


1.  Sampling Error.  This statistical notion of probability arises when generalizations about a large population are drawn from a smaller population.  The confidence intervals reflect the notion that the small sample is randomly drawn from the entire population and that the subset may not be entirely representative of the whole population.

2. Model Uncertainties.  Different mathematical equations can often be used to draw a generalization from data.  As long as the models are in roughly the same range as the data, then it may make little difference which mathematical form is used since all will be constrained by the data.  On the other hand, when extrapolating from high to low doses, the models are often not sufficiently constrained by data at low doses to make model selection an irrelevant issue.  Since it is generally not possible to establish that one and only one dose-response model is correct, potential model bias may be eliminated by including model uncertainty in the analysis by using more than one model.  

3. Study Uncertainties.  It is not uncommon for different studies that are concerned with causal relationships between the same variables to yield different results.  This can generally be attributed to the presence of one or more uncontrolled variables in at least one of the studies.  Not surprisingly, variations in apparent causal relationships are especially common in epidemiology studies where there are many uncontrolled variables.  While epidemiologists try to address this issue by modeling variables that are known to influence an outcome, this introduces additional model uncertainties (i.e. the relationships of the other variables may not be modeled correctly), and there always may be additional factors that are unaccounted for.  The Axelrad estimate presumes that an underlying mean value common to all the studies is the true value, and therefore the confidence interval does not reflect differences between studies.  Although Cohen et al. (2005b) produced an analysis that averaged the results from all three studies into a single estimate, the confidence intervals reflect the differences in the studies.
4. Measure Uncertainties.  The relative public health significance of different measures can also be a source of significant uncertainty.  This is particularly apt to occur in an economic or cost-benefit analysis where an abstract concept of value is used.  In addition, there may be uncertainties in how different measures are related.  This is especially true for “IQ” measures which are generally a collection of different measures that are partially related.   This issue can be treated as a statistical problem by modeling the extent to which two measures are correlated.  However, there can still be additional uncertainty over whether or not two scales are measuring the same attribute, even if they are highly correlated.

Figure AA-12: Developmental Effects of Methylmercury: Comparison of Confidence Intervals
The upper and lower bounds are 95 percent percentile confidence intervals
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Fish Consumption and Neurodevelopmental Endpoints

Daniels et al. (2004)

Daniels et al. (2004) studied the relationship between maternal fish intake during pregnancy and cognitive development from questionnaires posed to mothers of 7,421 English children born in 1991-1992. In a subset of that population, they also studied the relationship between pre-natal exposure to methylmercury and cognitive development.  Finally, they studied the relationship between postnatal fish intake by the children themselves and their cognitive development. Each individual child’s cognitive development was evaluated using adaptations of the MacArthur Communicative Development Inventory at 15 months of age and the Denver Developmental Screening Test at 18 months. 

Their study measured and categorized the maternal fish intake (mum) of oily and white fish intake as follows: rarely or never, once per two weeks, one to three times per week, and four or more times per week.  The estimated average fish intake per meal was 4.5 ounces or 127.6 grams.  The child’s fish intake was monitored at ages six months (child6) and 12 (child12) months by simply noting whether or not at least one fish meal was consumed per week.  The study also recorded the age of the child in weeks (age) at the completion of the MacArthur Communicative Development Inventory (MCDI) and the Denver Developmental Screening Test (DDST).
We analyzed the data from this study using multivariate linear regression analysis.  Each of the six outcomes (i.e., three different MCDI scores and three different DDST scores) was analyzed four different ways:

Each of the six outcomes was analyzed four different ways:

1. Maternal fish intake; age of child at testing; children’s fish intake at six months, mercury concentration in cord tissue; 

2. Maternal fish intake; age of child at testing; children’s fish intake at 12 months; mercury concentration in cord tissue;

3. Maternal fish intake; age of child at testing; children’s fish intake at six months;

4. Maternal fish intake; age of child at testing; children’s fish intake at 12 months;
Results are shown in Tables AA-7-10. Children’s fish intake was a discrete (zero or one) variable and was used as such in the regression analysis.  However, for the purpose of deriving a slope for the relationship between the child’s intake and test outcome, we employed an estimated average fish intake per meal of two ounces, which yields an average daily intake of eight grams/day.  

Table AA-7: Linear regression slope estimates with four variables and six outcome measures; 6 month fish intake (Daniels et al., 2004)
	
	Mum

 (g/d)
	Child6

 (g/d)
	Cord Mercury

(ppm)
	Age

(weeks)
	Subjects

(n)

	MCDI Comprehension
	0.030
	0.98
	3.15
	2.38
	1007

	MCDI Production
	-0.032
	0.39
	-1.92
	0.85
	1007

	MCDI Social activity at 15m
	0.0058
	0.16
	0.71
	0.32
	1053

	Denver total development score (18m)
	0.0055
	0.18
	0.23
	0.39
	1009

	Denver communication score (18m)
	0.0009
	0.06
	0.61
	0.19
	1013

	Denver social achievement score (18m)
	-0.0002
	0.05
	-0.90
	0.13
	1013


Table AA-8:  Linear regression slope estimates with four variables and six outcome measures; 12 month fish intake (Daniels et al., 2004)
	
	Mum

 (g/d)
	Child6

 (g/d)
	Cord Mercury

(ppm)
	Age

(weeks)
	Subjects

(n)

	MCDI Comprehension
	0.00
	0.00
	-0.002
	0.99
	1007

	MCDI Production
	-0.02
	-0.04
	-2.2
	0.85
	1007

	MCDI Social activity at 15m
	0.007
	0.06
	0.44
	0.33
	1053

	Denver total development score (18m)
	0.0085
	-0.0008
	-0.08
	0.39
	1009

	Denver communication score (18m)
	0.0021
	-0.012
	0.50
	0.20
	1013

	Denver social achievement score (18m)
	0.0005
	0.006
	-0.99
	0.14
	1013


Table AA-9:  Linear regression slope estimates with three variables and six outcome measures; 6 month fish intake (Daniels et al., 2004)
	
	Mum

 (g/d)
	Child6

 (g/d)
	Age

(weeks)
	Subjects

(n)

	MCDI Comprehension
	0.037
	0.66
	1.94
	7136

	MCDI Production
	0.0023
	0.26
	0.79
	7136

	MCDI Social activity at 15m
	0.0113
	0.099
	0.34
	7466

	Denver total development score (18m)
	0.0042
	0.093
	0.38
	7204

	Denver communication score (18m)
	0.0024
	0.032
	0.15
	7223

	Denver social achievement score (18m)
	0.0004
	0.028
	0.10
	7215


Table AA-10:  Linear regression slope estimates with three variables and six outcome measures; 12 month fish intake (Daniels et al., 2004)
	
	Mum

 (score per g/d)
	Child12

 (score per g/d)
	Age

(weeks)
	Number of Subjects

	MCDI Comprehension
	0.035
	0.71
	1.98
	7136

	MCDI Production
	0.0056
	0.057
	0.81
	7136

	MCDI Social activity at 15m
	0.011
	0.10
	0.34
	7466

	Denver total development score (18m)
	0.0042
	0.084
	0.38
	7204

	Denver communication score (18m)
	0.0026
	0.020
	0.146
	7223

	Denver social achievement score (18m)
	0.00022
	0.031
	0.10
	7215


In order to evaluate the relative importance of each variable, the relative contribution of each variable on each outcome measure was gauged calculating a “maximum Z-score,” which was calculated as follows:

Maximum Z = Variable Range * Slope / Test Score SD

The extent to which these values (Table AA-10 and Table AA-12) deviate from zero (i.e. positive or negative) indicate the relative strength of the relationship between the independent and dependent variables.  The following general conclusions may be drawn from Tables AA-7 through AA-12:  

· Since it has a much bigger contribution to the variation in outcome, age of testing is clearly an important variable for all outcomes (see Table AA-7 through AA-10.  The slopes are uniformly positive and the magnitudes of the slopes are not greatly affected by which of the other variables are included.

· With the smaller data set that included mercury (Table AA-7 and Table AA-8), there are no clear trends for cord mercury, maternal fish intake, or children’s fish intake.  Not only are both positive and negative slopes attained from the regression analyses, somewhat discrepant results are obtained when child’s fish consumption at 12 months is used instead of a 6 months.

· With the full data set (without mercury; Table AA-9 and Table AA-11), there a consistent, albeit small, positive relationship between fish intake by both mother and child and test outcomes.  On a per gram basis (i.e. if one meal is assumed to correspond to eight grams per day), the slopes are considerably higher for direct consumption by the children.  More of the total variation is accounted for by children’s intake as well (Table AA-10 and Table AA-12).

Table AA-11:   Maximum Z-Score Contribution from Maternal Fish Consumption, Toddler (12 months) Fish Consumption, Cord Mercury, and Age on Development Measures (Daniels et al., 2004)

	
	Maximum Z-score
	Standard Deviation

	
	Mum
	Child12
	Trace Hg
	Age
	

	MCDI Verbal Comprehension
	0.00
	0.00
	0.00
	0.26
	30.7

	MCDI Production
	-0.10
	-0.02
	-0.08
	0.39
	17.5

	MCDI Social activity at 15m
	0.10
	0.09
	0.05
	1.20
	5.4

	Denver total development score (18m)
	0.11
	0.00
	-0.01
	0.56
	5.6

	Denver communication score (18m)
	0.06
	-0.04
	0.12
	0.64
	2.4

	Denver social achievement score (18m)
	0.02
	0.02
	-0.28
	0.49
	2.2


Table AA-12:  Maximum Z-Score Contribution from Maternal Consumption, Children (12 month) Consumption and Age on Development Measures (Daniels et al., 2004)
	
	Maximum Z Score 
	Standard Deviation

	
	Mum
	Child12 
	Age
	

	MCDI Verbal Comprehension
	0.08
	0.18
	0.57
	31.5

	MCDI Production
	0.02
	0.03
	0.43
	16.9

	MCDI Social activity at 15m
	0.15
	0.15
	1.61
	5.5

	Denver total development score (18m)
	0.06
	0.12
	0.62
	5.6

	Denver communication score (18m)
	0.08
	0.07
	0.55
	2.4

	Denver social achievement score (18m)
	0.01
	0.12
	0.42
	2.2


In order to evaluate potential net benefits to infants from mothers eating fish, Z-score slope from MCDI Verbal Comprehension and DDST Communication Scores were used.  The results from the various regression analyses are given in Table AA-12.  It may be observed that the slopes derived from the full data set all fall in a range of 0.0010 to 0.0012.  The slopes derived from the partial data set that included cord mercury as a variable are less consistent. In particular, in the analyses where the cord slope mercury was positive (i.e. better scores were obtained from mothers with higher mercury levels) the slope for maternal fish consumption was diminished.  This result may be explained by the fact that blood and fish consumption are highly correlated.  

As a summary of these results, a triangular distribution with a minimum of 0, and most likely value of 0.001 and a maximum value of 0.0012 was used in our simulation model intended to illustrate combined effects.  An illustration of the combined dose-response with methylmercury concentrations fixed at the market average is shown in Figure AA-13.                                                  

192 Table AA-13:  Summary of Z-Score Slopes from Verbal Test Scores (Daniels et al., 2004)
	Analysis
	MCDI Comprehension
	Denver Communication

	Partial Data Set, with Cord Hg, Children at 6 months
	0.0010
	0.0003

	Full Data Set, without Cord Hg, Children at 6 months
	0.0012
	0.0010

	Partial Data Set, with Cord Hg, Children at 12 months
	0.0000
	0.0009

	Full Data Set, without Cord Hg, Children at 12 months
	0.0011


	0.0011




  All units are for ∆Z per g of fish consumed per day. 

Figure AA-13:  Combined Dose-Response For Methylmercury and Fish (Daniels et al., 2004
)
[image: image19.emf]
A combined dose-response function for fish and mercury on neurobehavioral development that combines the methylmercury-delayed talking dose-response function and the Daniels et al. (2004) fish-verbal test score dose-response function.  For this graph, it was assumed that all fish contained a market average concentration of 0.086 ppm.  Only the median response is displayed.  Although there is no variability represented in the fish dose-response, the dose-response function for mercury includes population variability from the biomarker relationships and the hair-response model.  Although the results displayed in the graph are entirely positive (i.e. increased fish consumption results in increased neurobehavioral performance), at the low end of the population distribution there is a small negative component.

Fish Consumption and Cardiovascular Disease

Cardiovascular Death – He et al. (2004)

The main result of the meta-analysis produced by He et al. (2004a) was an estimate of the relative risk associated with each of four different rates of fish consumption.  This analysis was based on studies 1-13 in Table AA-1.  However, they also reported the results of a regression analysis of the pooled data which yielded a slope of seven percent per 20 grams of fish per day with a confidence interval (CI) of one to 13 percent.  The confidence intervals were used to calculate the standard error of the mean (SEM) of 3.65 percent.  This translates to a linear slope with a normal distribution of 0.35 percent per g-day and an SEM of 0.18 percent.

Stroke – Bouzan et al. (2005)

Bouzan et al. (2005) conducted a regression analysis with data from multiple epidemiological studies that related the frequency of fish consumption to stroke.  They included data from studies numbered two, three, five and six in Table AA-6 and an additional case control study (Caicoya 2002).  Their regression analysis generated both linear slope and an intercept.  Bouzan et al. (2005) interpreted the intercept as an indicator of the benefit or risk associated with any fish consumption.  Since the idea that a nanogram of fish would have a substantial health impact is implausible, the Bouzan model was modified to attribute the low dose effect to the first 50 grams of fish per week, which roughly corresponds to the low end of the range of exposures in the analysis.  Thus, the reduced risk of 12 percent (CI: - one percent, 25 percent) attributed to the intercept was translated to a slope of 1.68 percent per g/day, an SEM of 1.1 percent, and a maximum response at 7.1 grams/day.  For higher doses, and additional reduction was based on the slope estimates provided by Bouzan et al (2006); the reported values of two percent per 100 grams/week (CI: -2.7 percent, 6.6 percent) were translated to a normal distribution with a mean of 0.14 percent per grams/day with an SEM of 0.2 percent.  
Cardiovascular Death and Stroke – FDA, 2007

Two meta-analyses conducted by He et al. (2004a,b) were used as a starting point for the development of dose-response function for the relationship of average fish consumption (grams/day) and the population frequency of two endpoints -- cardiovascular death and  stroke.  Although based on the same data, the present analysis differs from the work of He in the following respects:

· Dose-response models were fit to data from individual studies rather than pooled data from all of the studies.  This allowed for analysis of the uncertainty arising from the idea that the studies may be imperfectly analogous to the U.S. population.  The studies were integrated into a common dose-response function with a probability tree.  Since it is not assumed that all the studies are measuring the same underlying population rate (i.e. there is an underlying “true” mean value for the complete set of cohorts), the confidence intervals in our analysis are greater than those of He.   This difference is analogous to using the standard deviation rather than the standard error of the mean to characterize uncertainty.

· Sampling error was represented by binomial sampling from each individual data point instead of assuming a common variance across all studies and dose groups.  Specifically, after generating 300 bootstrap data sets from each study, dose-response functions were estimated for each set by using nonlinear regression and weighted least squares as a goodness-of-fit measure.  The data points were weighted by the number of person-years associated with each observation.  

· The data were fit using a linear model, with a maximum effective dose parameter (Hocky Stick) and two sigmoidal models; a three parameter Michaelis-Menten function (KD, minimum, and maximum) and a Hill function (KD, power, minimum, and maximum).  The inclusion of both maximum and minimum parameters allowed the model to indicate that a subset of the disease occurrences are reduced or increased by fish consumption.  The sigmoidal models were also permitted to have both positive and negative relationships between disease outcome and fish consumption.  Since the Hill function has four parameters, it was only used for studies with at least four dose groups.  More specifically, the following equations were used:

Hockey Stick:  

Dose<MaxDose: Disease Rate = Intercept + Dose * Slope

Dose>=MaxDose: Disease Rate = Intercept + MaxDose * Slope

Michaelis-Menten:  
[image: image20.wmf]
Disease Rate = Min + (Max-Min) * (KD/(Dose+KD))

Hill:

Disease Rate = Min + (Max-Min) * (KDk/(Dosek+KDk))

· The relationship between dose and frequency of outcome was modeled for each study instead of pooling the data from all the studies.  A probability tree was used to integrate the results of each study into a single dose-response function, instead of averaging the results by either pooling the data or using Bayesian Model Averaging (e.g. the techniques used by Axelrad et al. (2007) for methylmercury and IQ).  The probabilities assigned to the studies were weighted by the square root of the sample size. The fundamental difference in this approach is that it is not assumed that there is necessarily a common effect across studies.  Instead, the effect may be different in magnitude between studies, and therefore each study is considered independently as a plausible prediction.  The net effect of this approach is that the confidence intervals associated with the dose-response function are much wider.

· As a means of accounting for known differences among dose groups in each study, adjusted rate estimates were used instead of the relative risks.  These were calculated for each non-referent group by calculating the number of events yielding the published relative risk, using the following equation:

Adjusted Group Events = 
[image: image21.wmf]
The main difference in this approach compared to that of He is that it allows sampling error from the low dose group to be represented instead of being fixed to a value of one.

· One stroke study (Keli et al. (1994) that was included in the He et al. (2004b) meta-analysis was not included in the present analysis because it only contained two groups, which is insufficient for modeling a dose-response relationship.  In addition several studies published after the He meta-analyses that met the original criteria were included:  Folson, et al. (2004), Kakamura et al. (2005), and Iso et al. (2005) were added for CHD, and Nakamura et al. (2005) and Mozaffarian et al. (2005) were added for stroke.

Table AA-14:  Cardiovascular Mortality Studies

	Study
	Pop. Size
	Events
	Average Age at Baseline
	Average Follow Up
	Study Median

Age
	% Male
	 Nationality

	1. Kromhout et al. (1985)
	852
	78
	72.5
	20
	82.5
	100
	Netherlands

	2. Fraser et al. (1992)
	26,473
	260
	52
	6
	55
	38
	USA

	3. Ascherio et al. (1995)
	44,895
	264
	55
	6
	58
	100
	USA

	4. Daviglus et al. (1997)
	1,822
	430
	47.6
	30
	62.6
	100
	USA

	5. Mann et al. (1997) 
	10,802
	64
	34
	13
	40.65
	38
	UK

	6. Albert et al. (1998)
	20,551
	308
	53.2
	11
	58.7
	100
	USA

	7. Oomen et al. (2000) – Finland
	1,088
	242
	57.8
	20
	67.8
	100
	Finland

	8. Oomen  et al. (2000) -  Italy
	1,097
	116
	58.3
	20
	68.3
	100
	Italy

	9. Oomen et al. (2000) – Netherlands
	553
	105
	58.4
	20
	68.4
	100
	Netherlands

	10. Yuan et al. (2001)
	18,244
	187
	54
	12
	60
	100
	China

	11. Hu et al. (2002)
	84,688
	484
	42
	16
	50
	0
	USA

	12. Mozaffarian et al. - (2003)
	7,389
	247
	72.5
	11
	78
	39
	USA

	13. Osler et al. (2003)
	3,910
	247
	47
	9
	51.65
	53
	Denmark

	14. Folsom & Demissie (2004)
	41,836
	922
	62
	14
	69
	0
	USA

	15. Nakamura et al. (2005)
	8,879
	142
	51
	19
	60.5
	44
	Japan

	16. Iso et al. (2006)
	41,578
	62
	49.5
	12
	55.5
	48
	Japan


Table AA-15:  Individual Group Data for Cardiovascular Death

	Cohort
	Person-Years
	Fish Consumption (g/day)
	Adjusted

Relative Risk
	Unadjusted Events
	Adjusted Events

	
	
	Most Likely
	Lower Bound
	Upper Bound
	
	
	

	1
	3,180
	0
	0
	0
	1
	23
	23.0

	1
	5,660
	2
	2
	2
	0.64
	25
	26.2

	1
	4,300
	22
	22
	22
	0.56
	18
	17.4

	1
	2,320
	36
	36
	36
	0.36
	7
	6.0

	1
	1,580
	67
	67
	67
	0.39
	5
	4.5

	2
	80,517
	0
	0
	0
	1
	94
	114.2

	2
	88,007
	5.3
	0.1
	10.5
	1.01
	145
	126.1

	2
	18,725
	20.25
	10.6
	29.9
	0.74
	16
	19.7

	3
	10,975
	0
	0
	0
	1
	16
	16

	3
	17,886
	7
	7
	7
	0.74
	19
	19.3

	3
	66,367
	18
	18
	18
	0.86
	80
	83.2

	3
	91,370
	37
	37
	37
	0.71
	93
	94.6

	3
	33,779
	69
	69
	69
	0.54
	28
	26.6

	3
	21,652
	119
	119
	119
	0.77
	28
	24.3

	4
	4,754
	0
	0
	0
	1
	48
	48.0

	4
	16,681
	9
	1
	17
	0.88
	157
	148.2

	4
	19,350
	26
	18
	34
	0.84
	179
	164.1

	4
	6,368
	54.95
	35
	74.9
	0.62
	46
	39.9

	5
	51,536
	0
	0
	0
	1
	26
	26.0

	5
	31,179
	7
	3.5
	10.5
	1.21
	13
	19.0

	5
	60,951
	20.25
	10.6
	29.9
	1.23
	25
	37.8

	6
	7,715
	1.65
	0
	3.3
	1
	9
	9.0

	6
	15,465
	6.6
	3.4
	9.8
	0.79
	12
	14.3

	6
	79,561
	18.9
	9.9
	27.9
	0.71
	38
	65.9

	6
	123,693
	48.95
	28
	69.9
	0.7
	64
	101.0

	6
	27,343
	84
	70
	98
	0.73
	10
	23.3

	7
	9,520
	9.5
	0
	19
	1
	100
	100.0

	7
	5,260
	29.5
	20
	39
	0.97
	52
	53.6

	7
	6,980
	57.45
	40
	74.9
	1.25
	90
	91.6

	8
	5,480
	0
	0
	0
	1
	32
	32.0

	8
	6,940
	10
	1
	19
	0.94
	37
	38.1

	8
	6,460
	29.5
	20
	39
	0.93
	34
	35.1

	8
	3,260
	57.45
	40
	74.9
	0.67
	13
	12.8

	9
	3,140
	0
	0
	0
	1
	29
	18.3

	9
	3,380
	10
	1
	19
	1
	30
	19.7

	9
	4,540
	29.5
	20
	39
	1.1
	46
	29.2

	10
	36,892
	4.2
	4.2
	4.2
	1
	33
	33.0

	10
	55,115
	10.9
	10.9
	10.9
	0.55
	28
	27.1

	10
	32,499
	17.7
	17.7
	17.7
	0.69
	21
	20.1

	10
	25,767
	25.3
	25.3
	25.3
	0.64
	17
	14.8

	10
	29,194
	46.0
	46.0
	46.0
	0.44
	14
	11.5

	11
	67,537
	1.7
	0
	3.4
	1
	111
	111.0

	11
	337,393
	7
	3.5
	10.5
	0.8
	386
	443.6

	11
	690,479
	20.25
	10.6
	29.9
	0.65
	752
	737.6

	11
	157,711
	52.45
	30
	74.9
	0.72
	182
	186.6

	11
	54,525
	90
	75
	105
	0.55
	76
	49.3

	12
	1,099
	1.8
	0.0
	3.6
	1
	7
	11.1

	12
	1,577
	7.1
	3.6
	10.7
	1.033
	10
	19.6

	12
	166
	17.9
	14.3
	21.4
	1.068
	14
	2.7

	12
	434
	32.1
	25.0
	39.3
	0.722
	11
	5.0

	12
	48
	64.3
	42.9
	85.7
	0.722
	16
	0.7

	12
	2,697
	7.1
	3.6
	10.7
	1
	7
	21.2

	12
	3,870
	14.3
	7.1
	21.4
	1.033
	10
	37.4

	12
	406
	26.8
	17.9
	35.7
	1.068
	14
	5.1

	12
	1,065
	39.3
	28.6
	50.0
	0.722
	11
	9.6

	12
	118
	71.4
	46.4
	96.4
	0.722
	16
	1.3

	12
	2,461
	17.9
	14.3
	21.4
	1
	7
	19.1

	12
	3,531
	26.8
	17.9
	35.7
	1.033
	10
	33.7

	12
	371
	35.7
	28.6
	42.9
	1.068
	14
	4.6

	12
	971
	50.0
	42.9
	57.1
	0.722
	11
	8.6

	12
	108
	80.4
	60.7
	100.0
	0.722
	16
	1.1

	12
	1,879
	32.1
	25.0
	39.3
	1
	7
	10.0

	12
	2,697
	39.3
	28.6
	50.0
	1.033
	10
	17.7

	12
	283
	50.0
	42.9
	57.1
	1.068
	14
	2.4

	12
	742
	60.7
	50.0
	71.4
	0.722
	11
	4.5

	12
	82
	92.9
	71.4
	114.3
	0.722
	16
	0.6

	12
	3,833
	64.3
	42.9
	85.7
	1
	7
	18.2

	12
	5,501
	71.4
	46.4
	96.4
	1.033
	10
	32.1

	12
	578
	80.4
	60.7
	100.0
	1.068
	14
	4.4

	12
	1,513
	92.9
	71.4
	114.3
	0.722
	11
	8.2

	12
	168
	119.6
	89.3
	150.0
	0.722
	16
	1.1

	13
	14,076
	1.7
	0
	3.4
	1
	57
	57.0

	13
	20,825
	7
	3.5
	10.5
	0.81
	70
	68.3

	13
	26,690
	20.25
	10.6
	29.9
	0.92
	100
	99.4

	13
	6,341
	52.45
	30
	74.9
	0.9
	25
	23.1

	14
	50,038
	3.3
	0
	7
	1
	121
	220.0

	14
	77,410
	10.6
	7
	14.3
	1.11
	181
	207.8

	14
	174,852
	17.9
	14.3
	21.4
	0.86
	337
	363.6

	14
	48,325
	28.6
	21.4
	35.7
	0.75
	80
	92.3

	14
	92,341
	60
	35.7
	100
	1.04
	203
	232.2

	15
	4,433
	7
	0
	14.3
	1.47
	7
	5.3

	15
	39,149
	21.4
	14.3
	28.6
	1
	32
	32.0

	15
	50,066
	50
	28.6
	75
	1.07
	39
	43.8

	15
	50,488
	100
	75
	150
	0.91
	37
	37.6

	15
	9,738
	200
	150
	300
	0.91
	9
	7.2

	16
	102,044
	23
	23
	23
	1
	11
	11.0

	16
	97,984
	51
	51
	51
	0.4
	5
	4.2

	16
	93,879
	78
	78
	78
	1.38
	16
	14.0

	16
	91,229
	114
	114
	114
	1.05
	14
	10.3

	16
	92,189
	180
	180
	180
	1.08
	16
	10.7


The cohort numbers refer to the studies listed in Table AA-1.

Figure AA-14:  CHD Mortality Dose-Response Models for Individual Studies
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The figure numbers refer to the studies listed in Table AA-14.  The dose-response functions from each study was normalized to the rates for U.S. males aged 45 and above.
Figure AA-15:  Dose-response Function for Fish Consumption and CHD Death in Men Aged 45+
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Table AA-16:  Stroke Studies 

	Study 
	Pop. Size
	Events
	Average Age at Baseline
	Average Follow Up
	Study Median
	% Male
	 Location

	1. Morris et al. (1995)
	21,185
	281
	52
	4
	54
	100
	USA

	2. Orencia et al. (1006)
	1,847
	76
	47.6
	30
	62.6
	100
	USA

	3. Gillum (1996)
	2,059
	262
	62
	12
	68
	100
	USA

	4. Gillum (1996)
	2,351
	252
	62
	12
	68
	0
	USA

	5. Yuan et al. (2001)
	18,244
	460
	54
	12
	60
	100
	USA

	6. Iso et al. (2001)
	79,839
	574
	34
	14
	41
	0
	USA

	7. He et al. (2002)
	43,671
	608
	53.4
	12
	59.4
	100
	USA

	8. Sauveget et al. (2003)
	40,349
	1462
	56
	16
	64
	100
	Japan

	9. Mozaffarian et al. (2005)
	8,879
	288
	58.3
	12
	64.3
	44
	Japan

	10. Nakamura et al. (2005)
	4,775
	626
	58.3
	12
	64.3
	42
	USA


Table AA-17: Individual Group Data for Stroke.   Cohort numbers are the studies in Table AA-16.

	Cohort
	Person-Years
	Fish Consumption (g/day)
	Adjusted

Relative Risk
	Unadjusted Events
	Adjusted Events

	
	
	Most Likely
	Lower Bound
	Upper Bound
	
	
	

	1
	22,321
	7
	0
	14
	1
	46
	46

	1
	40,525
	22
	14
	29
	0.9
	65
	75

	1
	37,115
	67
	29
	100
	0.8
	55
	61

	1
	5,292
	150
	100
	200
	0.6
	7
	9.0

	2
	4,721
	0
	0
	0
	1
	7
	7.0

	2
	16,467
	8
	1
	17
	1
	25
	24.4

	2
	18,980
	26
	18
	34
	0.96
	29
	27.0

	2
	6,258
	52
	35
	70
	1.34
	15
	12.4

	3
	2,832
	0
	0
	0
	1.00
	
	25.7

	3
	9,516
	7
	0
	14
	1.27
	
	109.9

	3
	8,940
	22
	14
	29
	1.23
	
	100.0

	3
	3,420
	67
	29
	100
	0.85
	
	26.4

	4
	2,988
	0
	0
	0
	1
	
	34.8

	4
	10,968
	7
	0
	14
	0.78
	
	99.7

	4
	10,164
	22
	14
	29
	0.77
	
	91.2

	4
	4.092
	67
	29
	100
	0.55
	
	26.2

	5
	36,892
	4.2
	4.2
	4.2
	1
	101
	101.0

	5
	55,115
	10.9
	10.9
	10.9
	0.93
	141
	140.3

	5
	32,499
	17.7
	17.7
	17.7
	0.79
	70
	70.3

	5
	25,767
	25.3
	25.3
	25.3
	1.01
	71
	71.2

	5
	29,194
	46.0
	46.0
	46.0
	1.11
	97
	88.7

	6
	53,008
	1.7
	0
	3.4
	1
	37
	37.0

	6
	285,973
	7
	3.5
	10.5
	0.93
	169
	185.6

	6
	576,099
	20.25
	10.6
	29.9
	0.78
	291
	313.7

	6
	147,026
	52.45
	30
	74.9
	0.73
	69
	74.9

	6
	24,155
	90
	75
	105
	0.48
	8
	8.1

	7
	22,883
	1.7
	0
	3.4
	1
	40
	40.0

	7
	44,629
	7
	3.5
	10.5
	0.73
	57
	56.9

	7
	214,851
	20.25
	10.6
	29.9
	0.74
	282
	277.9

	7
	143,507
	52.45
	30
	74.9
	0.67
	174
	168.1

	7
	36,154
	90
	75
	105
	0.83
	55
	52.5

	8
	167,670
	17
	11
	18
	1
	552
	552.0

	8
	204,704
	30
	25
	35
	0.85
	471
	572.8

	8
	194,528
	48
	46
	65
	0.85
	439
	544.4

	9
	6,024
	8
	2
	10
	1
	78
	78.0

	9
	13,476
	13
	11
	15
	0.88
	154
	153.6

	9
	26,712
	42
	35
	50
	0.74
	284
	255.9

	9
	11,124
	95
	80
	110
	0.77
	110
	110.9

	10
	4,433
	7
	0
	14.3
	1.34
	14
	10.2

	
	
	
	
	
	
	
	

	10
	39,149
	21.4
	14.3
	28.6
	1
	67
	67.0

	10
	50,066
	50
	28.6
	75
	1.09
	80
	93.4

	10
	50,488
	100
	75
	150
	1.2
	101
	103.7

	10
	9,738
	200
	150
	300
	1.26
	26
	21.0


Figure AA-16:  Stroke Mortality Dose-Response Models for Individual Cohorts 
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The figure numbers refer to the studies listed in Table AA-16.  The dose-response functions from each study was normalized to the rates for U.S. females aged 45 and above.

Figure AA-17:  Dose-response Function for Fish Consumption and Stroke Death in Women Aged 45+
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Cardiovascular Disease Rates in the United States

All of the cardiovascular dose-response models used predict relative rates of disease as a function of fish consumption.   In order to predict the number of cases, baseline rates of disease were calculated and all the estimates were normalized to U.S. population rate using the rate from each study irrespective of fish consumption.  For CHD Death rate, data from National Center for Health Statistics (NCHS) (NCHS 2006) and the U.S. Census Bureau (2001) were used to calculate age-specific rates for each population group which were then adjusted for sex differences using data from Ho et al. (2004).  Since the latter article did not contain rate information for persons under the age of 45, the relative rates for men and women in the youngest age group (45-50) were used to correct for sex differences in the 15-44 subpopulations of both sexes.  For Stroke, Age and sex specific population rates were calculated from data compiled by NCHS (NCHS 2006).   The resulting rate estimates are presented in Table AA-18.

Table AA-18:  Cardiovascular Disease Rates for each Subpopulation in the United States

	Sex
	Age
	CHD Death Rate
	Stroke Death Rate

	Male
	45+
	5.1E-03
	1.5E-03

	Male
	15-44
	1.3E-04
	2.5E-05

	Female
	45+
	3.8E-03
	1.3E-03

	Female
	15-44
	1.4E-05
	2.4E-05


(c)  Simulation Models

Exposure Simulations

The exposure assessment was constructed using data from the 3,524 selected individuals in the CSFII survey dataset.  This strategy maintained the information about individual characteristics associated with each estimate of mercury exposure.  It also retained the limited information present in the three-day survey about long-term consumption patterns.

The simulation model, constructed in Microsoft Excel, consisted of three iterative loops with the following logical structure: 

Begin Uncertainty Loop


Randomly Select Distributions for Fish methylmercury Concentration


Randomly Select percent Consumers (85-95 percent - from NHANES)


Randomly Select Annual Serving Variability Parameter


Begin Population Loop (3,525 Individuals in CSFII)



Calculate Average Serving Size for Individual (from CSFII)



Calculate three-Day Servings (from CSFII)



Calculate Annual Servings (using model)



Randomly Select Fish Consumption Individual Variability 



Begin Annual Exposure Simulation (# of Annual Servings)




Randomly Select Survey Source (CSFII vs. Market Share)




If Market Share, Randomly Select Species




Randomly Select methylmercury Concentration for Identified Species




Correct for Water Loss During Cooking




Calculate methylmercury Intake




Sum Total Fish Intake for Individual




Sum Total Methylmercury Intake for Individual



Next Serving



Calculate and Record Average Daily Methylmercury and Fish Intake



Record Demographic Characteristics for Individual (from CSFII)


Next Individual

Next Plausible Set of Assumptions

The inferential structure of the exposure model is also illustrated in Figure AA-18.
The Uncertainty loop consisted of 200 iterations and contained the uncertainty distributions developed for methylmercury concentration in the various fish groups and projection of the short-term consumer survey to long-term fish consumption patterns were re-sampled within this loop.  The random numbers used for each iteration were generated prior to running the simulation.  This allows post-hoc investigation of individual results and allowed the LTSTCR to be carried forward to the biomarker simulation.  Each iteration of the second Variability loop consisted of an individual from the CSFII survey who consumed one or more servings of fish during the three-day survey.  The number of servings and average serving size for each individual are calculated at this step.  

The annual number of servings was then used to set the number of iterations for the third loop, in which in each iteration simulated a fish consumption event.  First, a random number was used to select the information source (CSFII or per capita) to be used for the serving.  Specifically, if the random number was less than the percentile ranging from 0.2 to 0.8 selected at the outset of the uncertainty iterations, a randomly selected CSFII record for the individual was used to identify the species and the serving size.  Otherwise, a species was randomly selected from a histogram distribution based on per capita disappearance rate, and the average serving size for the individual was used.  Second, the mercury concentration for the species consumed by randomly sampling from either an empirical distribution (shark, swordfish, and tuna) or a modeled distribution using a mean value from NMFS data and a distribution selected at the outset of the uncertainty iteration.  Methylmercury exposure from the serving was then calculated by multiplying serving size by concentration.  After completion of the specified number of servings, total methylmercury exposure for the year was summed from all the servings, and then divided by 366 to yield an average daily methylmercury.  This number was recorded along with the age, sex, body weight, and demographic weight for the individual. After completion of the middle and outer loops, a two-dimensional array was produced with dimensions of 200 uncertainty iterations by 3,525 variability iterations.  These were stored and used as the basis for the subsequent biomarker simulation.

At the end of each variability loop, per capita population percentiles were calculated.  This was accomplished by generating a frequency histogram from the 3,525 estimates where the width is proportional to the demographic weight provided with the survey.  Individuals not consuming fish were included in the distribution by introducing a value of zero for the fraction of non-consumers.  The percentage of fish consumers was calculated by multiplying the number of consumers in the three-day survey by the LTSTCR for the current uncertainty iteration.  Subtraction of the resulting value from one yielded the fraction of non-consumers. 
Figure AA-18: The Exposure Simulation Model
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208Dose-Response Simulations
 
Dose-response simulations were constructed to predict responses for each of the four subpopulations modeled. Individuals belonging to each subpopulation were extracted from the exposure assessment.  

Table AA-19:  Individual from Exposure Assessment in Each Subpopulation

	Subpopulation
	N

	Women 15-45
	882

	Women 46+
	623

	Men 15-45
	757

	Men 46+
	513


Each simulation consisted of a two-dimensional Monte-Carlo routine with an outer uncertainty loop and an inner variability loop with the following logical structure:

Begin Uncertainty Loop 


Randomly Select Uncertainty Iteration from Exposure Assessment


Randomly Select Population Model for Diet-Blood Ratio


Randomly Select Dose-Response Models 


Begin Population Loop



Randomly Select Individual from Exposure Assessment



Randomly select Diet-Blood Ratio from Population Model



Correct for Body Weight



Add other Mercury Exposures 



Calculate Blood methylmercury



Randomly select Blood-Hair Ratio from Empirical Distribution



Calculate Predicted Hair Value



Calculate methylmercury-Dependent Neurobehavioral Outcomes
 



Calculate Fish-Dependent Cardiovascular Outcomes 



Record Output


Next Individual


Calculate Population Distributions for Neurobehavioral Outcomes


Calculate Average Population Rates for Cardiovascular Outcomes

Next Plausible Set of Assumptions

A simulation for the entire population was run with 5,000 variability iterations and 500 uncertainty iterations.  

At the outset of each uncertainty iteration, one of the 200 uncertainty iterations from the exposure assessment and a population model for the diet to blood ratio were randomly selected.  The variability loops were then run with random selection of the individual from the exposure assessment, the diet/blood ratio from the population model, and the blood/hair ratio from the empirical distribution.  Random numbers for the variability iterations were generated prior to the simulation and the same set of values were used for each uncertainty iteration.  These values were then used to calculate blood and hair values for each individual.  At the conclusion of each variability loop, per capita population percentiles were calculated in the same manner the percentiles for daily methylmercury exposure.

The logic of the dose-response model is also illustrated in AA-19.   Since some of the items displayed pertain to populations and other pertain to individuals, the statistical relationships are not illustrated.  In particular, note the following:

· The population value of “% Consumers” is used to randomly determine if the individual is a fish consumer.  If not, the methylmercury contribution from fish is ignored.

· The cardiovascular rate calculated as a response in not an individual outcome.  For this reason, average or total population rates are reported rather than population distributions.

Also, the arrow indicating a relationship between Fish Intake and Neurobehavioral outcome applies only to the simulation model that includes a Daniels (2004) derived benefit from fish consumption.  The simulation models for men and older women only include cardiovascular outcomes.

Figure AA-19: The Dose-Response Simulation Model




APPENDIX B

MODELING RESULTS

(a) Baseline Estimates

The estimates generated by the model for the U.S. population are presented in this section.  Results are presented for each of four population groups, Younger Women aged 15-45, Younger Men aged 15-45, Older Women aged 46 and older, and Older Men aged 46 and older.  The results for the first group, which includes women of childbearing age, also address neurobehavioral effects on children resulting from maternal exposure.

Fish Consumption

The distributions for fish consumption of each subpopulation are presented in Table AB-1.  

Table AB-1: Estimates Average Daily Intake of Fish (in grams) for all Four Subpopulation Groups

	Population Percentile
	Women 15-45
	Women 46+
	Men 15-45
	Men 46+

	Average
	13.1 (12.4, 13.8)
	14.9 (14.3, 15.7)
	17.9 (16.8, 19.0)
	18.8 (17.7, 20.0)

	10th Percentile
	0.1 (0.0, 0.9)
	0.2 (0.0, 1.3)
	0.2 (0.0, 1.3)
	0.2 (0.0, 1.7)

	25th Percentile
	2.8 (2.0, 3.4)
	3.4 (2.5, 4.3)
	3.7 (2.5, 4.6)
	4.5 (3.1, 5.6)

	Median
	7.0 (6.1, 7.7)
	8.2 (7.2, 8.9)
	9.3 (8.1, 10.4)
	10.7 (9.1, 11.6)

	75th Percentile
	16.0 (14.8, 17.3)
	18.0 (16.8, 19.2)
	21.3 (19.1, 23.1)
	22.3 (20.4, 24.1)

	90th Percentile
	31.3 (29.2, 33.9)
	36.3 (33.3, 38.7)
	42.9 (39.2, 47.5)
	43.9 (39.8, 49.0)

	95th Percentile
	45.4 (41.2, 51.3)
	53.3 (47.7, 59.8)
	63.9 (58.4, 73.2)
	64.8 (57.4, 77.5)

	99th Percentile
	88.0 (73.6, 112.9)
	100.0 (84.9, 126.6)
	132.4 (109.7, 170.3)
	127.4 (100.8, 167.7)

	NHANES Average
	10.3
	14.2
	16.8
	20.8


All units are grams of fish consumed per day.  The daily consumption was derived for each individual in the population by averaging daily consumption for one year.  The central estimates are the median estimates of the uncertainty distribution.  The 5th and 95th uncertainty percentiles are given in parentheses as confidence intervals.

Because our model is based in part on data from 1989-1991, the table includes average daily consumption taken from the 2003-2004 NHANES survey in order to verify that our results are consistent with current consumption patterns.    The reference for this is the Documentation, Codebook, and Frequencies, Dietary Interview – Individual Foods (First Day), for the National Health and Nutrition Examination Survey for 2003-2004 (USDA/HHS 2007).  This document is primarily involved with survey methodology.  The data we used are in a file referenced in the document, i.e., SAS Transport File DR1IFF_C and DR2IFF_C.XTP.   
Blood and Hair Mercury Levels

The distributions for blood and hair mercury levels in younger women are presented in Table AB-2.  For purposes of comparison, the model estimates are compared to results from NHANES in Figures AB-1 and AB-2.  It may be observed that the blood levels model are generally 20-25 percent lower than the levels observed in NHANES, while the hair levels are 30-40 percent lower.  These discrepancies may be explained, at least in part, by two factors:

· While the NHANES measurements are for total mercury in both blood and hair, the model is intended to estimate concentrations on just methylmercury.

· The model has been updated with more recent (2005) market data indicating that the consumption patterns have changed somewhat so that the average commercial fish weighted by frequency of consumption, now has less methylmercury in it than when the most recently reported NHANES mercury biomarker survey data were conducted (2000 for hair and 2002 for blood). 

Table AB-2: Model Estimates of Blood and Hair Methylmercury levels in Women of Childbearing Age

	Population Percentile
	Dietary Hg from Fish

(μg/day)
	Blood Hg

 (µg/L):
	Hair Hg

(ppm)

	Average
	1.4 (1.3, 1.4)
	1.2 (1.2, 1.3)
	0.3 (0.2, 0.3)

	10th Percentile
	0.0 (0.0, 0.1)
	0.1 (0.1, 0.1)
	0.0 (0.0, 0.0)

	25th Percentile
	0.2 (0.1, 0.3)
	0.3 (0.2, 0.3)
	0.0 (0.0, 0.1)

	Median
	0.7 (0.6, 0.7)
	0.6 (0.5, 0.7)
	0.1 (0.1, 0.1)

	75th Percentile
	1.6 (1.5, 1.8)
	1.5 (1.3, 1.6)
	0.3 (0.2, 0.3)

	90th Percentile
	3.4 (3.1, 3.6)
	2.9 (2.7, 3.2)
	0.6 (0.5, 0.7)

	95th Percentile
	4.9 (4.5, 5.5)
	4.3 (3.8, 4.8)
	1.0 (0.8, 1.2)

	99th Percentile
	10.3 (8.1, 12.8)
	8.8 (7.4, 10.7)
	2.2 (1.8, 2.7)


Table AB-3: Model Estimates of Blood and Hair Methylmercury levels in Men Aged 16-45

	Population Percentile
	Dietary Hg from Fish

(μg/day)
	Blood Hg

 (µg/L):
	Hair Hg

(ppm)

	Average
	1.8 (1.7, 1.9)
	1.4 (1.3, 1.5)
	0.3 (0.3, 0.4)

	10th Percentile
	0.0 (0.0, 0.1)
	0.1 (0.1, 0.1)
	0.0 (0.0, 0.0)

	25th Percentile
	0.3 (0.2, 0.4)
	0.3 (0.2, 0.4)
	0.1 (0.0, 0.1)

	Median
	0.9 (0.7, 1.0)
	0.7 (0.6, 0.8)
	0.1 (0.1, 0.2)

	75th Percentile
	2.1 (1.9, 2.3)
	1.7 (1.5, 1.9)
	0.3 (0.3, 0.4)

	90th Percentile
	4.3 (3.9, 4.7)
	3.3 (3.0, 3.7)
	0.7 (0.6, 0.8)

	95th Percentile
	6.4 (5.6, 7.5)
	5.0 (4.4, 5.7)
	1.1 (0.9, 1.3)

	99th Percentile
	13.4 (10.9, 17.3)
	10.4 (8.5, 12.8)
	2.4 (2.0, 3.2)


Figure AB-1:  Quantile-Quantile Comparison of Model Estimates of Blood Mercury with Values from NHANES  
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NHANES survey data are taken from the 199-200, 2001-2002, and 2003-2004 surveys (CDC 2004).  The following percentiles are plotted: 10th, 25th, 50th, 75th, 90th, 95th, 99th. 99.5th, and 99.9th.  Percentiles were calculated with the demographic weights provided with the survey data.  
Figure AB-2:  Quantile-Quantile Comparison of Model Estimates of Hair Mercury with Values from NHANES  
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NHANES survey data are taken from CDC (2001), which reflects data collected from 1999-2000.  The following percentiles are plotted: 10th, 25th, 50th, 75th, 90th, and 95th.  
214Neurobehavioral Effects Attributable to Methylmercury Exposure 

The predicted neurobehavioral effects resulting from current levels of methylmercury on verbal performance in toddlers with and without taking into account potential offsetting effects from fish consumption are presented in Table AB-4.  Since the endpoints or responses modeled are not identical, the results are all represented as a Z-score where the outcome is expressed relative to normal variation (i.e. each Z unit = one standard deviation).  The Carrington (2000) model for delayed talking was normalized using the standard deviation from Seychelles of 2.76 months. In order to investigate the possible consequences of beneficial effects of maternal consumption of fish, a simulation model was constructed that included both methylmercury effects characterized with the Carrington and Bolger (2000) delayed talking analysis, and an uncertain range of beneficial effects based on the verbal comprehension regression analyses from the Daniels et al. (2004) study.  This analysis presumes that the contribution of fish to the slope for delayed talking (which was dominated by the data from Iraq, where methylmercury was ingested in bread) and the contribution of mercury to the apparent benefit observed in the Daniels study are both negligible
.

Table AB-4:   Baseline Estimates for Z-score Change Attributable to Methylmercury With and Without Offsetting Fish Benefits

	Population Percentile
	Carrington (2000),

Age of Talking

	Net Verbal ∆Z

	Average
	-3.0E-3 (-4.4E-3, -4.5E-4)
	0.008 (0.000, 0.012)

	1st Percentile
	-2.7E-2 (-4.1E-2, -8.2E-3)
	-0.001 (-0.020, 0.000)

	5th Percentile
	-1.2E-2 (-1.7E-2, -2.1E-3)
	0.000 (-0.006, 0.001)

	10th Percentile
	-7.4E-3 (-1.1E-2, -9.2E-4)
	0.001 (-0.003, 0.002)

	25th Percentile
	-3.3E-3 (-4.7E-3, 0.0E0)
	0.002 (0.000, 0.004)

	Median
	-1.2E-3 (-1.7E-3, 0.0E0)
	0.005 (0.000, 0.008)

	75th Percentile
	-3.1E-4 (-5.0E-4, 0.0E0)
	0.010 (0.001, 0.016)

	90th Percentile
	0.0E0 (-6.7E-5, 0.0E0)
	0.020 (0.003, 0.030)

	95th Percentile
	0.0E0 (0.0E0, 0.0E0)
	0.026 (0.005, 0.039)

	99th Percentile
	0.0E0 (0.0E0, 0.0E0)
	0.035 (0.010, 0.048)


The values in the second column represent the net (added) change in Z-score from the Carrington (2000) delayed talking dose-response function and the Daniels et al. (2004) verbal test score dose-response function
.

For comparison, predicted neurobehavioral effects for several other dose-response functions are presented in Table AB-5.  Since IQ is defined as the Z score x 15, the Axelrad et al. (2007) and Cohen et al. (2005b) models were converted by dividing by 15.  The Carrington (2000) model for delayed walking was normalized using the standard deviation from Seychelles of 1.96 months.

Table AB-5:   Baseline Estimates for Z-score Change Attributable to Fish Consumption With Benefits from Maternal Consumption of Fish

	Population Percentile
	Carrington (2000),

Age of Walking
	Cohen et al. (2005b)

IQ
	Axelrad et al. (2007)

IQ

	Average
	-6.0E-3 (-9.3E-3, 
	-1.8E-3 (-1.3E-2, 
1.3E-3)
	-3.0E-3 (-5.6E-3, 
-7.0E-4)

	1st Percentile
	-6.0E-2 (-1.0E-1, 0.0E0)
	-1.6E-2 (-1.2E-1, 0.0E0)
	-2.6E-2 (-5.0E-2, 
-6.1E-3)

	5th Percentile
	-2.4E-2 (-3.7E-2, 0.0E0)
	-7.1E-3 (-5.2E-2, 0.0E0)
	-1.2E-2 (-2.2E-2, 
-2.8E-3)

	10th Percentile
	-1.4E-2 (-2.3E-2, 0.0E0)
	-4.5E-3 (-3.2E-2, 7.4E-6)
	-7.5E-3 (-1.4E-2, 
-1.6E-3)

	25th Percentile
	-5.8E-3 (-1.0E-2, 0.0E0)
	-2.0E-3 (-1.5E-2, 1.5E-4)
	-3.4E-3 (-6.4E-3, 
-7.5E-4)

	Median
	-1.8E-3 (-3.5E-3, 0.0E0)
	-7.4E-4 (-5.6E-3, 5.5E-4)
	-1.3E-3 (-2.4E-3, 
-2.7E-4)

	75th Percentile
	-3.7E-4 (-9.3E-4, 0.0E0)
	-2.1E-4 (-1.7E-3, 1.4E-3)
	-3.6E-4 (-7.6E-4, 
-7.8E-5)

	90th Percentile
	0.0E0 (-1.2E-4, 0.0E0)
	0.0E0 (-1.9E-4, 3.1E-3)
	-4.1E-6 (-1.0E-4, 0.0E0)


Cardiovascular Effects Attributable to Fish Consumption

Table AB-6 and Table AB-7 give the estimated annual reduction in the rate of occurrence of CHD Death and Stroke Death attributable to current levels of fish consumption.

Table AB-6:  Baseline Estimates for CHD Death Benefit Attributable to Fish Consumption

	
	CHD Death Cases Per Person-Year 

FDA (2006)
	CHD Death Cases Per Person-Year

He (2004)

	Women 15-45
	-1.0E-6 (-2.5E-5, 1.5E-6)
	-6.8E-7 (-1.3E-6, -7.2E-8)

	Women 46+
	-3.1E-4 (-6.4E-3, 5.2E-4)
	-2.2E-4 (-4.3E-4, -4.0E-5)

	Men 15-45 
	-1.5E-5 (-1.9E-4, 1.3E-5)
	-8.9E-6 (-1.7E-5, -1.6E-6)

	Men 46+ 
	-4.6E-4 (-9.0E-3, 8.3E-4)
	-3.7E-4 (-7.2E-4, -6.6E-5)


The values are median estimates of cases per person-year, with the 5th and 95th percentiles of the uncertainty distributions given as confidence intervals.

Table AB-7:  Baseline Estimates for Stroke Death Benefit Attributable to Fish Consumption

	
	Stroke Death Cases Per Person-Year 

FDA (2006)
	Stroke Death Cases Per Person-Year

Bouzan (2005)

	Women 15-45
	-3.7E-6 (-3.1E-5, 1.5E-6)
	-3.1E-6 (-7.8E-6, 6.7E-7)

	Women 46+
	-2.2E-5 (-2.7E-3, 1.4E-4)
	-1.7E-4 (-4.7E-4, 1.3E-5)

	Men 15-45 
	-4.0E-6 (-3.1E-5, 3.1E-6)
	-3.3E-6 (-9.8E-6, 5.3E-7)

	Men 46+ 
	-2.4E-4 (-2.0E-3, 9.2E-5)
	-2.2E-4 (-6.4E-4, 3.1E-5)


The values are median estimates of cases per person-year, with the 5th and 95th percentiles of the uncertainty distributions given as confidence intervals.

(b) Intervention Scenarios

All the following intervention scenarios do not include a developmental benefit from the maternal consumption of fish. 

Advisory Scenario: 12 oz Limits for Women of Childbearing Age

To examine the impact of fish consumption advisories, several scenarios were developed.  The first scenario introduced a 12 oz. per week consumption limit for all women of childbearing age.  This modification of the exposure model involved truncating consumption of fish at the specified limit.  Whereas individuals coming more that 12 oz. /week are reduced to 12 oz., those individuals who are already consuming under that limit do not modify their consumption.  The impact of the advisory on neurobehavioral outcome occurring as a result of the reduction in exposure to methylmercury, expressed as a Z-score, is presented in Table AB-8.  

Table AB-8:   Z-score Change with a 12 oz Limit (vs. Baseline) for All Women of Childbearing Age

	Population Percentile
	Carrington (2000),

Age of Talking
	Axelrad (2007)

IQ
	Net Verbal ∆Z

	Average
	2.6E-4 (3.7E-5, 
4.5E-4)
	2.2E-4 (4.6E-4, 
7.1E-5)
	-7.3E-4 (-1.5E-3, 
-2.8E-5)

	1st Percentile
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)
	-1.3E-1 (-3.0E-1,
 -3.0E-2)

	5th Percentile
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)
	-2.1E-2 (-4.6E-2, 
-2.7E-3)

	10th  Percentile
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (-1.3E-3, 0.0E0)

	25th Percentile
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)

	Median
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)

	75th Percentile
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)

	90th Percentile
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)

	95th Percentile
	0.0E0 (0.0E0, 
3.2E-4)
	0.0E0 (2.6E-4, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)

	99th Percentile
	7.8E-3 (1.8E-4, 
1.3E-2)
	6.8E-3 (1.3E-2, 
1.9E-3)
	0.0E0 (0.0E0, 0.0E0)


A second scenario used a 12 oz limit in conjunction with a stipulation that only fish species with average concentrations below 12 ppb are consumed by all women of childbearing age. This modification of the exposure model involved substituting fish species below the concentration limit for species above the limit.  The impact of the advisory, relative to current levels of consumption, is presented in Table AB-9.  

Table AB-9:  Z-score Change with a 12 oz Limit and Low-Mercury Fish (vs. Baseline) for All Women of Childbearing Age

	Population Percentile
	Carrington (2000),

Age of Talking
	Axelrad (2007)

IQ
	Net Verbal ∆Z

	Average
	1.3E-3 (1.6E-4, 
1.9E-3)
	1.2E-3 (4.3E-4, 2.0E-3)
	5.2E-4 (-8.7E-4, 1.4E-3)

	1st Percentile
	0.0E0 (0.0E0, 0.0E0)
	-4.1E-5 (-2.4E-4, 
-6.4E-6)
	-3.4E-2 (-6.8E-2, 
-9.3E-3)

	5th Percentile
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)
	-1.3E-2 (-2.3E-2, 
-3.1E-3)

	10th  Percentile
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)
	-6.5E-3 (-1.2E-2, 
- 1.5E-3)

	25th Percentile
	2.5E-5 (0.0E0, 
7.1E-5)
	2.9E-5 (2.3E-6, 
8.4E-5)
	-1.5E-3 (-3.2E-3, 
-1.3E-4)

	Median
	3.1E-4 (0.0E0, 
4.6E-4)
	3.1E-4 (1.0E-4, 
5.5E-4)
	3.7E-5 (0.0E0, 4.9E-4)

	75th Percentile
	1.1E-3 (0.0E0, 
1.6E-3)
	1.0E-3 (3.5E-4, 
1.8E-3)
	2.9E-3 (1.3E-3, 4.9E-3)

	90th Percentile
	3.0E-3 (7.5E-5, 
4.3E-3)
	2.6E-3 (9.3E-4, 
4.5E-3)
	9.2E-3 (4.1E-3, 1.5E-2)

	95th Percentile
	5.3E-3 (3.8E-4, 
7.8E-3)
	4.6E-3 (1.7E-3, 
7.7E-3)
	1.6E-2 (7.0E-3, 2.3E-2)

	99th Percentile
	1.7E-2 (3.0E-3, 
2.5E-2)
	1.4E-2 (5.1E-3, 
2.5E-2)
	2.8E-2 (1.6E-2, 4.2E-2)


The change in cardiovascular risk for both these scenarios (fish consumption is identical) are presented in Tables AB-10 and AB-11.

Table AB-10:   CHD Death Risk with a 12 oz Limit (vs. Baseline) in Women of Childbearing Age

	Population Group
	CHD Death Cases Per Person-Year

FDA (2006)
	CHD Death Cases Per Person-Year

He (2004)

	Women 15-45
	0.0E0 (-3.7E-8, 1.3E-7)
	6.4E-8 (6.9E-9, 1.6E-7)


The values are median estimates of cases per person-year, with the 5th and 95th percentiles of the uncertainty distributions given as confidence intervals.

Table AB-11:   Stroke Death Risk with a 12 oz Limit (vs. Baseline) in Women of Childbearing Age

	Population Group
	Stroke Death Cases Per Person-Year

FDA (2006)
	Stroke Death Per Person-Year

Bouzan (2005)

	Women 15-45
	0.0E0 (-3.1E-8, 8.0E-8)
	5.6E-8 (-1.4E-7, 2.9E-7)


The values are median estimates of cases per person-year, with the 5th and 95th percentiles of the uncertainty distributions given as confidence intervals.

As a third variation on the 12 oz limitation, a scenario where all women of childbearing age consume exactly 12 oz of fish was examined.  For this scenario, the methylmercury concentration was presumed to correspond to the market average of 0.086 ppm, resulting in an exposure of 4.3 μg/day of methylmercury.  The impact of the advisory, relative to current levels of consumption, is presented in Table AB-12.  

Table AB-12:   Z-score Change with Fixed 12 oz Consumption (vs. Baseline) for Women of Childbearing Age

	Population Percentile
	Carrington (2000),

Age of Talking
	Cohen (2005b)

IQ
	Axelrad (2007)

IQ

	Average
	-5.2E-3 (-7.2E-3, 
-4.0E-4)
	-3.1E-3 (-2.3E-2, 
2.3E-3)
	-4.6E-3 (-8.1E-3, 
-1.6E-3)

	1st Percentile
	-2.1E-2 (-3.4E-2, 
-7.4E-3)
	-2.3E-2 (-1.8E-1, 
-1.5E-3)
	-1.5E-2 (-3.2E-2,
 -5.4E-3)

	5th Percentile
	-1.5E-2 (-2.1E-2, 
-3.6E-3)
	-1.1E-2 (-8.4E-2, 
-8.3E-4)
	-1.1E-2 (-2.0E-2, 
-4.1E-3)

	10th  Percentile
	-1.2E-2 (-1.7E-2, 
-2.1E-3)
	-8.1E-3 (-6.0E-2, 
-1.7E-4)
	-9.6E-3 (-1.7E-2, 
-3.4E-3)

	25th Percentile
	-7.9E-3 (-1.1E-2, 0.0E0)
	-6.8E-3 (-5.0E-2, 2.6E-4)
	-7.0E-3 (-1.2E-2, 
-2.4E-3)

	Median
	-4.8E-3 (-6.7E-3, 0.0E0)
	-4.7E-3 (-3.6E-2, 1.3E-3)
	-4.5E-3 (-7.7E-3, 
-1.5E-3)

	75th Percentile
	-2.5E-3 (-3.6E-3, 0.0E0)
	-3.0E-3 (-2.4E-2, 2.2E-3)
	-2.6E-3 (-4.6E-3, 
-8.3E-4)

	90th Percentile
	-4.5E-4 (-1.1E-3, 0.0E0)
	-1.7E-3 (-1.3E-2, 3.5E-3)
	-5.3E-4 (-1.3E-3, 0.0E0)

	95th Percentile
	1.8E-3 (0.0E0, 
3.2E-3)
	-2.0E-4 (-3.7E-3, 4.7E-3)
	1.7E-3 (4.7E-4, 
3.3E-3)

	99th Percentile
	1.4E-2 (1.7E-3, 
2.1E-2)
	1.9E-3 (1.2E-4, 
9.5E-3)
	1.2E-2 (4.4E-3, 
2.2E-2)


The change in cardiovascular and stroke risk for the fixed 12 oz scenario are presented in 

Table AB-13 and Table AB-14, respectively.

Table AB-13:   CHD Death Risk with 12 oz Consumption (vs. Baseline) in Women of Childbearing Age

	Population Group
	CHD Death Cases Per Person-Year

FDA (2006)
	CHD Death Cases Per Person-Year

He (2004)

	Women 15-45
	-1.4E-6 (-9.7E-6, 2.9E-6)
	-1.7E-6 (-3.3E-6, -1.8E-7)


The primary values are the median cases per person-year of the uncertainty distribution, the 5th and 95th percentiles given as confidence intervals.

Table AB-14:   Stroke Death Risk with 12 oz Consumption (vs. Baseline) in Women of Childbearing Age

	Population Group
	Stroke Death Cases Per Person-Year

FDA (2006)
	Stroke Death Cases Per Person-Year

Bouzan (2005)

	Women 15-45
	-3.9E-6 (-1.3E-5, 4.0E-6)
	-2.2E-6 (-8.8E-6, 2.4E-6)


The primary values are the median cases per person-year of the uncertainty distribution, the 5th and 95th percentiles given as confidence intervals.

As an exploration of potential unintended consequences of an advisory, the impact of reductions in the fish consumption in other population groups was modeled.  Tables AB-15 through AB-18 present the estimate changes in CHD and cardiovascular death rates resulting from either a 10 percent reduction in the amount of fish consumed by all consumers or a one percent increase in the number of consumers who do not eat fish at all.  
Table AB-15:   CHD Death Risk from a One Percent Reduction in Persons Consuming Fish in Men and Older Women

	Population Group
	CHD Death Cases Per Person-Year

FDA (2006)
	CHD Death Cases Per Person-Year

He (2004)

	Women 46+
	3.3E-6 (-5.0E-6,  6.9E-5)
	2.3E-6 (3.5E-7, 5.1E-6)

	Men 15-45
	1.5E-7 (-1.4E-7,  2.2E-6)
	9.2E-8 (1.4E-8, 2.1E-7)

	Men 46+
	5.3E-6 (-7.6E-6, 1.0E-4)
	3.9E-6 (5.9E-7, 8.7E-6)


Estimates of increased rates of CHD Death resulting from decreased number of fish consumers in three population groups.  The primary values are the median cases per person-year of the uncertainty distribution, the 5th and 95th percentiles given as confidence intervals.

Table AB-16:   Stroke Death Risk from a One Percent Reduction in Persons Consuming Fish in Men and Older Women

	Population Group
	Stroke Death Cases Per Person-Year

FDA (2006)
	Stroke Death Cases Per Person-Year

Bouzan (2005)

	Women 46+
	2.5E-6 (-1.5E-6, 3.2E-5)
	1.7E-6 (-1.4E-7, 5.5E-6)

	Men 15-45
	4.3E-8 (-2.8E-8, 3.4E-7)
	3.5E-8 (-5.0E-9, 1.1E-7)

	Men 46+
	2.8E-6 (-9.1E-6, 2.1E-5)
	2.2E-6 (-2.2E-7, 7.4E-6)


Estimates of increased rates of Stroke Death resulting from decreased number of fish consumers in each of three population groups.  The primary values are the median cases per person-year, with the 5th and 95th percentiles given as confidence intervals.

Table AB-17:  Comparison of CHD Death Risk from a 10 Percent Reduction in Persons Consuming Fish in Men and Older Women

	Population Group
	CHD Death Cases Per Person-Year

FDA (2006)
	CHD Death Cases Per Person-Year

He (2004)

	Women 46+
	2.0E-5 (-2.6E-5, 1.4E-4)
	2.2E-5 (4.0E-6, 4.3E-5)

	Men 15-45
	9.1E-7 (-9.3E-7, 5.8E-6)
	8.9E-7 (1.6E-7, 1.7E-6)

	Men 46+
	1.7E-5 (-4.2E-5, .2.2E-4)
	3.7E-5 (6.6E-6, 7.2E-5)


Estimates of increased rates of CHD Death resulting from decreased fish consumption in three population groups.  The primary values are the median cases per person-year of the uncertainty distribution, the 5th and 95th percentiles given as confidence intervals.

Table AB-18:   Stroke Death Risk from a 10 Percent Reduction in Persons Consuming Fish in Men and Older Women

	Population Group
	Stroke Death Cases Per Person-Year

FDA (2006)
	Stroke Death Cases Per Person-Year

Bouzan (2005)

	Women 46+
	1.3E-5 (-1.2E-5, 5.7E-5)
	7.2E-6 (-4.9E-6, 2.4E-5)

	Men 15-45
	2.1E-7 (-2.0E-7, 7.2E-7)
	1.4E-7 (-1.4E-7, 5.0E-7)

	Men 46+
	1.2E-6 (-8.6E-5, 3.8E-5)
	8.6E-6 (-9.0E-6, 3.2E-5)


Estimates of increased rates of Stroke Death resulting from decreased fish consumption in each of three population groups.  The primary values are the median cases per person-year, with  the 5th and 95th percentiles given as confidence intervals.

Advisory Scenario:  Limiting Species Without Limiting Amount Consumed

This scenario limited the species consumed without altering the amount consumed.  Specifically, this putative advisory stipulates that only fish species with average concentrations below 12 ppb (see Table AA-2 in “methodology” Appendix A) are consumed by all women of childbearing age. This modification of the exposure model involved substituting fish species below the average concentration limit for species above the limit.  The impact of the advisory, relative to current levels of consumption, is presented in Table AB-19.  The presence of the negative values at the first percentile is a result of the possibility of substituting an individual fish from a species with a lower average concentration with a mercury level that higher than the individual fish that would have been consumed from the species with a higher average concentration.  Since the amount of fish consumed is unchanged in this scenario, there is no impact on neurobehavioral benefits from fish or on cardiovascular endpoints, and as a result, the predicted effects with and without the inclusion of the Daniels benefit dose-response function are identical.

Table AB-19:  Z-score Change with Low-Methylmercury Fish and No Consumption Limit (vs. Baseline) for All Women of Childbearing Age

	Population Percentile
	Carrington (2000),

Age of Talking
	Axelrad (2007)

IQ
	Net Verbal ∆Z

	Average
	1.1E-3 (0.0E0, 
1.7E-3)
	1.0E-3 (0.0E0, 1.7E-3)
	1.1E-3 (0.0E0, 
1.7E-3)

	1st Percentile
	-3.9E-5 (0.0E0, 0.0E0)
	-4.2E-5 (0.0E0, -6.8E-6)
	-3.9E-5 (0.0E0, 0.0E0)

	5th Percentile
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)

	10th Percentile
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)
	0.0E0 (0.0E0, 0.0E0)

	25th Percentile
	2.5E-5 (0.0E0, 
7.0E-5)
	2.9E-5 (0.0E0, 8.3E-5)
	2.5E-5 (0.0E0, 
7.0E-5)

	Median
	3.0E-4 (0.0E0, 
4.6E-4)
	3.0E-4 (0.0E0, 5.4E-4)
	3.0E-4 (0.0E0, 
4.6E-4)

	75th Percentile
	1.1E-3 (0.0E0, 
1.5E-3)
	1.0E-3 (0.0E0, 1.7E-3)
	1.1E-3 (0.0E0, 
1.5E-3)

	90th Percentile
	2.8E-3 (0.0E0, 
4.1E-3)
	2.5E-3 (0.0E0, 4.3E-3)
	2.8E-3 (0.0E0, 
4.1E-3)

	95th Percentile
	4.8E-3 (0.0E0, 
6.9E-3)
	4.1E-3 (0.0E0, 6.9E-3)
	4.8E-3 (0.0E0, 
6.9E-3)

	99th Percentile
	1.3E-2 (0.0E0, 
1.9E-2)
	1.1E-2 (0.0E0, 1.9E-2)
	1.3E-2 (0.0E0, 
1.9E-2)


Advisory Scenario: 50 Percent Increased Fish Consumption

This scenario examines the potential impact of an advisory that recommends increasing fish consumption.  The model was modified by presuming an across the board increase in fish consumption of 50 percent.  Table AB-22 and Table AB-23 present the estimated changes in CHD and Stroke Death relative to current levels of exposure, respectively. 

Table AB-20:   CHD Death Benefit from a 50 Percent Increase in the Amount of Fish Consumed, Relative to Baseline

	Population Group
	CHD Death

FDA (2006)
	CHD Death

He (2004)

	Women 15-45
	-3.3E-7 (-3.2E-6, 4.7E-7)
	-3.4E-7 (-6.8E-7, -2.9E-8)

	Women 46+
	-7.3E-5 (-5.1E-4, 1.1E-4)
	-1.1E-4 (-2.1E-4, -2.0E-5)

	Men 15-45
	-3.8E-6 (-2.1E-5, 4.0E-6)
	-4.4E-6 (-8.6E-6, -8.0E-7)

	Men 46+
	-6.5E-5 (-8.3E-4, 1.8E-4)
	-1.9E-4 (-3.6E-4, -3.3E-5)


The negative values represent a decrease in estimated mortality.

Table AB-21:  Comparison of Stroke Death Risk from a 50 Percent Increase in the Amount of Fish Consumed, Relative to Baseline

	Population Group
	Stroke Death

FDA (2006)
	Stroke Death

Bouzan (2005)

	Women 15-45
	-8.1E-7 (-3.0E-6, 6.0E-7)
	-5.3E-7 (-1.7E-6, 4.3E-7)

	Women 46+
	-5.1E-5 (-1.9E-4, 5.5E-5)
	-2.8E-5 (-1.0E-4, 3.1E-5)

	Men 15-45
	-8.0E-7 (-2.5E-6, 8.6E-7)
	-5.9E-7 (-2.1E-6, 7.4E-7)

	Men 46+
	-4.4E-5 (-1.3E-4, 3.7E-5)
	-3.6E-5 (-1.4E-4, 4.8E-5)


The negative values represent a decrease in estimated mortality.

APPENDIX E

AN INVENTORY AND DESCRIPTION OF 

SAFETY ASSESSMENT LEVELS
 

FOR METHYLMERCURY

(a)  General Population Levels

FDA’s “Acceptable Daily Intake Level (ADI)” (FDA 1974)  

The first safety assessment level for methylmercury, it was developed in the 1970s to identify a level of exposure without appreciable risk for the general population for overt, neurological effects (the most subtle being paresthesia, a numbness or tingling in the extremities; paresthesia is considered to be the likely first symptom that a person would experience if they were too highly exposed as a result of their own consumption of fish (Bakir et al., 1973, see page 139).  The ADI is based largely on data from the catastrophic poisoning event in Japan, one of only two recorded events that produced overt, neurological effects, and a research study of Swedish fishermen.  Neither of these sources provided dose-response data to measure the extent to which the developing fetus may be more sensitive to the effects of methylmercury than the general population.  Consequently, the ADI is not relevant to the developing fetus.  Expressed as an amount of methylmercury that an individual could ingest every day, the ADI is 0.5 micrograms per kilogram of body weight per day.   The ADI incorporates a 10-fold safety factor.  
JECFA’s “Provisional Tolerable Weekly Intake Level (PTWI)” for the general population (FAO/WHO 2007) 

Issued in 1972, and converted to a daily intake for ease of comparison to the other intake levels, it was an amount of 0.47 micrograms per kilogram of body weight per day – close to FDA’s ADI.  Like the ADI, it was not relevant to the developing fetus.  Recently, JECFA dropped this safety assessment level because protecting general populations from neurological effects from methylmercury no longer seems necessary.  In so doing, JECFA indicated that adults could still experience exposures consistent with this level without appreciable risk   In 2003 JECFA replaced it with a safety assessment level directed toward the protection of the fetus (see below).  

(b)  Fetal  Neurodevelopment Levels

The Agency for Toxic Substances and Disease Registry’s (ATSDR) “Minimal Risk Level (MRL)” (ATSDR 1999) 

ATSDR, which is a component of the Centers for Disease Control and Prevention, developed this safety assessment level as part of its toxicological profiles on hazardous chemicals.  These profiles are intended to help the Federal government prioritize the cleanup of hazardous waste sites. Issued in 1999, the MRL was developed to identify a level of exposure for the mother that would protect the fetus against neurodevelopmental effects, including subtle effects that require sophisticated neurodevelopmental testing to detect.  It was based exclusively on the results of an epidemiological study in the Seychelles Islands that administered neurodevelopmental tests to a cohort of children over many years to investigate potential effects that may be occurring as a result of their mothers’ consumption of fish during pregnancy.  Data from a similar epidemiological study in the Faroe Islands were not used because ATSDR had questions about how to interpret the results, including whether high levels of PCBs that are present in the Faroe Islands diet, but generally not present in the U.S. diet, might have affected these data. 
The Seychelles study has not found adverse effects from methylmercury exposure within its study population.  Consequently, the MRL is noteworthy because it shows how a safety assessment level can be calculated from an epidemiological study that has reported no adverse effects.  In this case, the average level of exposure for the people with the highest concentrations of methylmercury in their bodies who participated in the Seychelles Islands study was treated by ATSDR as its highest no effect level .  This level was then divided by a safety factor of 4.5 to derive a level of exposure for the mother that is deemed to be without appreciable risk to the fetus.   The mother would have to ingest 0.3 micrograms of methylmercury per kilogram of body weight per day in order to achieve that level of exposure.     

EPA’s “Reference Dose (RfD)” (EPA 2001)  

Like ATSDR’s Minimal Risk Level, the RfD It was developed to identify a safety assessment level for maternal exposure in order to protect the fetus from neurodevelopmental effects.  The RfD was calculated from data on the subtle neurodevelopmental effects reported from the epidemiological study conducted in the Faroe Islands.  In contrast to ATSDR’s safety assessment level, the RfD did not use data from the Seychelles Islands study because that study did not find an adverse effect.

      
The RfD is the only safety assessment level for the fetal neurodevelopmental endpoint for methylmercury that we are aware of that was does not incorporate data from the Seychelles Islands study in the calculation of the level.  Partly for that reason it has produced the most conservative result, i.e., the lowest safety assessment level, of all the safety assessments.  The daily maternal “dose” is 0.1 micrograms per kilogram of body weight per day.  The RfD employs a 10-fold uncertainty factor (essentially what FDA refers to as a safety factor).  To our knowledge, this is the largest margin of safety that has been incorporated into any safety assessment for the fetal neurodevelopmental endpoint.   

JECFA’s “Provisional Tolerable Weekly Intake Level (PTWI)” for the fetus (FAO/WHO 2007)  

This second PTWI was developed in 2003 to protect against neurodevelopmental effects in the fetus.   It incorporates both the Seychelles and Faroe Islands data. The result is an amount expressed as a weekly maternal intake of 1.6 micrograms per kilogram of body weight per day.  If converted to daily intake level for purposes of comparison with other safety assessment levels for the protection of the fetus, it would be 0.23 micrograms per kilogram of maternal body weight per day.  The PTWI employs a 6.4-fold safety factor.     

Canada’s “Provisional Tolerable Daily Intake Level (pTDI)” for the fetus (Feeley 2005)  

This level, developed by Health Canada, takes into account both the Seychelles and Faroe Islands data.   The maternal “dose” is 0.2 micrograms per kilogram of body weight per day.  It employs a safety factor of 5-fold.  

(c) A Brief Discussion of Safety Factors Incorporated into the Safety Assessment Levels  

 Safety factors are tools designed to account for scientific uncertainty and to provide a protective cushion between a level of exposure associated with a reported adverse effect and a much lower level of exposure that is deemed to be without appreciable risk.   Safety factors are, by default, multiples of 10 for analytical convenience.  However, there is no “correct” number of safety factors, as the safety assessments for methylmercury demonstrate.  These assessments employ safety factors ranging from 4.5-fold to 10-fold based on the judgments made by each organization about the degree of uncertainty in the data it employed in its assessment.  The larger the safety factor employed in a safety assessment, the lower the resulting level of exposure deemed to be without appreciable risk.

When animal data are relied on, a 10-fold safety factor is employed.  The methylmercury safety assessments do not involve animal data, however, so the uncertainties associated with extrapolating the results of animal studies to humans are not present.  For data from human studies, the default value for safety factors is 10; however, if the study population involves the most sensitive members of the population, then a smaller factor may be selected, as demonstrated by the safety factor of 4.5 that ATSDR employed for its Minimal Risk Level.  Also, in some safety assessments, safety factors are added for reasons specific to that assessment.  For example, ATSDR added a safety factor of 1.5 to its other safety factors to account for uncertainties about whether the neurodevelopmental tests used in the Seychelles study were as sensitive as those used in the Faroe Islands study
 (ATSDR 1999, Appendix A, page A-15).   

As an example of the discretionary nature of safety factors, Health Canada, the Canadian government agency responsible for developing food safety standards for that country, has indicated that a safety assessment based solely on data from the Faroe Islands would only need a five-fold safety factor to cover the uncertainties (Feeley 2005).  By contrast, EPAs’ safety assessment based on the Faroe Islands data employs a 10-fold safety factor. 

APPENDIX F

FDA’S ROLE IN THE REGULATION OF METHYLMERCURY 
Current and future risk management strategy for methylmercury in commercial fish by FDA must fit within a framework established by Federal food safety law and regulations.  The purpose of this Appendix is to examine this framework and its implications for risk management.  

In the Federal government, FDA has the primary responsibility for understanding and managing food safety risks presented by commercial fish and fish products (i.e., fish in “interstate commerce”).  One aspect of that responsibility involves the evaluation and management of food safety risks presented by environmental contaminants, including methylmercury, in commercial fish.  This is in keeping with FDA's mission to protect public health by ensuring that foods are safe, wholesome, sanitary, and properly labeled.
    

FDA’s mission is provided by statute.  The Federal Food, Drug, and Cosmetic Act (FD&C Act) contains provisions relating to food that are assigned, either directly or through a delegation of authority, to the Commissioner of Food and Drugs, some of which are applicable to environmental contaminants such as methylmercury.
(a) Adulteration 

There are several broadly stated standards in the FD&C Act that address the threshold matter of when a food is “adulterated” and thus prohibited from interstate commerce.  The provision in section 402 of the FD&C Act most relevant to FDA's regulation of methylmercury provides that food (in this case a fish or fish product) is adulterated if it “bears or contains any added poisonous or deleterious substance” (in this case, methylmercury) in an amount “which may render it injurious to health” (402(a)(1); 21 U.S.C. 342(A)(1)).  Federal courts have interpreted this language to be protective of vulnerable subpopulations such as women of childbearing age and children
 
Courts have also interpreted this language to mean that food is adulterated if it contains enough of an added poisonous or deleterious substance to pose a reasonable possibility of injury to health.
   Thus, in the absence of a reasonable possibility of injury to health, the presence of a deleterious or poisonous substance in food does not render that food adulterated under section 402(a)(1).  Also, a reasonable possibility of injury to health does not exist solely because it is physically possible for a person to consume enough of a food to harm him or herself.  Few, if any, foods are without some small or theoretical risk, especially if ingested in extreme amounts.  

As has been addressed in this report, much of the data on neurodevelopmental effects come from studies that have reported an association between exposure to methylmercury and subtle effects that reveal themselves only on test scores, often when exposure is considerably higher than it is in the United States on average.  Whether these subtle effects represent an “injury” to those who were studied, or potentially to U.S. citizens at lower levels of exposure, is an important question under the FD&C Act.  

If the agency were to declare a fish to be adulterated under section 402(a)(1) based on its content of methylmercury,  FDA would have the burden of demonstrating that the level of methylmercury present in that fish gives rise to a reasonable possibility of injury.  An absence of such a demonstration would leave the fish on the market.

Historically, FDA has guided its enforcement of section 402(a)(1) of the FD&C Act against food bearing or containing added poisonous or deleterious substances by means of what is called an “action level.”  An action level identifies an amount of a substance in a food (in this instance, methylmercury in fish) that FDA may consider in deciding whether the food is adulterated under that section.  An action level is not established by regulation and does not have the force and effect of law.  This means that, in any domestic court case predicated on section 402(a)(1), the government bears the burden of proving that a fish bears or contains methylmercury in an amount that may render the fish injurious to health, notwithstanding the existence of an action level.

The action level for methylmercury in fish has been 1.0 ppm for more than 20 years.  Nonetheless, it has been many years since the agency initiated judicial enforcement proceedings under section 402(a)(1) against fish based its content of methylmercury, principally because of concerns about whether, under normal circumstances, fish containing more than 1 ppm of methylmercury present a reasonable possibility of injury to the general public
  The history and basis of the action level, and other reasons why FDA has shied away from seeking to enforce it, are discussed in detail in Appendix C.

(b)  The Relevance of Beneficial Health Effects from Eating Fish 
A question of growing importance is how and whether beneficial nutritional or other health effects from eating fish may be relevant to risk management strategy in general, including to any determination that the agency might make about whether and under what circumstances a fish is adulterated.  The safety standard in section 402(a)(1) of the FD&C Act does not expressly refer to benefits, nor does it appear to contemplate a weighing of benefit against risk when determining whether a food is adulterated.  Once it has been determined that an added  poisonous or deleterious substance in a food gives rise to a reasonable possibility of injury, the question of whether that food provides beneficial health effects is not relevant to a determination of adulteration. 

However, beneficial health effects could alter whether a reasonable possibility of injury exists.  A contaminant in food “A” could produce a reasonable possibility of injury from eating food “A,” but the same contaminant in food “B” might be offset by one or more components of the food.  In that case, the net effect from eating food “B” might actually be beneficial even though it contains the contaminant.  For example, there are a few studies that report an association between methylmercury in fish and risk of coronary heart disease.  There are also many other studies that report a reduction in risk of coronary heart disease associated with eating fish.  Presumably these fish contain methylmercury.  They might also contain nutrients or other components that may be offsetting the risk. Taking this net effect into account can be important in any determination about adulteration.  

Measuring net effect for purposes of determining adulteration is not the same as “balancing” or “weighing” risk against benefit.  Net effect integrates adverse effects and beneficial effects to produce the likelihood of a single, net outcome, whether adverse, neutral, or beneficial.  Balancing or weighing involves a consideration of risk and benefit as separate matters.  It involves an exercise in judgment in determining whether the potential beneficial health effects justify the taking of a certain amount of risk.  

In addition to the question of adulteration, beneficial health effects from eating a food can be relevant to FDA’s management of risk in several ways.  First, where the food has been associated with beneficial health effects, it would be worthwhile to measure the risk at the highest levels of consumption that have been associated with incremental beneficial effects.  For example, if five servings of food per unit of time (e.g., per week) have been plausibly associated with substantially greater beneficial health effects than could be obtained from four servings, it would be worth estimating the risk when concentrations of the contaminant in the body reach levels that can generally be associated with five servings.  Calculating the risk at the highest levels that have been associated with beneficial health effects would be consistent with the goal of enabling people to obtain the greatest benefit for the least risk as expressed in the 2006 National Academy of Sciences report on balancing benefits and risks when making consumption choices involving marine seafood (IOM 2006, page 116).  
Second, an understanding of potential beneficial health effects from fish can help FDA to evaluate the overall health consequences of its risk management strategy for methylmercury.  Since methylmercury cannot be taken out of fish, the Agency’s actions (in addition to conducting risk assessment) are essentially limited to affecting how much fish, and what kinds of fish, people eat, either by declaring some fish to be adulterated or by providing the public with information necessary to make personal consumption choices.  Assessing the overall health consequences of risk management alternatives would be consistent with recommendations in the 2006 report from the National Academy of Sciences, cited previously.  

Third, because increases and decreases in fish consumption would be accompanied by corresponding increases and decreases in the consumption of other foods, the potential effect on health as a result of eating more or less of foods other than fish could also be an important risk management consideration.  Data from FDA’s consumer focus group activities and in the scientific literature suggest that some people would reduce, or already have reduced, their fish consumption in response to FDA’s consumer advisory for methylmercury even though they are already consuming below the amounts recommended in the advisory (Oken et al., 2003; FDA 2005; Story et al., 2006).   Presumably such reductions result in replacements with other foods.  If, by reducing their fish consumption, these people were increasing their risk of experiencing other adverse health effects, presumably the Agency would want to take that into consideration when deciding whether to adjust its message or its overall risk management approach. 

As an aside, this project did not attempt an assessment of the full range of health effects that could occur from substituting one food for another because it would have involved a major undertaking well beyond the resources and time frames available to the project team.   Even though it is a valid question, the potential health effects that could accompany substituting one food for another are not relevant to a determination of whether and under what circumstances fish may be adulterated, i.e., whether there is a reasonable possibility of injury from methylmercury in commercial fish.  Since determining whether a food is adulterated is at the heart of FDA’s role in ensuring food safety, enhancing the Agency’s ability to make this threshold determination was a primary goal of this project.

(c)  Consumer Information and Advisories

Although section 402(a)(1) of the FD&C Act does not appear to provide for weighing risk against benefits or taking into account the potential health impact of substituting one food for another when determining whether fish are adulterated, the Agency is not precluded from doing these things when providing information or consumption advice to the public.  Agencies such as FDA were encouraged to provide such information to the public in the 2006 National Academy of Sciences committee report on balancing risk and benefit when making consumption choices involving marine seafood (IOM 2006).  Moreover, FDA is not precluded from providing information or consumption advice relating to food safety even when it has not established that a reasonable possibility of injury exists for the particular hazard that is the subject of the advice.    

FDA has a history of communicating with the public on matters relevant to its mission, including food safety.  As described in Appendix E of this report, FDA has been providing consumption advice for methylmercury in fish products since the mid-1990’s.  Internationally, there appears to be a growing interest in how to provide consumption advice that takes into account both risk and benefit, rather than on how to remove fish with the highest levels of methylmercury from the marketplace through the enforcement of “action”-type levels.  The emphasis in the 2006 NAS report on balancing risk and benefit in seafood products was on best ways to provide useful information to the public so that consumers could make informed choices.   

In summary, the Agency possesses considerable latitude on the nature of consumer information and consumption advice that it issues.  Consequently, whether FDA would want to issue information or advice that implicitly or explicitly addresses whether and under what circumstances a reasonable possibility of injury exists, or whether the Agency would opt to provide information and advice outside of that risk framework for environmental contaminants, e.g., provide advice based on maintaining a large margin of safety in the absence of data to establish a reasonable possibility of injury, involves policy considerations not dictated by the FD&C Act.  

(d)  Misbranding   

A question of growing public interest within the past several years has been whether consumption advice about methylmercury directed toward susceptible populations should be included on labeling for at least some fish products.  Most of this interest has been directed toward point-of-purchase labeling, such as placards at fish counters in grocery stores.   

The FD&C Act addresses the circumstances under which FDA may determine that certain types of information are necessary on food labeling.  Under sections 403(a)(1) and 201(n) of the FD&C Act,  the labeling of a food is misleading if it fails to reveal facts "material" in light of the consequences that may result from use of that food under customary or usual conditions of use.     

To require labeling about methylmercury, FDA would have to establish that the presence of, or information about, methylmercury in fish is material in light of the consequences that may result from the consumption of fish under customary or usual conditions. The most obvious "consequence" that would make information about methylmercury "material" in this situation would be that beyond certain levels of exposure, the methylmercury in the fish presents a reasonable possibility of injury to the fetus. 

It is worth noting, however, that the law does not limit FDA to determining that information about methylmercury on labeling would be "material" only if a reasonable possibility of injury were to exist. Presumably, FDA could decide that certain kinds of safety information were "material" even though the consequences of eating fish would not involve a reasonable possibility of injury. While we cannot now predict what the policy basis for such a decision might be, it would not be precluded as a matter of law so long as there were a rational basis for it.     

(e)  Summary

In summary, one of the three risk management actions available to the agency requires a demonstration that methylmercury in fish gives rise to a reasonable possibility of injury to health at U.S. levels of exposure and thereby renders that fish adulterated.  Another requires a demonstration that labeling that does not disclose the presence of, or information about methylmercury in fish is misleading and thereby renders that fish misbranded.  The third action, the issuance of information and consumption advice, requires no such determinations.  Whether consumer advice should address whether there is a reasonable possibility of injury as part of the information it provides is a policy matter not mandated by the FD&C Act.   

Beneficial health effects from eating fish can be relevant to a finding of adulteration to the extent that they affect whether there is a reasonable possibility of injury from methylmercury.  The net effect over time of eating fish containing methylmercury can be different from the effect of eating the same amount of methylmercury over time in some other food, e.g., pilot whale.  Benefits are not relevant to adulteration, however, for purposes of balancing or weighing risk against benefit.  On the other hand, benefits, including the balancing or weighing of risk against benefit, can be relevant to consumer advice, as advocated in the 2006 report from the National Academy of Sciences, and to an evaluation of the consequences of FDA’s risk management options. 

APPENDIX G
THE FDA ACTION LEVEL 

FDA’s initial risk management strategy for methylmercury included the development of an “action level” for methylmercury in fish.  An action level identifies an amount of a substance in a food (in this case a concentration of methylmercury in fish) that FDA may regard as adulterating that food (Landa 1993).  The action level is 1.0 ppm (ppm) of methylmercury in fish.

FDA action levels lack the force and effect of law so they are not binding on anyone, including FDA.  Rather, an action level provides guidance on the circumstances under which the agency would consider taking regulatory action.  If FDA were to seek the removal of fish from commerce because they contained methylmercury in excess of the action level, the Agency would have the burden of demonstrating that the amount of methylmercury in the fish created a reasonable possibility of injury.  It would not be enough simply to show that the concentrations in the fish exceeded the action level.        

The action level was intended to minimize the likelihood that consumers would be exposed to methylmercury in excess of FDA’s Acceptable Daily Intake Level (FDA 1979).  The Acceptable Daily Intake Level is FDA’s safety assessment level for the general population, as described previously.  The logic behind the action level was that exposure to methylmercury above the Acceptable Daily Intake Level would become less likely if fish with the highest concentrations of methylmercury, i.e., fish that exceed the action level, were removed from commerce. 
(a)  Brief History

FDA first established an action level in the form of a guideline for mercury
 in fish and shellfish in 1969. The action level was set at 0.5 ppm based on estimates of levels of intake that resulted in poisoning episodes in Japan, and data on the relation of intake of methylmercury to body levels of methylmercury (FDA 1974).  Scientific reviews conducted in 1970 and 1971 supported maintaining an action level of 0.5 ppm (FDA 1974, page 42739). 
In 1974, FDA concluded that it would be inappropriate to set a formal tolerance for mercury because a number of mercury studies were in progress. Instead, FDA proposed to establish by regulation an action level of 0.5 ppm, which FDA estimated would maintain a tenfold margin of safety for the vast majority of consumers over the level of mercury intake then known to be toxic (FDA 1974).  FDA recognized that an action level of 0.5 ppm would not provide a tenfold margin of safety for all consumers. Nonetheless, FDA rejected the possibility of setting a lower action level that would provide a tenfold margin of safety for all consumers because doing so would have resulted in the exclusion of a great amount of fish and shellfish from the market.

In subsequent years, FDA had mixed success in enforcing the action level of 0.5 ppm.  In 1975, FDA prevailed on summary judgment in a seizure action against swordfish found to contain in excess of 0.5 ppm of mercury.
   The court interpreted section 402(a)(1) as permitting condemnation of food "if there is any possibility that the food will be injurious," (emphasis added).
  In granting summary judgment, the court cited uncontradicted affidavits submitted by the agency stating that "consumption of fish at a level whereby the acceptable daily intake for mercury exceeds the levels set forth in the FDA Guidelines constitutes 'an unwarranted risk of injury which should be avoided.'"
   However, three years later, FDA failed in its effort to obtain injunctive relief to prevent distribution in interstate commerce of swordfish containing in excess of 0.5 ppm of mercury.
   In that case, the court interpreted section 402(a)(1) of the FD&C Act as permitting condemnation of food only if there is a "reasonable possibility" of injury.
   Based on the evidence presented, the court held that "there is no reasonable possibility of injury to anyone's health from the consumption of swordfish containing 1.0 ppm or less of mercury."
   The court noted that its decision was "based only on the scientific and empirical data accepted into evidence in these cases."
  
In 1979, FDA withdrew its 1974 proposal to establish by regulation an action level for mercury. In part, FDA did so because it expected to continue to receive new information bearing on the appropriate limit for mercury in fish and other aquatic animals. FDA opted instead for the more flexible approach of setting a revised action level administratively and announcing its availability in the Federal Register. FDA decided to set the action level at 1.0 ppm based primarily on information in a National Marine Fisheries Service report suggesting that the probability of systematic exposure to a substantial intake of methylmercury appeared to be lower than originally estimated (NMFS 1978b).  FDA concluded that, based on the information available to the agency at that time, an action level of 1.0 ppm would provide adequate protection against significant numbers of consumers exceeding the ADI.

In 1984, FDA announced the availability of a Compliance Policy Guide (CPG) that changed the basis for enforcement of the action level for mercury in fish from total mercury content to methylmercury content.
   This change was made in response to the development of an analytical method suitable for determining methylmercury content. Although the basis for enforcement of the action level changed, the action level remained at 1.0 ppm.

(b)  How to Calculate an Action Level for Methylmercury

An action level like the one for methylmercury is the product of the following equation:

action level (i.e., highest  =      ADI (daily amount of MeHg deemed w/out appreciable risk)
acceptable concentration
daily amount of fish consumed
       
   
of MeHg in any fish)

This equation addresses the following question:  if a person regularly eats as much as ___[amount]___ of fish per day, what is the highest concentration of methylmercury that could be in every one of those fish without that person exceeding FDA’s Acceptable Daily Intake Level for the general population (FDA 1974, see p. 42739 for an early articulation of that thought process as applied to methylmercury)?  

The Acceptable Daily Intake Level is pre-established and is a constant in the equation.  The other two values are variable.
  In that respect, the action level involves an element of discretion.  There is no single “correct” action level for purposes of implementing the Acceptable Daily Intake Level.  The discretion would likely take into account what is known at the time about the concentrations of methylmercury in fish and the amounts of fish that people were eating.       

With the numbers filled in, the equation that produces an action level of 1.0 ppm for purposes of enforcing FDA’s ADI for the general population is:  

1.0 ppm =  the ADI (30 micrograms/day for a person weighing 60 kg)
 





30 grams of fish per day

Thirty grams of fish per day involves consumption somewhere above the 75th   percentile but somewhat below the 90th percentile depending on age and gender (see Table IV-1 in Section IV of this report).  Only a minority of U.S. fish consumers average as much as 30 grams of fish per day and, of these individuals, a small fraction might eat fish that contain methylmercury concentrations that average as much as 1.0 ppm.  (The “average” U.S. commercial fish, adjusted for popularity, contains only 0.08 ppm; see Section III of this report.) None of the fish averaging around 1.0 ppm are among the top 20 most popular commercial fish (Montwill 2008; see also Table AA-3 in Appendix A).  The top 20 species represent about 90 percent of commercial fish consumption in the United States (Montwill 2008; see also Table AA-3).  

An action level of 1.0 ppm reflects a strategy of protecting the general population by protecting upper percentile consumers (above the 75th percentile but below the 90th percentile) who are also relatively highly exposed to methylmercury through consumption patterns that would be would be implausible for most people.  If these upper percentile consumers can eat fish every day that are essentially at 1.0 ppm without exceeding the Acceptable Daily Intake Level, the rest of the population (most of whom will eat less fish per day and with methylmercury concentrations that will likely be much lower than 1.0 ppm) would be unlikely to exceed it either.  In fact, it is possible for consumers who are below the 75th - 90th percentiles to eat only fish that exceed 1.0 ppm and still remain exposed to methylmercury below the Acceptable Daily Intake Level.  

(c)  Enforcement Considerations

In recent years the action level for methylmercury has fallen into disuse because its relevance to the management of actual risk is now regarded as questionable.  There are several reasons for FDA’s loss of confidence in the action level:

· First, the entire population is essentially exposed to methylmercury below the Acceptable Daily Intake Level even without taking any fish off the market.  (See Section I(d) of this report.)   Consequently, the action level is not currently needed to bring exposures below the Acceptable Daily Intake Level.  

· Second, if exposures were to exceed the Acceptable Daily Intake Level, it is not clear whether they would be high enough to be equated with a reasonable possibility of neurological injury for the general population
.  Recall that safety assessment does not measure the likelihood or severity of effect above the safety assessment level.      

· Third, even if some measurable percentage of the population were exceeding the Acceptable Daily Intake Level, enforcement of the action level would probably not reduce many of these exposures.  That is because people could exceed the Acceptable Daily Intake Level by eating a lot of fish with mercury concentrations that were, on average, below the action level of 1.0 ppm.  As stated previously, most people do not frequently consume commercial fish with concentrations of methylmercury that are 1.0 ppm or higher.  Consequently, removing such fish from commerce would not significantly affect the amount of methylmercury to which most people are exposed (Carrington et al., 2004).  If anything, it would only reduce methylmercury levels in very small segments of the population who might eat these “high end” species in unusual quantities over protracted periods of time.         

As an additional practical consideration, it is not possible to know whether any particular fish exceeds the action level without taking a sample from that fish and testing it in a laboratory.  Presumably, the longer a fish lives, the bigger it is, and the higher the methylmercury concentration (Barber et al., 1972, page 638; Kraepeil et al., 2003, page 5,554).  While this rule of thumb may be valid in a rough sense, we are not aware of data that would allow for a reasonably accurate determination of whether a fish is over or under a precise number such as 1.0 ppm on the basis of size.
For each species of fish, methylmercury concentrations can be different from one fish to another within a range that is known for most common U. S. commercial species.  FDA’s database of methylmercury concentrations in the principal U.S. commercial species contains the highest and lowest concentrations that FDA has recorded to date for each species as well as the average concentration for the species based on all the samples in the database.  The FDA database reveals 15 different species that sometimes contain concentrations of methylmercury greater than 1.0 ppm.         

A testing regime targeted to these species would either have to test all fish in those species or test some portion of them.  Testing all fish in a species is not realistic and could cause some species to lose their economic viability.  Testing representative samples of fish would likely catch some fish that are over the action level but miss others.  Moreover, it is not clear whether the concentrations of methylmercury in some fish in a shipment of fish could be regarded as representative of concentrations in all the fish in the shipment.  Contrast this situation with representative sampling of fish for decomposition, which depends on how fish have been collectively handled since they were caught.  Representative sampling works in that situation because if some fish have excessive decomposition, others in the shipment are likely to have it.
      

As an additional matter, a substantial testing regime in order to remove fish with the highest concentrations of methylmercury could have fisheries management implications if it served as an incentive to fishermen to catch younger fish.  The longer a fish lives, the more methylmercury in can accumulate.  By contrast, traditional strategy for the preservation and maintenance of fish species involves catching the largest and oldest fish and avoiding the younger ones.
  Presumably, a change in strategy that targets younger, smaller fish would have to be accomplished through new harvesting controls on the location, timing, and quantities of the smaller fish that are harvested.  Although fisheries management is outside the scope of FDA’s mission, agency policies for human food safety can occasionally have consequences outside the mission that are worthy of examination. 
APPENDIX H
 CONSUMPTION ADVICE 

FOR METHYLMERCURY 

By the mid 1990’s there was a growing awareness within FDA that the agency’s original risk management strategy of selectively removing from commerce fish with the highest concentrations of methylmercury was not a practical way to implement its Acceptable Daily Intake Level for the general population.   In addition, if the fetus were more susceptible than the general population to the effects of methylmercury, the Acceptable Daily Intake Level might not be low enough to provide a 10-fold margin of safety to the fetus.
  
Consequently, in 1994 the agency took a first step toward a new risk management strategy by providing advice to all consumers to limit their consumption of species with the highest average levels of methylmercury. That first advisory recommended that women of childbearing age who might become pregnant limit their consumption of shark and swordfish to one serving per month.  Everyone else was advised to limit their consumption of fish like shark and swordfish that have concentrations of methylmercury of around 1 ppm to once a week.  Fish with average concentrations of 0.5 ppm (the number of species in U.S. commerce with average levels as high as 0.5 ppm is relatively small) were limited to two servings per week (FDA 1994)

 That advice was not based on a formal analysis.  The part of the advice that was directed to women of childbearing age was not an attempt to bring exposure below any particular safety assessment level, nor was it based on a quantitative assessment of risk or an estimation of how risk would be reduced by following the advice.  Because shark and swordfish have the highest average concentrations of methylmercury of any commercial fish (about 1.0 ppm), the advice was largely designed to prevent temporary “spike” exposures from these species, even though it is unknown whether temporary exposures of this type can result in a measurable increase in risk

.  In this respect the advice was based on prudence.  The advice that was directed to the general population reflected a rough attempt to keep exposures below the Acceptable Daily Intake level by recommending that people moderate their own diets, rather than through enforcement of an action level.  
Since that time the advisory was revised to delete the advice to the general population since the “at risk” population was considered to be women of childbearing age.  The
 NHANES survey indicates that the general population is essentially exposed below the FDA Acceptable Daily Intake level of . . . anyway; consequently, consumption advice to get the general population below that level is no longer regarded as necessary.  The
 advice to women of childbearing age was made more stringent, however, and advice was added for young children.  Extending the advice to young children derived from concerns that they might be more sensitive to methylmercury than adults. In summary, for pregnant women, women who are considering becoming pregnant, and lactating women, the FDA / EPA advice it now recommends avoidance of the four commercial species with the highest average concentrations of methylmercury and no more than two servings per week for most other species.  For young children, it offers the same recommendations but in smaller portions (FDA/EPA 2004).   
 The changes in the FDA advisory were made for the stated purpose of reducing exposure to methylmercury within the target population.  None of these changes were based on new calculations of risk for those who are exposed above theU.S. EPA Reference Dose of 0.1 ug/kg bw/ day because their risk was not calculated.  Nonetheless, if the advisory were followed it would have the practical effect of bringing exposures below the EPA Reference Dose for most of the 4.6 percent of
 women reported to be above it in the NHANES survey.  
On the other hand, most women would have to increase their fish consumption substantially in order to reach the highest recommended fish consumption limit of 12 ounces per week
.  This weekly amount equals about 40 pounds of fish per year but per capita commercial fish consumption in the United States is only around 16 pounds per year (NMFS 2005, p. 73).
   In recent survey research by FDA, median fish consumption for the non-pregnant women of childbearing age in the survey was 2.97 ounces per week while median fish consumption for the pregnant women surveyed was 1.89 ounces per week.
  As a caveat, the study sample was from a nationally distributed consumer panel that was not representative of the whole U.S. population.  The sample size was large, however, with 1,500 women in each of these groups.

Of the several advisories provided to consumers by governments in countries that have issued such advice, the FDA/EPA advisory is, overall, the most conservative, i.e., it recommends the most limited consumption for women of childbearing age and young children.  Three other countries continue to recommend some limitations to the general public.  Two of these countries do so in order to keep their general publics exposed under the old JECFA Provisional Tolerable Weekly Intake Level for the general population, now discontinued
.  

A table comparing consumer advisories for methylmercury issued by various countries, including the United States, is provided below.  The recommendations have been converted into ounces per week for ease of comparison with the U.S. advisory.     

As can be seen, the advisories share common themes but differ in the details. These differences reflect the fact that the advisories are based on different quantitative risk assessment levels, fish consumption patterns, and judgments regarding the balance between risk and benefit.  In addition, they reflect efforts to protect against risk that had not been numerically calculated through quantitative risk assessment
 .    













METHYLMERCURY FISH CONSUMPTION ADVISORIES

	Country
	United States
	Canada
	United Kingdom
	Australia/ New Zealand
	European Union
	Japan

	Date Issued:
	March 2004
	May 2002 (updated March 2007)
	March  2004
	March 2004
	May 2004
	November 2005

	Subpop-ulation Directed To:
	Pregnant women, women of child bearing age who are consider-ing becoming pregnant, nursing mothers and young children (age not specified)
	Pregnant women, women who may become pregnant, nursing mothers and children through  11 years of age
	Pregnant women, women who intend to become pregnant, infants and children under 16 years of age
	Pregnant women, women intending to become pregnant and young children between one and six years of age.
	Pregnant women, women who may become pregnant, nursing mothers and young children (age not specified)
	Pregnant women

	Subpop-ulation

Should Avoid:
	shark, sword-fish, king mackerel, tilefish
	None


	Shark, sword-

fish, marlin
	None
	None
	None

	Subpop-ulation

Con-sumption Recom-mend-ation/ Limit-ation:
	12 oz per week of variety of other kinds of fish;

6 oz per week of canned albacore tuna;  

Check local advisories about the safety of fish caught by family and friends in local lakes, rivers and coastal areas;

If no advice is available, limit consumption of fish caught from local waters to 6 ounces per week and do not eat any other fish during that week 
	Pregnant women, nursing mothers or women who may become pregnant:

5 oz per month of shark, swordfish, orange roughy, marlin, escolar and fresh and frozen tuna;
10 oz per week of canned albacore tuna
Children between age of five and eleven:

4 oz per month of shark, swordfish, orange roughy, marlin, escolar and fresh and frozen tuna;

5 oz per week of canned albacore tuna

Children between age of one and four:

2.5 oz per month of shark, swordfish, orange roughy, marlin, escolar and fresh and frozen tuna;

2.5 oz per week  of 

canned albacore tuna 


	Pregnant women, women who intend to become pregnant: 

10 oz of fresh tuna per week or
20 oz of canned tuna per week  

Children under age 16:

10 oz of fresh tuna per week  or

30 oz of canned tuna per week
	Pregnant women and women intending to become pregnant: 

5 oz per every two weeks of shark (flake), swordfish, broadbill, marlin (with no other fish consumed during that time);

5 oz  per week of

orange roughy, catfish

(with no other fish consumed during that time)

10-15 oz per week of other kinds of fish including canned tuna

Young children between 1 and 6 years old:

2.5 oz per every two weeks of shark (flake), swordfish, broadbill, marlin (with no other fish consumed during that time);

2.5 oz  per week of

orange roughy, catfish

(with no other fish consumed during that time)

5-7.5 oz per week of other kinds of fish including canned tuna
	No more than 3.5 oz per week of large predatory fish as swordfish, shark, marlin and pike and no other fish during that week;

7 oz of tuna per week 

(no differentiation of type of tuna has been made)


	Up to 3 oz per two (2) months of bottle-nose dolphin

Up to 3 oz  per two (2) weeks of short-finned

pilot whale

Up to 3 oz per week* of swordfish, alfonsino, bluefin tuna, bigeye tuna, finely-striate buccinum,  baird’s beaked whale, sperm whale

Up to 6 oz per week* of yellowback seabream, marlin, hilgendorf saucord, southern bluefin tuna, blue shark, dall’s porpoise

*3 oz (one average meal) refers to the sum of the weights of all fish species listed eaten during that week

	General Population

Advice: 
	None
	Limit consumption to no more than 5 oz per week of shark, swordfish, marlin, orange roughy, escolar and fresh and frozen tuna.

No limitation on  consumption of other fish including canned (albacore and light) tuna
	Limit consumption to no more than 5 oz per week of either shark or swordfish or marlin

No limitation on  consumption of other fish including fresh and canned tuna


	5 oz per week of shark (flake), billfish (swordfish/

broadbill, marlin) with no other fish that week;

10-15 oz per week of any other fish


	None
	None

	Additional Com-ments:
	
	Subpopula-tions limitation on canned tuna applies only to albacore tuna. 

No consumption limitation on canned light tuna.

Commercial freshwater fish: restriction are placed on harvesting areas
	Recommendation based on updated guidelines on mercury from the World Health Organization.
	
	Check specific advice from national authorities regarding the safety of fish caught from local lakes, rivers and coastal areas.

Recommendation based on updated guidelines on mercury from the World Health Organization.
	No limitation on consumption of canned tuna and other tuna species than listed above 


APPENDIX I

HOW SAFETY ASSESSMENT LEVELS, AS APPLIED TO METHYLMERCURY, CAN AFFECT THE PERCEPTION OF RISK 
Because each safety assessment for methylmercury calculates only one level of exposure, it would be understandable if many people perceived that level as being a “bright line” separating safe from unsafe, even though it is not intended as such.  For that reason, both FDA and EPA have issued disclaimers over the years, e.g., EPA’s statement in its regulatory impact analysis for the Clean Air regulations that the Reference Dose “does not define a bright line, above which individuals are at risk of adverse effect” (EPA 2005, pp. 9-1 and 9-2).   

It is not clear how effective these disclaimers have been.  Exposure above the Reference Dose are frequently characterized as putting a person “at risk” without explanation of what that might mean in terms of actual risk.    

The term “at risk” was applied to methylmercury in 2000 by the committee of the National Academy of Sciences that developed a report for EPA containing guidance on how to develop its Reference Dose.  The report’s statement that “60,000 children are born each year at risk…” (NRC 2000, p. 327) was widely reported in the media to the point where FDA wrote to the committee chairman to ask what it meant (Levitt 2000).  The committee chairman responded that the statement referred to children born to mothers exposed over the Reference Dose and not to any elevated risk to these children, since elevated risk had never been established (Goyer 2000).  Nonetheless, the term “at risk” and similar characterizations are commonly used without explanation.  An example is this excerpt from a Washington Post editorial on March 19, 2005 entitled “Mercurial Rulemaking:” ”Even if all U.S. power plants were shut down tomorrow, small children and American women of childbearing age would still be at risk from the mercury found in canned tuna, salmon and the pollock used in fish sticks.”  

Another example was a paid message in the Washington Post in May, 2004 by an organization called the Physicians Committee for Responsible Medicine, claiming “More than 600,000 babies are born every year at risk of mercury-related birth defects, including mental retardation, learning disabilities, permanent neurological damage, and physical malformations.”  In this message, “at risk” was extended to include extreme medical conditions only seen in the industrial accidents in Iraq and Japan.        
A 2005 report from the United States Government Accountability Office entitled “Clean Air Act Observations on EPA’s Cost-Benefit Analysis of Its Mercury Control Options,” observed that “6 percent of women of childbearing age have mercury blood levels that exceed safe levels” with no further explanation provided as to what that might mean in terms of actual risk (GAO 2005, page 1).   

In a letter to FDA in 2003 requesting that the agency make its consumer advisory more stringent in order to ensure that no one in the target population remain exposed above the EPA Reference Dose, the Environmental Working Group, an environmental advocacy organization, essentially argued that any consumption above the Reference Dose “will substantially increase…risks associated with mercury exposure from eating contaminated fish.  This is unacceptable.  The health and safety of Americans is on the line.”  The letter provided no estimation of risk in support of the assertion that any exposure over the Reference Dose substantially increases risk (Houlihan 2003).  

These examples are representative of hundreds and perhaps thousands of documents, articles, editorials, etc. that have entered the public domain in the last several years.  Collectively, they indicate how sole reliance on safety assessment for environmental chemicals, at least where some percentage of the population is at or above the single level of exposure, can lead to significant misperceptions about risk. The misperception in this case -- that s6ubstantial risk at U.S. levels of exposure above the Reference Dose is a proven scientific fact – appears to be widespread to the point where it could complicate the development of science-based public policy for methylmercury in commercial fish.  

APPENDIX J

ARE MORE PEOPLE EXPOSED ABOVE THE REFERENCE DOSE THAN PREVIOUSLY THOUGHT?   IF SO, WHAT ARE THE IMPLICATIONS FOR ACTUAL RISK?  

The number of children born each year to women exposed over the RfD has typically been calculated to be around 300,000 (Mahaffey et al., 2004).  Some estimations have increased that number to about 600,000.   Why has this occurred and what does it mean in terms of likelihood of injury to these children? 

The Reference Dose is expressed as a chronic level of ingestion that corresponds to a steady state blood level of 58 ppb (µg/L).  When a pregnant woman is chronically exposed over the Reference Dose it means that her blood contains in excess of 58 ppb (µg/L) of methylmercury. However, the potential neurological effect being targeted is in the developing fetus, not in the mother. This raises the question of whether the concentration of methylmercury in the mother’s blood accurately reflects the exposure to the fetus. 

Once a child is born, fetal exposure can be measured by the level of methylmercury remaining in umbilical cord blood.  When EPA developed the Reference Dose, it assumed a 1:1 ratio of methylmercury in maternal blood to methylmercury in umbilical cord blood.  It added a 3-fold safety factor to the Reference Dose, however, in case that ratio turned out to be incorrect.  Recent analyses indicate that 70 percent more methylmercury may concentrate in umbilical cord blood than in maternal blood.   This would mean that the fetus is more highly exposed to methylmercury than it would be if the ratio between maternal and umbilical cord blood were 1:1. As an apparent consequence, an estimate has been put forth that approximately 630,000 babies a year, rather than about 300,000 are born with methylmercury exposures “that could reduce their mental abilities” (Trasande, et al., 2005).  

If the ratio between maternal and umbilical blood is now known, the three-fold safety factor that was added in order to account for the fact that it was not known would no longer be necessary.  The 10-fold margin of safety would drop to seven-fold.  As a result, the Reference Dose would have to be recalculated accordingly to a higher level of exposure than the current level of 0.1 micrograms per kilogram of body weight per day (Stern 2005b). 

If the Reference Dose were recalculated, the resulting change would be small, since the adjusted dose level to accommodate the newly calculated cord blood to maternal blood ratio would essentially be offset by a lower total safety factor of seven-fold.   The number of women of childbearing age who are exposed above the Reference Dose would increase somewhat, but 

remain relatively close to the original estimate of about 300,000.  The average margin of safety for those exposed over the Reference Dose would also remain about what it is today.  For that reason, it is not clear whether there would be any impact on actual risk being experienced within the U.S. population.    
REFERENCES

1. 2005 Dietary Guidelines Advisory Committee. (2004, August). Report of the 2005 Dietary Guidelines Advisory Committee. http://www.health.gov/dietaryguidelines/dga2005/default.htm http://www.health.gov/dietaryguidelines/dga2005/report/
2. Agency for Toxic Substances and Disease Registry, CDC, DHHS (1999, March). Toxicological Profile for Mercury. CAS# 7439-97-6, at http://www.atsdr.cdc.gov/toxprofiles/tp46.html 
3. www.alspac.bris.ac.uk/welcome/index.shtml 

4. Ahlqwist, M., Bengtsson, C., Lapidus, L., Bergdahl, I.A., Schütz, A. (1999). Serum mercury concentration in relation to survival, symptoms, and diseases:  results from the prospective population study of women in Gothenburg, Sweden. Act Odontol Scand, 57, 168-174.

5. Akabas, S.R., Deckelbaum, R.J., editors. (2006, June).  Supplement:  n-3 fatty acids: Recommendations for therapeutics and prevention. American Journal of Clinical Nutrition, 83(6 Suppl), 1451S-1538S. 
6. Albert, C.M., Hennekens, C.H., O'Donnell, C.J., Ajani, U.A., Carey, V.J., Willett, W.C., Ruskin, J.N., Manson, J.E. (1998, January 7).  Fish consumption and risk of sudden cardiac death.  Journal of the American Medical Association, 279(1), 23-28.

7. American Heart Association Nutrition Committee; Lichtenstein, A. H., Appel, L. J., Brands, M., Carnethon, M., Daniels, S., Franch, H.A., Franklin, B., Kris-Etherton, P., Harris, W.S., Howard, B., Karanja, N., Lefevre, M., Rudel, L., Sacks, F., Van Horn, L., Winston, M., Wylie-Rosett, J. (2006, July 4). Diet and lifestyle recommendations revision 2006: a scientific statement from the American Heart Association Nutrition Committee. Circulation, 114(1), 82-96.

8. American Heart Association. Heart Disease and Stroke Statistics, 2007.  Dallas, Texas, American Heart Association at http://www.americanheart.org/downloadable/heart/1166711577754HS_StatsInsideText.pdf
9. Anderson, J.W., Johnstone, B.M., Remley, D.T. (1999, October).  Breast-feeding and cognitive development: a meta-analysis. American Journal of  Clinical  Nutrition, 70(4), 525-35.

10. Anonymous. (2007, December).  Eating Any Type of Fish May Benefit Cognitive Performance in Older Individuals.  PUFA Newsletter 
11. Ascherio, A., Rimm, E.B., Stampfer, M.J., Giovannucci, E.L., and Willett, W.C. (1995).  Dietary Intake of Marine n-3 Fatty Acids, Fish Intake, and the Risk of Coronary Disease Among Men.  New England Journal of Medicine, 332, 977-82. 

12. Auestad, N., Montalto, M.B., Hall, R.T., Fitzgerald, K.M., Wheeler, R.E., Connor, W.E., Neuringer, M., Connor, S.L., Taylor, J.A., Hartmann, E.E. (1997, January). Visual acuity, erythrocyte fatty acid composition, and growth in term infants fed formulas with long chain polyunsaturated fatty acids for one year. Ross Pediatric Lipid Study. Pediatrric Research, 41(1), 1-10.

13. Auestad, N., Halter, R., Hall, R.T., Blatter, M., Bogle, M.L., Burks, W., Erickson, J.R., Fitzgerald, K.M., Dobson, V., Innis, S.M., Singer, L.T., Montalto, M.B., Jacobs J,R., Qiu, W., Bornstein, M.H. (2001, August). Growth and development in term infants fed long-chain polyunsaturated fatty acids: a double-masked, randomized, parallel, prospective, multivariate study. Pediatrics, 108(2), 372-81.

14. Auestad, N., Scott, D.T., Janowsky, J.S., Jacobsen, C., Carroll, R.E., Montalto, M.B., Halter, R., Qiu, W., Jacobs, J.R., Connor, W.E., Connor, S.L., Taylor, J.A., Neuringer, M., Fitzgerald, K.M., Hall, R.T. (2003, September). Visual, cognitive, and language assessments at 39 months: a follow-up study of children fed formulas containing long-chain polyunsaturated fatty acids to 1 year of age. Pediatrics,112(3 Pt 1), e177-83.

15. Axelrad, D.A., Bellinger, D.C., Ryan, L.M., Woodruff, T.J. (2007, April). Dose-Response Relationship of Prenatal Mercury Exposure and IQ:  An Integrative Analysis of Epidemiological Data. Environmental Health Perspectives, 115(4), 609-615.
16. Bakir, F., Damluji, S.F., Amin-Zaki, L., Murtadha, M., Kahalidi, A., Al-Rawi, N.Y., Tikriti, S., Dhahir, H.I., Clarkson, T.W., Smith, J.C., Doherty, R.A. (1973, July 22). Methylmercury Poisoning in Iraq, Science, 181, 230-241. 
17. Bakker, E.C., Ghys, A.J., Kester, A.D., Vles, J.S., Dubas, J.S., Blanco, C.E., Hornstra, G. (2003, January). Long-chain polyunsaturated fatty acids at birth and cognitive function at 7 y of age. European Journal of Clinical Nutrition, 57(1), 89-95.

18. Balk, E., Chung, M., Lichtenstein, A., Chew, P., Kupelnick, B., Lawrence, A., DeVine, D., Lau, J. (2004, March). Effects of Omega-3 Fatty Acids on Cardiovascular Risk Factors and Intermediate Markers of Cardiovascular Disease. Evidence Report/Technology Assessment No. 93 and Summary. (Prepared by the Tufts-New England Medical Center Evidence-based Practice Center, Boston, MA.).  AHRQ Publication No. 04-E010-2 and 04-E010-1. Rockville, MD: Agency for Healthcare Research and Quality.

19. Balk, E.M., Lichtenstein, A.H., Chung, M., Kupelnick, B., Chew, P., Lau, J. (2006, November). Effects of omega-3 fatty acids on serum markers of cardiovascular disease risk: A systematic review. Atherosclerosis, 189, 19-30. 

20. Barber, R.T., Vijayakumar, A., Cross, F.A. (1972). Mercury Concentrations in Recent and Ninety-Year-Old Benthopelagic Fish.  Science, 178, 636-639.
21. Birch, E.E., Hoffman, D.R., Uauy, R., Birch, D.G., Prestidge, C. (1998, August).  Visual acuity and the essentiality of docosahexaenoic acid and arachidonic acid in the diet of term infants. Pediatric Research, 44(2), 201-9.  At http://www.pedresearch.org/pt/re/pedresearch/fulltext.00006450-199808000-00011.htm;jsessionid=LQJQyQMHpyr0r6WpcnWPhv6BpvJhLLyNHVpXl6Gbyk2wtsDLkJ4P!-2127528821!181195629!8091!-1   (Accessed June 11, 2008)

22. Birch, E.E., Garfield, S., Hoffman, D.R., Uauy, R., Birch, D.G. (2000, March).  A randomized controlled trial of early dietary supply of long-chain polyunsaturated fatty acids and mental development in term infants. Developmental Medicine and Child Neurology, 42(3), 174-81.
23. Birch, E.E., Hoffman, D.R., Castañeda, Y.S., Fawcett, S.L., Birch, D.G., Uauy, R.D. (2002, March).  A randomized controlled trial of long-chain polyunsaturated fatty acid supplementation of formula in term infants after weaning at 6 wk of age. American Journal of Clinical Nutrition, 75(3), 570-80.

24. Birch, E.E., Castañeda, Y.S., Wheaton, D.H., Birch, D.G., Uauy, R.D., Hoffman, D.R. (2005).  Visual maturation of term infants fed long-chain polyunsaturated fatty acid-supplemented or control formula for 12 mo. American Journal of Clinical Nutrition, 81(4), 871-9.
25. Birch, E.E., Garfield, S., Castañeda, Y., Hughbanks-Wheaton, D., Uauy, R., Hoffman, D.  (2007, May). Visual acuity and cognitive outcomes at 4 years of age in a double-blind, randomized trial of long-chain polyunsaturated fatty acid-supplemented infant formula. Early Human Development, 83(5), 279-84. Epub 2007 Jan 18. 

26. Björnberg, K.A., Vahter, M., Berglund, B., Niklasson, B., Blennow, M., Sandborgh-Englund, G. (2005, October).  Transport of methylmercury and inorganic mercury to the fetus and breast-fed infant.  Environmental Health Perspectives, 113(10), 1381-5.
27. Bolger, M. & Carrington, C.D. (2005).  Food Safety and Toxicology.  In Encyclopedia of Toxicology (second edition), P. Wexler editor-in-chief, 359-365.
28. Bouzan, C., Cohen, J.T., Connor, W.E., Kris-Etherton, P.M., Gray, G.M., König, A., Lawrence, R.S., Savitz, D.A., Teutsch, S.M. (2005).  A Quantitative Analysis of Fish Consumption and Stroke Risk.  American Journal of Preventive Medicine, 29, 347-352.

29. Bucher, H.C., Hengstler, P., Schindler, C., Meier, G. (2002, March).  N-3 polyunsaturated fatty acids in coronary heart disease: a meta-analysis of randomized controlled trials. American Journal of Medicine, 112(4), 298-304.

30. Budtz-Jørgensen, E., Grandjean, P., Weihe, P. (2007, March). Separation of Risks and Benefits of Seafood Intake. Environmental Health Perspectives, 115(3), 323-327. 
31. Burr, M.L., Fehily A.M., Gilbert, J.F., Rogers, S., Holliday, R.M., Sweetnam, P.M., Elwood, P.C., Deadman, N.M. (1989, September 30). Effects of changes in fat, fish, and fibre intakes on death and myocardial reinfarction: diet and reinfarction trial (DART).  Lancet. 2(8666), 757-61. 

32. Burr, M.L., Ashfield-Watt, P.A.L., Dunstan, F.D., Fehily, A.M., Breay, P., Ashton, T., Zotos, P.C., Haboubi, N.A., Elwood, P.C. (2003, February).  Lack of benefit of dietary advice to men with angina: results of a controlled trial. European Journal of Clinical Nutrition, 57(2), 193-200.

33. Carrington, C.D. (1996). Logical Probability and Risk Assessment. Human Ecology Risk Assessment, 2, 62-78.
34. Carrington, C.D., Cramer, G.M., Bolger, P.M. (1997).  A Risk Assessment for Methylmercury in Tuna.  Water, Air and Soil Pollution, 97, 273-283.
35. Carrington, C.D. & Bolger, P.M. (2000). A Pooled Analysis of the Iraqi and Seychelles Methylmercury Studies.  Human Ecological Risk Assessment, 6, 323-340.

36. Carrington, C.D. & Bolger, M.P. (2002).  An Exposure Assessment for Methylmercury from Seafood for Consumers in the United States. Risk Analysis, 22(4), 689-699.   
37. Carrington, C.D., Montwill, B., Bolger, P.M. (2004, December).  An Intervention Analysis for the Reduction of Exposure to Methylmercury from the Consumption of Fish by Women of Child-bearing Age.  Regulatory Toxicology and Pharmacology, 40(3), 272-280.

38. Carta, P., Flore, C., Alinovi, R., Ibba, A., Tocco, M.G., Aru, G., Carta, R., Girei, E., Mutti, A., Lucchini, R., Randaccio, S. (2003).  Sub-Clinical Neurobehavioral Abnormalities Associated with Low Level of Mercury Exposure through Fish Consumption.  NeuroToxicology, 24, 617-623. 

39. Census Bureau (2001). Profiles of General Demographic Characteristics 2000.   http://www.census.gov/prod/cen2000/dp1/2kh00.pdf
40. Census Bureau (2004, June). Table 1:  Fertility Indicators for Women 15-44 Years Old by Age, Race, and Hispanic Origin:  June 2004, at http://www.census.gov/population/www/socdemo/fertility/cps2004.html  

41. Centers for Disease Control and Prevention. (2001, March 2). Blood and Hair Mercury Levels in Young Children and Women of Childbearing Age -- United States, 1999. Morbidity and Mortality Weekly Report, 50(8), 140-3.
42. Centers for Disease Control and Prevention. (2003).  National Center for Health Statistics, National Health and Nutrition Examination Survey, 1999-2000 data files at http://www.cdc.gov/nchs/about/major/nhanes/NHANES99_00.htm.  30-Day Fish Frequency Survey data.  At http://www.cdc.gov/nchs/about/major/nhanes/frequency/drxtot.htm 

43. Centers for Disease Control and Prevention. (2004). National Center for Health Statistics, National Health and Nutrition Examination Survey, 2001-2002 data files.  At http://www.cdc.gov/nchs/about/major/nhanes/nhanes01-02.htm

44. Centers for Disease Control and Prevention. (2004a, November 5). Blood Mercury Levels in Young Children and Childbearing Age Women – United States 1999-2002.  Morbidity and Mortality Weekly Report, 53(43), 1018-1029.  

45. Centers for Disease Control and Prevention. (2005). National Center for Health Statistics, National Health and Nutrition Examination Survey, 2003-2004 data files.  At http://www.cdc.gov/nchs/about/major/nhanes/nhanes2003-2004/nhanes03_04.htm

46. Chan, H.M. & Egeland, G.M. (2004). Fish Consumption, Mercury Exposure, and Heart Diseases. Nutrition Reviews, 62(2), 68-72.
47. Chen, C., Yu H., Zhao, J., Li B., Qu, L., Liu S., Zhang, P., Chai, Z. (2006, February). The Roles of Serum Selenium and Selenoproteins on Mercury Toxicity in Environmental and Occupational Exposure.  Environmental Health Perspectives, 114(2), 297-301. 
48. Choi, A.L., Budtz-Jørgensen, E., Jørgensen, P.J., Steuerwald, U., Debes, F., Weihe P., Grandjean, P. (2008, May).   Selenium as a potential protective factor against mercury developmental neurotoxicity.  Environmental Research, 107(1), 45-52.  

49. Codex Committee on Food Additives and Contaminants. (2006, April 24-28).  Discussion Paper on the Guideline Levels for Methylmercury in Fish.  CX/FAC 06/38/37.  The Hague, the Netherlands.

50. Cohen, J.T., Bellinger, D.C., Connor, W.E., Kris-Etherton, P.M., Lawrence, R.S., Savitz, D.A., Shaywitz B.A., Teutsch, S.M., Gray, G.M.  (2005a, November).  A quantitative risk–benefit analysis of changes in population fish consumption. American Journal of Preventive Medicine, 29(4), 325-334.

51. Cohen, J.T., Bellinger, D.C., Shaywitz, B.A. (2005b, November). A Quantitative Analysis of Prenatal Methyl  Mercury Exposure and Cognitive Development. American Journal of Preventive Medicine, 29(4), 353-365.

52. Cohen, J.T., Bellinger, D.C., Connor, W.E., Shaywitz, B.A. (2005c, November). A Quantitative Analysis of Prenatal Intake of n-3 Polyunsaturated Fatty Acids and Cognitive Development.  American Journal of Preventive Medicine, 29(4), 366-74.  

53. Committee on Medical Aspects of Food Policy. Department of Health. Nutritional aspects of cardiovascular disease. Report of the Cardiovascular Review Group, Committee on Medical Aspects of Food Policy. (1994). Reports on Health and Social Subjects (London), 46, 1-24 & 123-132.

54. Connor, W.E., Lowensohn, R., Hatcher, L. (1996, March).  Increased docosahexaenoic acid levels in human newborn infants by administration of sardines and fish oil during pregnancy. Lipids, 31 Suppl, S183-7.
55. Cook, D.J., Mulrow, C.D., Haynes, R.B. (1997). Systematic reviews: synthesis of best evidence for clinical decisions. Annals of Internal Medicine, 126, 376-380. 

56. Cordes, M. & McLaughlin, T. F., (2004). Attention Deficit Hyperactivity Disorder and Rating Scales with a Brief Review of the Connors Teacher Rating Scale (1998). International Journal of Special Education, 19(2), 23-34.

57. Cox, C., Clarkson, T.W., Marsh, D.O., Amin-Zaki, L., Tikriti, S., Myers, G. (1989).  Dose-response Analysis of Infants Prenatally Exposed to Methylmercury: An Application of a Single Compartment Model to Single Strand Hair Analysis.  Environmental Research, 49, 318-332.

58. Cox, C., Marsh, D.O., Myers, G.J., Clarkson, T.W. (1995).  Analysis of data on delayed development from the 1971-1972 outbreak of methylmercury poisoning in Iraq: Assessment of influential points.  Neurotoxicology, 16, 727-730.

59. Crump, K.S., Kjellström, T., Shipp, A.M., Silvers, A., Stewart, A. (1998).  Influence of Prenatal Mercury Exposure Upon Scholastic and Psychological Test Performance:  Benchmark Analysis of a New Zealand Cohort.  Risk Analysis, 18(6), 701-713.
60. Cunnane, S.C. (2000, September). Commentary on the workshop statement. Prostaglandins, Leukotrienes, and Essential Fatty Acids, 63(3), 139-44.

61. Daniels, J. L., Longnecker, M. P., Rowland, A. S., Golding, J., and the ALSPAC Study Team-University of Bristol Institute of Child Health. (2004, July).  Fish Intake During Pregnancy and Early Cognitive Development of Offspring. Epidemiology, 15(4), 394-402.

62. Davidson, P. W., Myers, G. J., Cox, C., Shamlaye, C., Choisy, O., Sloane-Reeves, J., Cernichiari, E., Marsh,  D. O., Berlin, M., Tanner, M., Clarkson, T. W. (1995).  Neurodevelopmental Test Selection, Administration, and Performance in the Main Seychelles Child Developmental Study. Neurotoxicology, 16(4), 665-676.

63. Davidson, P., Myers, G., Cox, C., Shamlaye, C., Clarkson, T., Marsh, D., Tanner, M., Berlin, M., Sloane-Reves, J., Cernichiari, E., Choisy, O., Chor, A. (1995a).  Longitudinal Neurodevelopmental Study of Seychellois Children Following In Utero Exposure to MeHg from Maternal fish Ingestion: Outcomes at 19 and 29 Months.  Neurotoxicology, 16, 677-688.

64. Davidson, P. W., Myers, G. J., Cox, C., Axtell, C., Shamlaye, C., Sloane-Reeves, J., Cernichiari, E., Needham, L., Choi, A., Wang, Y., Berlin, M., Clarkson, T. W. (1998, August 26). Effects of Prenatal and Postnatal Methylmercury Exposure From Fish Consumption on Neurodevelopment, Outcomes at 66 Months in the Seychelles Child Development Study.  Journal of the American Medical Association, 280(8), 701-707.     

65. Daviglus, M., Stamler, L., Orencia, A. J., Dyer, A. R., Liu, K., Greenland, P., Walsh, M. K., Morris, D., Shekelle, R. B. (1997).  Fish Consumption and the 30-Year Risk of Fatal Myocardial Infarction. New England Journal of Medicine, 336, 1046-1053.

66. De Backer, G., Ambrosioni, E., Borch-Johnsen, K., Brotons, C., Cifkova, R., Dallongeville, J., Ebrahim, S., Faergeman, O., Graham, I., Mancia, G., Cats, V.M., Orth-Gomer, K., Perk, J., Pyorala, K., Rodicio, J.L., Sans, S., Sansoy, V., Sechtem, U., Silber, S., Thomsen, T., Wood, D. (2003). European Society of Cardiology Committee for Practice Guidelines. European guidelines on cardiovascular disease prevention in clinical practice: third joint task force of European and other societies on cardiovascular disease prevention in clinical practice (constituted by representatives of eight societies and by invited experts). European Journal of Cardiovascular Prevention and  Rehabilitation, 10(Suppl 1), S1-S78.  At http://ovidsp.tx.ovid.com/spd/ovidweb.cgi (accessed June 19, 2008)

67. Debes, F., Budtz-Jørgensen, E., Weihe, P., White, R.F., Grandjean, P.  (2006, May-June). Impact of prenatal methylmercury exposure on neurobehavioral function at age 14 years. Neurotoxicology and Teratology, 28(3), 63-375.  
68. de Lorgeril, M., Renaud, S., Mamelle, N., Salen, P., Martin, J.L., Monjaud, I., Guidollet, J., Touboul, P., Delaye, J. (1994, June 11). Mediterranean alpha-linolenic acid-rich diet in secondary prevention of coronary heart disease. Lancet, 343(8911), 1454-1459. Erratum in: Lancet, 345(8951), (1995, Mar 18). 738. 

69. de Lorgeril, M., Salen, P., Martin, J.L., Monjaud, I., Delaye, J., Mamelle, N. (1999, February 16).  Mediterranean diet, traditional risk factors, and the rate of cardiovascular complications after myocardial infarction: final report of the Lyon Diet Heart Study. Circulation, 99(6), 779-85. 

70. Department of Agriculture, Agricultural Research Service. (1991). The Continuing Survey of Food Intakes by Individuals (CCFII) and the Diet and Health Knowledge Survey (DHKS) 1989-91.  At http://www.ars.usda.gov/Services/docs.htm?docid=7797 (Accessed June 27, 2008).
71. Department of Agriculture, Agricultural Research Service. (2007). USDA National Nutrient Database FOR Standard Reference, Release 20.  Nutrient Data Laboratory Home Page, at http://www.ars.usda.gov/ba/bhnrc/ndl (accessed December, 2007).

72. Department of Agriculture, Agricultural Research Service, Beltsville Human Nutrition Research Center, Food Surveys Research Group (Beltsville, MD) and Department of Health and Human Services, Centers for Disease Control and Prevention, National Center for Health Statistics (Hyattsville, MD).  (2007, November).  What We Eat in America, NHANES 2003-2004 Documentation: Dietary Interview - Individual Foods -- Days One and Two (DR1IFF_C & DR2IFF_C ). (November 2007). Available from: http://www.cdc.gov/nchs/data/nhanes/nhanes_03_04/dr1iff_c.pdf (accessed 02/29/08).

73. Department of Health and Human Services and Department of Agriculture. (2005, January). 2005 Dietary Guidelines for Americans. At http://www.healthierus.gov/dietaryguidelines/ http://www.health.gov/dietaryguidelines/dga2005/document/ 

74. DeWaal, C. S., Food Safety Director, Center for Science in the Public Interest. (2000, July 17).  Letter to Dr. Jane Henney, Commissioner of Food and Drugs, docket number 2000P-1411
75. DeWaal, C. S., Center for Science in the Public Interest. (2002, July 23).  Testimony of Caroline Smith DeWaal before the FDA Food Advisory Committee meeting regarding FDA’s consumer advisory on methylmercury and seafood. At http://www.fda.gov/OHRMS/DOCKETS/ac/02/transcripts/3872t1.pdf
76. Dijck-Brouwer, D.A., Hadders-Algra, M., Bouwstra, H., Decsi, T., Boehm, G., Martini, I.A., Boersma, E.R., Muskiet, F.A. (2005, January). Lower fetal status of docosahexaenoic acid, arachidonic acid and essential fatty acids is associated with less favorable neonatal neurological condition. Prostaglandins Leukotrines, and Essential Fatty Acids, 72(1), 21-8.

77. Dolbec, J., Mergler, D., Sousa Passos, C.-J., Sousa de Morais, S., Lebel, J. (2000). Methylmercury exposure affects motor performance of a riverine population of the Tapajos River, Brazilian Amazon.  International Archives of Occupational and Environmental Health, 73, 195-203.

78. Dorea, J.G. (2004, July).  Mercury and lead during breast-feeding.  British Journal of Nutrition, 92(1), 21-40.

79. Dourson, M.L., Wullenweber, A.E., Poirier, K.A. (2001) Uncertainties in the Reference Dose for Methylmercury.  NeuroToxicology, 22, 677-689.
80. Egan, S.K., Tao, S.S-H., Pennington, A.T., Bolger, P.M.  (2002).  US Food and Drug Administration’s Total Diet Study:  intake of nutritional and toxic elements, 1991-96.  Food Additives and Contaminants, 19(2), 103-125.

81. Eilander, A., Hundscheid, D.C., Osendarp, S.J., Transler, C., Zock, P.L. (2007, April).  Effects of n-3 long chain polyunsaturated fatty acid supplementation on visual and cognitive development throughout childhood: a review of human studies.  Prostaglandins, Leukotrienes, and Essential Fatty Acids, 76(4), 189-203. Epub 2007 Mar 21.

82. Electronic responses to: Risks and benefits of omega 3 fats for mortality, cardiovascular disease, and cancer: a systematic review. At http://www.bmj.com/cgi/eletters/332/7544/752  [Accessed 3/26/ 2008].
83. Environmental Protection Agency. (1997). Mercury Report for Congress.  Volume 1.  Executive Summary. EPA-452/R-97-003. Washington, DC:  Office of Air Quality Planning and Standards and Office of Research and Development.  
84. Environmental Protection Agency. (2000). Gulf of Mexico Program. The Occurrence of Mercury in the Fishery Resources of the Gulf of Mexico. At http://www.duxbury.battelle.org/gmp/hg.cfm.

85. Environmental Protection Agency. (2001). Office of Science and Technology, Office of Water.  Fish tissue criterion for methylmercury to protect human health, Chapter 4:  Risk Assessment for Methylmercury.  At http://www.epa.gov/waterscience/criteria/methylmercury/document.html (Accessed 3/26/08)

86. Environmental Protection Agency. (2002).  Estimated Per Capita Fish Consumption in the Untied States.  EPA-821-C-02-003.  Washington, D.C., 20460.  At http://www.epa.gov/waterscience/fish/consumption_report.pdf>.  
87. Environmental Protection Agency. (2005). Regulatory Impact Analysis of the Final Clean Air Mercury Rule.  Research Triangle Park, NC:  Office of Air Quality Planning and Standards, Air Quality Strategies and Standards Division.  EPA-452/R-05-003.  Research Triangle Park, N.C. 27711.   

88. European Food Safety Authority. (2005). Opinion of the Scientific Panel on Contaminants in the Food Chain on a Request from the European Parliament Related to the Safety Assessment of Wild and Farmed Fish. Question N° EFSA-Q-2004-23. Adopted on 22 June 2005. The EFSA Journal, 236, 1 – 118.  http://www.efsa.eu.int/science/contam/contam_opinions/1007_en.html
89. European Heart Network. (2002, May).  Food, Nutrition and Cardiovascular Disease Prevention in the European Region: Challenges for the New Millennium. Report prepared by the European Heart Network's Nutrition Expert Group. Brussels, Belgium. http://www.ehnheart.org/content/ItemPublication.asp?docid=4518&level0=1455&level1=1499 

90. Evans, M., Hastings, N., Peacock, B. (2000).  Statistical Distributions, 3rd Ed.  John Wiley, New York.

91. FAO/WHO. (1994). Fats and Oils in Human Nutrition. Report of a joint expert consultation.  Rome:  FAO Food and Nutrition Paper 57.  At www.fao.org/ag/agn/nutrition/requirements_pubs_en.stm.  (Accessed June 25, 2008)

92. FAO/WHO Joint Expert Committee on Food Additives (JECFA). (2000)  WHO Food Additives Series: 44; Safety evaluation of certain food additives and contaminants. Prepared by the fifty-third meeting of the Joint FAO/WHO Expert Committee on Food Additives (JECFA).  World Health Organization, Geneva.   
93. FAO/WHO Joint Expert Committee on Food Additives (JECFA).  (2004). WHO Food Additives Series:  52; Safety Evaluation of certain food additives and contaminants. Prepared by the Sixty-First Meeting of the Joint FAO/WHO Expert Committee on Food Additives (JECFA).  World Health Organization, Geneva.  At http://whqlibdoc.who.int/publications/2004/924166052X.pdf  (Accessed March 14, 2000)
94. FAO/WHO Joint Expert Committee on Food Additives (JECFA).  (2007). WHO Food Additives Series:  58; Safety Evaluation of certain food additives and contaminants. Prepared by the Sixty-Seventh Meeting of the Joint FAO/WHO Expert Committee on Food Additives (JECFA).  World Health Organization, Geneva.  At http://whqlibdoc.who.int/publications/2007/9789241660587_eng.pdf  (Accessed March 14, 2008)
95. Feeley, M. (2005, April 6).  E-mail to Montwill, B.  Rationale for interim pTDI of methylmercury (MeHg) for pregnant women and infants.  

96. Fleith, M. & Clandinin, M.T.  (2005). Dietary PUFA for preterm and term infants: review of clinical studies. Critical Reviews in Food Science and Nutrition, 45(3), 205-29.

97. Fok, T.F., Lam, H.S., Ng, P.C., Yip, A.S.K., Sin, N.C., Chan, I.H.S., Gu, G.J.S., So, H.K., Wong, E.M.C., Lam, C.W.K. (2007). Fetal methylmercury exposure as measured by chord blood mercury concentrations in a mother-infant cohort in Hong Kong. Environment International, 33(1), 84-92.
98. Folsom, A.R. & Demissie, Z. (2004).  Fish Intake, Marine Omega-3 Fatty Acids, and Mortality in a Cohort of Postmenopausal Women.  American Journal of Epidemiology, 160, 1005-1010.

99. Food and Drug Administration. (1974, December 6) Action Level for Mercury in Fish and Shellfish, Notice of Proposed Rulemaking. 39 FR 42738.

100. Food and Drug Administration. (1979, January 19).  Action Level for Mercury in Fish, Shellfish, Crustaceans, and Other Aquatic Animals, Withdrawal of Proposed Rulemaking and Termination of Rulemaking Proceeding. 44 FR 3990   
101. Food and Drug Administration. (1982). Toxicological Principles for the Safety Assessment of Direct Food Additives and Color Additives Used in Food.
102. Food and Drug Administration. (1993, June 21).  Proposed rule:  Lead-Soldered Food    Cans. 21 CFR Part 189, FR 58(117), 33860-33872.  
103. Food and Drug Administration. (1994, September).  Mercury in Fish:  Cause for Concern?  FDA Consumer:  The Magazine of the U.S. Food and Drug Administration, 28(7), p. 5-8.   
104. Food and Drug Administration.  (1995). Final rule:  Procedures for the Safe and Sanitary Processing and Importing of Fish and Fishery Products. 21 CFR Part 123.3(d). 

105. Food and Drug Administration.  (1999, December 22).  Guidance for Industry. Significant Scientific Agreement in the Review of Health Claims for Conventional Foods and Dietary Supplements.  at http://www.cfsan.fda.gov/~dms/ssaguide.html 

106. Food and Drug Administration. (2002, February 8).  Letter Responding to a Request to Reconsider the Qualified Claim for a Dietary Supplement Health Claim for Omega-3 Fatty Acids and Coronary Heart Disease.  At  http://www.cfsan.fda.gov/~dms/ds-ltr28.html 

107. Food and Drug Administration.  (2004, September 8).  Letter Responding to Health Claim Petition dated June 23, 2003 (Wellness petition): Omega-3 Fatty Acids and Reduced Risk of Coronary Heart Disease. At http://www.cfsan.fda.gov/~dms/ds-ltr38.html 

108. Food and Drug Administration.  (2004a, September 8).  Letter Responding to Health Claim Petition dated November 3, 2003 (Martek petition): Omega-3 Fatty Acids and Reduced Risk of Coronary Heart Disease. At http://www.cfsan.fda.gov/~dms/ds-ltr37.html 

109. Food and Drug Administration. (2005).  Methylmercury in Fish – Summary of Key Findings from Focus Groups about the Methylmercury Advisory.  At http://www.cfsan.fda.gov/~dms/admehg3g.html.  

110. Food and Drug Administration. (2006, January). Mercury levels in Commercial Fish and Shellfish. At http://www.cfsan.fda.gov/~frf/sea-mehg2.html
111. Food and Drug Administration. (2007, July).  Guidance for Industry, Evidence-Based Review System for the Scientific Evaluation of Health Claims, Draft Guidance.”  At http://www.cfsan.fda.gov/~dms/hclmgui5.html 

112. Food and Drug Administration/Environmental Protection Agency. (2004). What You Need to Know About Mercury in Fish and Shellfish; 2004 EPA and FDA Advice For:  Women Who Might Become Pregnant, Woman Who Are Pregnant, Nursing Mothers, and Young Children.  At http://www.cfsan.fda.gov/~dms/admehg3.html

113. Food and Drug Administration/Environmental Protection Agency. (2004a, March 19).   Press Release: FDA and EPA Announce the Revised Consumer Advisory on Methylmercury in Fish.  At http://www.fda.gov/bbs/topics/news/2004/NEW01038.html  
114. Fraser, G.E., Sabaté, J., Beeson, W.L., Strahan, T.M. (1992).  Possible Protective Effect of Nut Consumption on Risk of Coronary Heart Disease.  The Adventist Health Study. Archives of Internal Medicine, 152, 1416-1424.

115. Ganther, H.E., Goudie, C., Sunde, M.L., Kopecky, M.J., Wagner, P., Oh, S-W., Hoekstra, W.G. (1972, March 10).  Selenium:  Relation to Decreased Toxicity of Methylmercury Added to Diets Containing Tuna.  Science, 175, 1122-1124. 
116. Geleijnse, J.M., Brouwer, I.A., Feskens, E.J. (2006, April 15).  Risks and benefits of omega 3 fats: health benefits of omega 3 fats are in doubt.  British Medical Journal, 332(7546), 915; discussion 915-916.  At http://www.bmj.com/cgi/content/full/332/7546/915 (Accessed June 11, 2008).

117. Ghys, A., Bakker, E., Hornstra, G., van den Hout, M. (2002, October). Red blood cell and plasma phospholipid arachidonic and docosahexaenoic acid levels at birth and cognitive development at 4 years of age. Early Human Development, 69(1-2), 83-90.

118. Gibbs, R.H., Jarosewich, E., Windom, H.L. (1974, April).  Heavy Metal Concentrations in Museum Fish Specimens:  Effects of Preservatives and Time. Science, 184, 475-477.

119. Gibson, R.A., Neumann, M.A., Makrides, M. (1997, September).   Effect of increasing breast milk docosahexaenoic acid on plasma and erythrocyte phospholipid fatty acids and neural indices of exclusively breast fed infants. European Journal of Clinical Nutrition, 51(9), 578-84.

120. Gillum, R.F., Mussolino, M.E., Madans, J.H. (1996). The Relationship Between Fish Consumption and Stroke Incidence: The NHANES I Epidemiologic Follow-up Study.  Archives of Internal Medicine, 156, 537-542.
121. GISSI-Prevenzione Investigators.  (1999, August 7).  Dietary supplementation with n-3 polyunsaturated fatty acids and vitamin E after myocardial infarction: results of the GISSI-Prevenzione trial, Gruppo Italiano per lo Studio della Sopravvivenza nell'Infarto miocardico. Lancet, 354(9177), 447-55. Erratum. (2001, Feb 24). Lancet, 357(9256), 642.

122. Goodman, M., Barraj, L.M., Mink, P.J., Britton, N.L., Yager, J.W., Flanders, W.D., Kelsh, M.A. (2007).  Estimating uncertainty in observational studies of associations between continuous variables:  examples of methylmercury and neuropsychological testing in children.  Epidemiologic Perspectives and Innovations, 4(9), doi:10.1186/1742-5573-4-9, accessed December, 2007 at http://www.epi-perspectives.com/content/4/1/9
123. Government Accountability Office. (2005, February).  Clean Air Act; Observations on EPA’s Cost-Benefit Analysis of Its Mercury Control Options.  GAO-05-252.  

124. Goyer, R.A., Chair, Committee on the Toxicological Effects of Mercury. (2000, December 1).  Letter to Joseph A. Levitt.

125. Grandjean, P., Weihe, P., White, R.F. (1995).  Milestone Development in Infants Exposed to Methylmercury from Human Milk.  NeuroToxicology 16(1), 27-34.

126. Grandjean, P., Weihe, P., White, R.F., Debes, F., Araki, S., Yokoyama, K., Murata, K., Sørensen, N., Dahl, R., Jørgensen, P.J.  (1997). Cognitive Deficit in 7-Year-Old Children with Prenatal Exposure to Methylmercury.   Neurotoxicology and Teratology, 19(6), 417-428. 

127. Grandjean, P., Weihe, P., White, R.F., Debes, F. (1998) Cognitive Performance of Children Prenatally Exposed to “Safe” Levels of Methylmercury.  Environmental Research, section A 77, 165-172.

128. Grandjean, P., Budtz-Jørgensen, E., White, R., Jørgensen, P. J., Weihe, P., Debes, F., Keiding, N. (1999).  Methylmercury Exposure Biomarkers as Indicators of Neurotoxicity in Children Aged 7 Years.  American Journal of Epidemiology, 150(3), 301-305.
129. Grandjean, P., Weihe, P., Burse, V.W., Needham, L.L., Storr-Hansen, E., Heinzow, B., Debes, F., Murata, K., Simonsen, H., Ellefsen, P., Budtz-Jørgensen, E., Keiding, N., White, R.F.  (2001).  Neurobehavioral deficits associated with PCB in 7-year-old children prenatally exposed to seafood neurotoxicants.  Neurotoxicology and Teratology, 23, 305-317.
130. Grandjean, P, White, R.F., Weihe, P., Jørgensen, P.J. (2003, January-February).  Neurotoxic Risk Caused by Stable and Variable Exposure to Methylmercury from Seafood.  Ambulatory Pediatrics, 3(1), 18-23.
131. Grandjean, P., Murata, K., Budtz-Jørgensen, E., Weihe, P. (2004).  Cardiac Autonomic Activity in Methylmercury Neurotoxicity:  14 year Follow-Up of a Faroese Birth Cohort.   The Journal of Pediatrics, 144, 169-76. 

132. Guallar, E., Sanz-Gallardo, M.I., Van’t Veer, P., Bode, P., Aro, A., Gómez-Aracena, J., Kark, J.D., Riemersma R.A., Martín-Moreno J.M., Kok, F.J. (2002, November 28).  Mercury, Fish Oils, and the Risk of Myocardial Infarction.  New England Journal of Medicine, 347(22), 1747-1754.
133. Guevel, M.R., Sirot, V., Volatier, J.L., Leblanc, J.C. (2008, February). A risk-benefit analysis of French high fish consumption: a QALY approach. Risk Analysis, 28(1), 37-48.

134. Gustafsson, P.A., Duchén, K., Birberg, U., Karlsson, T. (2004, October). Breastfeeding, very long polyunsaturated fatty acids (PUFA) and IQ at 6 1/2 years of age. Acta Paediatrica, 93(10), 1280-7. 

135. Hacking, I. (1975).  The Emergence of Probability.  Cambridge: Cambridge University Press.
136. Hallgren, C.G., Hallmans, G., Jansson, J-H., Marklund, S.L., Huhtasaari, F., Schütz, A., Strömberg, U., Vessby, B., Skerfving, S. (2001). Markers of high fish intake are associated with decreased risk of a first myocardial infarction.  British Journal of Nutrition, 86, 397-404.
137. Harada, M. (1995).  Minamata Disease:  Methylmercury Poisoning in Japan Caused by Environmental Pollution.  Critical Reviews in Toxicology 15(1), 1-24.  
138. He, K., Rimm, E.B., Merchant, A., Rosner, B.A., Stampfer, M.J., Willett, W.C., Ascherio A. (2002), Fish Consumption and Risk of Stroke in Men.  Journal of the American Medical Association, 288, 3130-3136.

139. He, K., Song, Y., Daviglus, M.L., Liu, K., Van Horn, L., Dyer, A.R., Greenland, P. (2004a, June 8).  Accumulated evidence on fish consumption and coronary heart disease mortality: a meta-analysis of cohort studies.  Circulation, 109(22), 2705-11.

140. He, K., Song, Y., Daviglus, M.L., Liu, K., Van Horn, L., Dyer, A.R., Goldbourt, U., Greenland, P. (2004b).  Fish Consumption and Incidence of Stroke:  A Meta-Analysis of Cohort Studies.  Stroke, 35, 1538-1542.

141. He, K.& Daviglus, M.L. (2005, March).  A few more thoughts about fish and fish oil. Journal of the American Dietetic Association, 105(3), 350-1.  

142. He, K. & Song, Y. (2006, April 15).  Risks and benefits of omega 3 fats: a few thoughts on systematic review.  British Medical Journal, 332(7546), 915; discussion 915-6.  At

http://www.bmj.com/cgi/content/full/332/7546/915-a  (accesssed June 11, 2008).

143. He, K., Song, Y., Daviglus, M.L., Liu, K., Van Horn, L., Dyer, A.R., Goldbourt, U., Greenland, P. (2006, May).  Risks and benefits of seafood consumption.  American Journal of Preventive Medicine, 30(5), 440-1; Author reply 441-3.

144. Health Canada, Bureau of Chemical Safety, Food Directorate, Health Products and Food Branch. (2007, March).  Human Health Risk Assessment of Mercury in Fish and Health Benefits of Fish Consumption, Appendices I, II, and III.  

145. Helland, I.B., Saugstad, O.D., Smith, L., Saarem, K., Solvoll, K., Ganes, T., Drevon, C.A.  (2001, November).  Similar effects on infants of n-3 and n-6 fatty acids supplementation to pregnant and lactating women. Pediatrics, 108(5), E82.

146. Helland, I.B., Smith, L., Saarem, K., Saugstad, O.D., Drevon, C.A. (2003, January).  Maternal supplementation with very-long-chain n-3 fatty acids during pregnancy and lactation augments children's IQ at 4 years of age. Pediatrics,111(1), e39-44.

147. Hibbeln, J.R. (2002, May). Seafood consumption, the DHA content of mothers' milk and prevalence rates of postpartum depression: a cross-national, ecological analysis. Journal of Affective Disorders, 69(1-3), 15-29.

148. Hibbeln, J.R., Davis, J.M., Steer, C., Emmett, P., Rogers, I., Williams, C., Golding, J. (2007a, February 17).  Maternal seafood consumption in pregnancy and neurodevelopmental outcomes in childhood (ALSPAC study):  an observational cohort study.  Lancet, 369, 578-85.

149. Hibbeln, J.R., Davis, J.M., Steer, C., Emmet, P., Golding, J. (2007b, July 21).  Authors’ reply.  Lancet, 370, 218.

150. Hibbeln, J.R. (2007).  Omega-3 fatty acid deficiencies and the global burden of psychiatric disorders.  Biologiske skrifter/Det Kongelige Danske videnskabernes selskab, 56, ISBN 987-87-7304-327-1, 25-32.

151. Hight, S.C. & Cheng, J. (2006).  Determination of methylmercury and estimation of total mercury in seafood using high performance liquid chromatography (HPLC) and inductively coupled plasma-mass spectrometry (ICP-MS):  Method development and validation. Analytica Chemica Acta, 567, 160-172.   

152. Hightower, J.M. & Moore, D. (2003, April).  Mercury Levels in High-End Consumers of Fish.  Environmental Health Perspectives, 111(4), 604-608.  

153. Ho, J.E., Paultre, F., Mosca, L. (2005).  The Gender Gap in Coronary Heart Disease Mortality: Is There a Difference between Blacks and Whites?  Data from the U.S. Cohorts Pooling Project.  Journal of Women’s Health, 14, 117-127.

153. Hoffman, D.R., Birch, E.E., Birch, D.G., Uauy, R., Castañeda, Y.S., Lapus, M.G., Wheaton, D.H. (2000, November).  Impact of early dietary intake and blood lipid composition of long-chain polyunsaturated fatty acids on later visual development. Journal of Pediatric Gastroenterology and Nutrition, 31(5), 540-53.
154. Hoffman, D.R., Birch, E.E., Castañeda, Y.S., Fawcett, S.L., Wheaton, D.H., Birch, D.G., Uauy, R. (2003, June). Visual function in breast-fed term infants weaned to formula with or without long-chain polyunsaturates at 4 to 6 months: a randomized clinical trial. Journal of  Pediatrics, 42(6), 669-77.

155. Hoffman, D.R., Theuer, R.C., Castañeda, Y.S., Wheaton, D.H., Bosworth, R.G., O'Connor, A.R., Morale, S.E., Wiedemann, L.E., Birch, E.E. (2004, September). Maturation of visual acuity is accelerated in breast-fed term infants fed baby food containing DHA-enriched egg yolk. Journal of Nutrition, 134(9), 2307-13.

156. Hooper, L., Thompson, R.L., Harrison, R.A., Summerbell, C.D., Moore, H., Worthington, H.V., Durrington, P.N., Ness, A.R., Capps, N.E., Davey Smith, G., Riemersma, R.A., Ebrahim, S.B.J. (2004).  Omega 3 fatty acids for prevention and treatment of cardiovascular disease.  The Cochrane Database of Systematic Reviews,   Issue 4. Art. No.: CD003177.pub2. DOI: 10.1002/14651858.CD003177.pub2. 

http://www.thecochranelibrary.com 

157. Hooper, L., Thompson, R.L., Harrison, R.A., Summerbell, C.D., Ness, A.R., Moore, H.J., Worthington, H.V., Durrington, P.N., Higgins, J.P., Capps, N.E., Riemersma, R.A., Ebrahim, S.B., Davey Smith, G. (2006, April 1).  Risks and benefits of omega 3 fats for mortality, cardiovascular disease, and cancer: systematic review.  British Medical Journal, 332(7544), 752-60.

158. Hornstra, G.  (2005). Essential fatty acids during pregnancy. Impact on mother and child. Nestle Nutrition Workshop Series: Pediatric Program, 55, 83-96; discussion 96-100.

159. Houlihan, J., Vice President for Research, Environmental Working Group.  (2003, December 22).  Petition:  Data Quality Act Challenge, Request for Correction of FDA’s Advice for Women Who Are Pregnant or Who Might Become Pregnant, and Nursing Mothers, About Avoiding Harm to Your Baby or Young Child from Mercury in Fish and Shellfish, to Dr. David Acheson, Chief Medical Officer, Office of Science, Center for Food Safety and Applied Nutrition, FDA.
160. Hsu, C.S., Liu, P.L., Chien, L.C., Chou, S.Y., Han, B.C. (2007).  Mercury concentration and fish consumption in Taiwanese pregnant women. British Journal of Obstetrics and Gynaecology, 114, 81-85.   

161. Hu, F.B., Bronner, L., Willett, W.C., Stamfer, M.J., Rexrode, K.M., Albert, C.M., Hunter, D., Manson, J.E. (2002).  Fish and Omega-3 Fatty Acid Intake and Risk of Coronary Heart Disease in Women.  JAMA, 287, 1815-1821.

162. Innis, S.M, Gilley, J., Werker, J.  (2001, October). Are human milk long-chain polyunsaturated fatty acids related to visual and neural development in breast-fed term infants? Journal of Pediatrics, 139(4), 532-8.
163. Innis, S.M., Gilley, J., Werker, J. (2002, February).  N-3 docosahexaenoic acid is related to measures of visual and neural development in breast-fed infants to 14 months of age. American Journal of Clinical Nutrition, 75(2 Suppl), 406S [Abstract].
164. Innis, S.M. (2003, October).  Perinatal biochemistry and physiology of long-chain polyunsaturated fatty acids. Journal of Pediatrics, 143(4 Suppl), S1-8. 
165. Institute of Medicine. (2000).  Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium, and Carotenoids.  The National Academies Press, Washington, D.C.

166. Institute of Medicine. (2002).  Dietary Reference Intakes: Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein and Amino Acids.  The National Academies Press, Washington, D.C.

167. Institute of Medicine, Committee on Nutrient Relationships in Seafood:  Selections to Balance Benefits and Risks. (2006). Seafood Choices, Balancing Benefits and Risks.  The National Academies Press, Washington, D.C.

168. International Society for the Study of Fatty Acids and Lipids (ISSFAL). (2004). Recommendations for intake of polyunsaturated fatty acids in healthy adults. At 

            http://www.issfal.org.uk/index.php?option=com_content&task=view&id=23&Itemid=8
[Accessed 3/25/08]

169. International Society for the Study of Fatty Acids and Lipids (ISSFAL). (2006). An expert panel response to the 2006 BMJ publication of the Cochrane review on omega-3 fatty acids and cardiovascular disease, mortality and cancer. At http://www.issfal.org.uk/response-to-hoopers-et-al-cochrane-review.html  [Accessed 3/25/08]  

170. Iso, H., Rexrode, K.M., Stampfer, M.J., Manson, J.E., Colditz, G.A., Speizer, F.E., Hennekens, C.H., Willett, W.C. (2001).  Intake of Fish and n3 Fatty Acids and Risk of Stroke in Women.  Journal of the American Medical Association, 285, 304-312.

171. Iso, H., Kobayishi, M., Ishihara, J., Sasaki, S., Okada, K., Kita, Y., Kokuba, Y., Tsugane, S. (2006).  Intake of Fish and n3 Fatty Acids and Risk of Coronary Heart Disease Among Japanese.  The Japan Public Health Center-Based (JPHC) Study Cohort I.  Circulation 113, 195-202.

172. Jacobson, J.L. & Jacobson, S.W. (1996). Intellectual Impairment in Children Exposed to Polychlorinated Biphenyls in Utero.  New England Journal of Medicine, 335(11), 783-789.

173. Jedrychowski, W., Jankowski, J., Flak, E., Skarupa, A., Mroz, E., Sochacka-Tatara, E., Lisowska-Miszczyk, I., Szpanowska-Wohn, A., Rauh, V., Skolicki, A., Kaim, I., Perera, F. (2006, June).  Effects of Prenatal Exposure to Mercury on Cognitive and Psychomotor Function in One-Year-Old Infants:  Epidemiologic Cohort Study in Poland.  Annals of Epidemiology, 16(6), 439-47. 

174. Jedrychowski, W., Perera, F., Jankowski, J., Rauh, V., Flak, E., Caldwell K.L., Jones, R.L., Agnieszka, P., Lisowska-Miszczyk, I. (2007). Fish consumption in pregnancy, cord blood mercury level and cognitive and psychomotor development of infants followed over the first three years of life.  Krakow epidemiologic study.  Environment International, 33, 1057-1062.

175. Jensen, C.L., Voigt, R.G., Prager, T.C., Zou, Y.L., Fraley, J.K., Rozelle, J.C., Turcich, M.R., Llorente, A.M., Anderson, R.E., Heird, W.C. (2005, July). Effects of maternal docosahexaenoic acid intake on visual function and neurodevelopment in breastfed term infants. American Journal of Clinical Nutrition, 82(1), 125-32

176. Johansson, N., Basun, H., Winblad, B., Nordberg, M. (2002).  Relationship between mercury concentration in blood, cognitive performance, and blood pressure, in an elderly urban population. Biometals, 15, 189-195.  
177. Jordan, H., Matthan, N., Chung, M., Balk, E., Chew, P., Kupelnick, B., DeVine, D., Lawrence, A., Lichtenstein, A., Lau, J. (2004, March).  Effects of Omega-3 Fatty Acids on Arrhythmogenic Mechanisms in Animal and Isolated Organ/Cell Culture Studies.   Evidence Report/Technology Assessment No. 92 and Summary. (Prepared by Tufts-New England Medical Center Evidence based Practice Center, Boston, MA.) AHRQ Publication No. 04-E011-2 and 04-E011-1. Rockville, MD: Agency for Healthcare Research and Quality.  At http://www.ahrq.gov/downloads/pub/evidence/pdf/o3arrhythm/o3arrhythm.pdf.  (Accessed June 25, 2008).

178. Jørgensen, M.H., Hernell, O., Hughes, E., Michaelsen, K.F. (2001, March).  Is there a relation between docosahexaenoic acid concentration in mothers' milk and visual development in term infants? Journal of Pediatric Gastroenterology and Nutrition, 32(3), 293-6. 

179. Julshamn, K., Andersen, A., Ringdal, O., Morkore, J. (1987).  Trace Elements Intake in the Faroe Islands I. Element Levels in Edible Parts of Pilot Whales (Globicephalus Meleanus). The Science of the Total Environment, 65, 53-63.

180. Khan, K.S., ter Riet, G., Glanville, J., Sowden, A.J., Kleijnen, J. (2001).  Undertaking Systematic Reviews of Research on Effectiveness. CRD's Guidance for Carrying Out or Commissioning Reviews, CRD Report No. 4, 2nd ed.: York, England: University of York, NHS Centre for Reviews and Dissemination.  At http://www.york.ac.uk/inst/crd/report4.htm 

181. Kjellström, T., Kennedy, P., Wallis, S., Mantell, C. (1986). Physical and Mental Development of Children with Prenatal Exposure to Mercury from Fish.  Stage 1:  Preliminary Tests and Age 4.  Solna, Sweden:  National Swedish Environmental Protection Board.

182. Kjellström, T., Kennedy, P., Wallis, S., Stewart, A., Friberg, L., Lind, B., Pine, T., Wutherspoon, T., Mantell, C. (1988, September).  Physical and Mental Development of Children with Prenatal Exposure to Methylmercury from Fish.  Stage II:  Interviews and Psychological Tests at Age 6.  (Draft).  Solna, Sweden:  National Swedish Environmental Protection Board.

183. Knobeloch, L., Steenport, D., Schrank, C., Anderson, H. (2006).  Methylmercury exposure in Wisconsin:  A case study series.  Environmental Research, 101, 113-122.
184. Koletzko, B., Agostoni, C., Carlson, S.E., Clandinin, T., Hornstra, G., Neuringer, M., Uauy, R., Yamashiro, Y., Willatts, P. (2001, April).  Long chain polyunsaturated fatty acids (LC-PUFA) and perinatal development. Acta Paediatrica, 90(4), 460-4.

185. König, A., Bouzan, C., Cohen, J.T., Connor, W.E., Kris-Etherton, P.M., Gray, G.M., Lawrence, R.S., Savitz, D.A., Teutsch, S.M., (2005).  A quantitative analysis of fish consumption and coronary heart disease mortality.  American Journal of Preventive Medicine, 29(4), 335-346.

186. Kraepiel, A.M.L., Keller, K., Chin, H.B., Malcolm, E.G., Morel, F.M.M. Sources and Variations of Mercury in Tuna. (2003).  Environmental Science and Technology, 37(24) 5,551-8.
187. Krauss, R.M., Eckel, R.H., Howard, B., Appel, L.J., Daniels, S.R., Deckelbaum, R.J., Erdman, J.W., Jr., Kris-Etherton, P., Goldberg, I.J., Kotchen, T.A., Lichtenstein, A.H., Mitch, W.E., Mullis, R., Robinson, K., Wylie-Rosett, J., St Jeor, S., Suttie, J., Tribble, D.L., Bazzarre, T.L. (2000).  AHA Dietary Guidelines: revision 2000: A statement for healthcare professionals from the Nutrition Committee of the American Heart Association. Circulation, 102, 2284-2299.  At http://circ.ahajournals.org/cgi/content/full/102/18/2284
188. Kris-Etherton, P.M., Harris, W.S., Appel, L.J. (2002). Fish consumption, fish oil, omega-3 fatty acids, and cardiovascular disease. Circulation 106 (21), 2747-57. Erratum in: Circulation. (2003, January 28), 107(3), 512. At http://circ.ahajournals.org/cgi/content/full/106/21/2747 

189. Kristensen, M.Ø. (1983).  Increased Incidence of Bleeding Intracranial Aneurysms in Greenlandic Eskimos.  Acta Neurochirurgica, 67, 37-43.

190. Kromhaut, D., Bosschieter, E.B., Coulander, C.L. (1985).  The Inverse Relation Between Fish Consumption and 20-Year Mortality from Coronary Heart Disease.  New England Journal of Medicine, 312, 1205-1209.

191. Landa, M. (1993). Regulatory Programs for Naturally Occurring Toxicants.  Food and Drug Law Journal, 48, 125-135.
192. Lauritzen, L., Hansen, H.S., Jørgensen, M.H., Michaelsen, K.F. (2001, January-March). The essentiality of long chain n-3 fatty acids in relation to development and function of the brain and retina. Progress in Lipid Research, 40(1-2), 1-94

193. Lauritzen, L., Jørgensen, M.H., Mikkelsen, T.B., Skovgaard, M., Straarup, E.M., Olsen, S.F., Høy, C.E., Michaelsen, K.F. (2004, March).  Maternal fish oil supplementation in lactation: effect on visual acuity and n-3 fatty acid content of infant erythrocytes. Lipids, 39(3), 195-206.

194. Lauritzen, L, Jørgensen, M.H., Olsen, S.F., Straarup, E.M., Michaelsen, K.F. (2005 September-October). Maternal fish oil supplementation in lactation: effect on developmental outcome in breast-fed infants. Reproduction Nutrition Development, 45(5), 535-47.

195. Lebel, J., Mergler, D., Branches, F., Lucotte, M., Amorim, M., Larribe, F., Dolbec, J.  (1998) Neurotoxic Effects of Low-Level Methylmercury Contamination in the Amazonian Basin.  Environmental Research, Section A 79, 20-32. 
196. Lederman, S.A., Jones, R.L., Caldwell, K.L., Rauh, V., Sheets, V., Sheets, S.E., Tang, D., Viswanathan, S., Becker, M., Stein, J.L., Wang, R.Y., Perera, F.P. (2008, August).  Relation between Cord Blood Mercury Levels and Early Child Development in a World Trade Center Cohort.  Environmental Health Perpectives, 116(8), 1085-1091.  
197. Levitt J.A., Director of the Center for Food Safety and Applied Nutrition. (2000, November 9).  Letter to Dr. Robert A. Goyer.
198. Lewin, G.A., Schachter, H.M., Yuen, D., Merchant, P., Mamaladze, V., Tsertsvadze, A., et al. (2005, August). Effects of Omega-3 Fatty Acids on Child and Maternal Health. Evidence Report/Technology Assessment No. 118. (Prepared by the University of Ottawa Evidence-based Practice Center, under Contract No. 290-02-0021.) AHRQ Publication No. 05-E025-2. Rockville, MD: Agency for Healthcare Research and Quality. 
199. Lindberg, A., Ask Björnberg, K., Vahter, M., Bergland, M. (2004).  Exposure to methylmercury in non-fish eating people in Sweden.  Environmental Research, 96, 28-33.   
200. Longnecker, M.P., Wolff, M.S., Gladen, B.C., Brock, J.W., Grandjean, P., Jacobson, J.L., Korrick, S.A., Rogan, W.J., Weisglas-Kuperus, N., Hertz-Picciotto, I., Ayotte, P., Steward, P., Winneke, G., Charles, M.J., Jacobson S.W., Dewailly, E., Boersma, E.R., Altshul, L.M., Heinzow, B., Pagano, J.J., Jensen, A.A. (2003, January).  Comparison of Polychlorinated Biphenyl Levels across Studies of Human Neurodevelopment.  Environmental Health Perspectives, 111(1), 65-70.
201. Magos, L. & Clarkson, T.W.  (2006). Overview of the clinical toxicity of mercury. Annals of Clinical Biochemistry, 43, 257-268.       

202. Mahaffey, K., Clickner, R., Bodurow, C. (2004). Blood organic mercury intake:  national health and nutrition examination survey, 1999 and 2000. Environmental Health Perspectives, 112, 562-570. 
203. Malcolm, C.A., Hamilton, R., McCulloch, D.L., Montgomery, C., Weaver, L.T. (2003a, August).  Scotopic electroretinogram in term infants born of mothers supplemented with docosahexaenoic acid during pregnancy. Investigative Ophthalmology & Visual Science, 44(8), 3685-91.
204. Malcolm, C.A., McCulloch, D.L., Montgomery, C., Shepherd, A., Weaver, L.T. (2003b, September). Maternal docosahexaenoic acid supplementation during pregnancy and visual evoked potential development in term infants: a double blind, prospective, randomized trial. Archives of Disease in Childhood. Fetal & Neonatal Edition, 88(5), F383-90.

205. Mann, J.I., Appleby, P.N., Key, T.J., Thorogood, M. (1997). Dietary Determinants of Ischemic Heart Disease in Health Conscious Individuals. Heart, 78, 450-455.

206. Marchioli, R., Barzi, F., Bomba, E., et al., GISSI-Prevenzione Investigators. (2002, April 23).  Early protection against sudden death by n-3 polyunsaturated fatty acids after myocardial infarction: time-course analysis of the results of the Gruppo Italiano per lo Studio della Sopravvivenza nell'Infarto Miocardico (GISSI)-Prevenzione.  Circulation, 105(16), 1897-903. 

207. Marsh, D.O., Clarkson, T.W., Cox, C., Myers, G.J., Amin-Zaki, L., Al-Tikriti, S. (1987, October).  Fetal Methylmercury Poisoning, Relationship Between Concentration in Single Strands of Maternal Hair and Child Effects.  Archives of Neurology, 44, 1017-1022.
208. Marsh, D.O., Clarkson, T.W., Myers, G.W., Davidson, P.W. Cox, C., Cernichiari, E., Tanner, M.A., Lednar, W., Shamlaye, C., Choisy, O., Hoareau, C., Berlin, M. (1995a). The Seychelles Study of Fetal Methylmercury Exposure and Child Development; Introduction.  NeuroToxicology, 16(4), 583-596.  

209. Marsh, D.O., Turner, M.D., Smith, J.C., Allen, P., Richdale, N. (1995b). Fetal Methylmercury Study in Peruvian Fish-Eating Population.  NeuroToxicology 16(4), 717-726.
210. Matthan, N.R., Jordan, H., Chung, M., Lichtenstein, A.H., Lathrop, D.A., Lau, J. (2005, December).  A systematic review and meta-analysis of the impact of omega-3 fatty acids on selected arrhythmia outcomes in animal models. Metabolism, 54(12), 1557-65.

211. McCann, J.C. & Ames, B.N.  (2005, August).  Is docosahexaenoic acid, an n-3 long-chain polyunsaturated fatty acid, required for development of normal brain function? An overview of evidence from cognitive and behavioral tests in humans and animals. American Journal of Clinical Nutrition, 82(2), 281-95.

212. McDowell, M.A., Dillon, C.F., Osterloh, J., Bolger, P.M., Pellizzari, E., Fernando, R.,   Montes de Oca, R., , Schober, S. E., Sinks, T.,  Jones, R. L., Mahaffey, K. R. (2004, August).  Hair Mercury Levels in U.S. Children and Women of Childbearing Age:  Reference Range Data from NHANES 1999-2000. Environmental Health Perspectives, 112(11), 1165 – 1171.
213. McKeown-Eyssen, G.E., Ruedy, J., Neims, A. (1983). Methyl Mercury Exposure in Northern Quebec II. Neurologic Findings in Children.  American Journal of Epidemiology, 118(4), 470-479.

214. Miller, G.E., Grant, P.M., Kishore, R., Steinkruger, F.J., Roland, F.S., Guinn, V.P. (1972, March 10).  Mercury Concentrations in Museum Specimens of Tuna and Swordfish.  Science, 175, 1121-2.

215. Montwill, B. (2007, August 1). E mail to Spiller P.: U.S. and U.K. MeHg Data for Commercial Fish.  
216. Montwill, B. (2008, January 9). E mail to Spiller, P:  Market share 2005 calculations.
217. Morale, S.E., Hoffman, D.R., Castañeda, Y.S., Wheaton, D.H., Burns, R.A., Birch, E.E. (2005, February). Duration of long-chain polyunsaturated fatty acids availability in the diet and visual acuity. Early Human Development, 81(2), 197-203. 

218. Morris, M.C., Manson, J.E., Rosner, B., Buring, J.E., Willett, W.C., Hennehens, C.H. (1995).  Fish Consumption and Cardiovascular Disease in the Physicians’ Health Study: A Prospective Study. American Journal of Epidemiology, 142:166-175.

219. Morris, M.C., Evans, D.A., Tangney, C., Bienias, J.L., Wilson, R.S. (2005, December).  Fish Consumption and Cognitive Decline with Age in a Large Community Study. Archives of Neurology, 62, 1849-1853.
220. Mozaffarian, D., Lemaitre, R.N., Kuller, L.H., Burke, G.L., Tracy, R.P., Siscovick, D.S. (2003).  Cardiac Benefits of Fish Consumption May Depend on the Type of Fish Meal Consumed. The Cardiovascular Health Study. Circulation 107:1372-1377.

221. Mozaffarian, D., Longstreth, T., Lemaitre, R.N., Manolio, T.A., Kuller, L.H., Burke, G.L., Siscovick D.S. (2005, January 24).  Fish Consumption and Stroke Risk in Elderly Individuals: The Cardiovascular Health Study. Archives of Internal Medicine, 65, 200-206.

222. Mozaffarian, D. & Rimm, E.B. (2006, October 18).  Fish intake, contaminants, and human health: evaluating the risks and the benefits.  Journal of the American Medical Association, 296(15), 1885-99.

223. Murray, G.K., Jones, P.B., Kuh, D., Richards, M. (2007).  Infant Developmental Milestones and Subsequent Cognitive Function.  Annals of Neurology, 62(2), 128-136.
224. Myers, G.J., Marsh, D.O., Davidson, P.W., Cox C., Samlaye, C.F., Tanner, M, Choi, A., Cernichiari, E., Choisy, O., Clarkson, T.W. (1995).  Main Neurodevelopmental Study of Seychellois Children Following in utero Exposure to Methylmercury from a Maternal Fish Diet:  Outcome at Six Months.  NeuroToxicology 16(4), 653-664.

225. Myers, G.J., Davidson, P.W., Shamlaye, C.F., Axtell, C.D., Cernichiari, E., Choisy, O., Choi, A., Cox, C., Clarkson, T.W. (1997).  Effects of Prenatal Methylmercury Exposure From a High Fish Diet on Developmental Milestones in the Seychelles Child Development Study.  NeuroToxicology 18(3), 819-830.

226. Myers, G.J., Davidson, P.W., Cox C., Shamlaye, C.F., Palumbo, D., Cernichiari, E., Sloane-Reeves, J., Wilding, G.E., Kost, J., Huang, L., Clarkson, T.W. (2003, May 17).  Prenatal methylmercury exposure from ocean fish consumption in the Seychelles child development study. Lancet, 361, 1686-1692.  

227. Myers, G.J., Davidson, P.W., Strain, J.J. (2007).  Nutrient and Methyl Mercury Exposure from Consuming Fish.  The Journal of Nutrition, 137, 2805-2808.
228. Nakamura, Y., Hirotsugu, U., Okamura, T., Kadowaki, T., Hayakawa, T., Kita, Y., Tamaki, S., Okayama, A. (2005).  Association between fish consumption and all-cause and cause-specific mortality in Japan:  NIPPON DATA80, 1980-99.  The American Journal of Medicine, 118, 239-245.  
229. National Center for Health Statistics. (2006). Health, United States, 2006 With Chartbook on Trends in the Health of Americans. Hyattsville, Maryland, Tables 36 & 37, 202-207.

230. National Marine Fisheries Service. (1978a).  National Marine Fisheries Service Survey of Trace Elements in the Fishery Resource.  NOAA Technical Report NMFS SSRF-721.

231. National Marine Fisheries Service. (1978b, February 8).  Report on the Chance of U.S. Seafood Consumers Exceeding the Currently Acceptable Daily Intake for Mercury and Recommended Regulatory Controls. 

232. National Marine Fisheries Service, Office of Science and Technology. (2007, February). Fisheries of the United States 2005. 
233. National Research Council, Committee on the Toxicological Effects of Methylmercury. (2000). Toxicological Effects of Methylmercury. The National Academies Press, Washington, D.C.
234. National Stroke Association. (2008). What is Stroke?  At http://www.stroke.org/site/PageServer?pagename=STROKE [accessed March 14, 2008]
235. Nordberg, G.F. & Strangert, P. (1978).  Fundamental Aspects of Dose-Response Relationships and Their Extrapolation for Noncarcinogenic Effects of Metals.  Environmental Health Perspectives, 22, 97-102.

236. Nurk, E., Drevon, C.A., Refsum H., Solvoll, K., Vollset, S.E., Nygård, O., Nygaard, H.A., Engedal K., Tell, G.S., Smith, A.D. (2007, November). Cognitive Performance among the elderly and dietary fish intake:  the Hordaland Health Study.  American Journal of Clinical Nutrition, 86, 1470-1478.
237. O'Connor, D.L., Hall, R., Adamkin, D., Auestad, N., Castillo, M., Connor, W.E., Connor, S.L., Fitzgerald, K., Groh-Wargo, S., Hartmann, E.E., Jacobs, J., Janowsky, J., Lucas, A., Margeson, D., Mena, P., Neuringer, M., Nesin, M., Singer, L., Stephenson, T., Szabo, J., Zemon, V. (2001, August). Ross Preterm Lipid Study. Growth and development in preterm infants fed long-chain polyunsaturated fatty acids: a prospective, randomized controlled trial. Pediatrics, 108(2), 359-71.

238. Oken, E., Kleinman, K.P., Berland, W.E., Simon, S.R., Rich-Edwards, J.W., Gillman, M.W. (2003, August).  Decline in Fish Consumption Among Pregnant Women After a National Mercury Advisory.  Obstetrics and Gynecology, 102, 346-351.

239. Oken, E., Wright, R.O., Kleinman, K.P., Bellinger. D., Amarasiriwardena, C. J., Hu, H., Rich-Edwards, J. W., Gillman, M.W. (2005, October).  Maternal Fish Consumption, Hair Mercury, and Infant Cognition in a U.S. Cohort.  Environmental Health Perspectives, 113(10), 1376-1380. 
240. Oken, E., Radesky, J.S., Wright, R.O., Bellinger, D.C., Amarasiriwardena, C.J., Kleinman, K.P., Hu, H., Gillman, M.W. (2008).  Maternal fish Intake during Pregnancy, Blood Mercury Levels, and Child Cognition at Age 3 Years in a US Cohort.  American Journal of Epidemiology, 167(10), 1171-1181. 
241. Oken, E., Østerdal, M. L.M., Gilman, M.W., Knudsen, V.K., Halldorsson, M.S., Bellinger, D.C., Hadders-Algra, M., Michaelsen, K.F., Olsen, S.F. (2008a).  Associations of maternal fish intake during pregnancy and breastfeeding duration with attainment of developmental milestones in early childhood:  a study from the Danish National Birth Cohort.  American Journal of Clinical Nutrition, 88, 789-796.
242. Olsen, S.F, Hansen, H.S., Secher, N.J., Jensen, B., Sandström, B. (1995, March) Gestation length and birth weight in relation to intake of marine n-3 fatty acids. British Journal of Nutrition, 73(3), 397-404.

243. Olsen, S.F. & Secher, N.J. (2002, February).  Low consumption of seafood in early pregnancy as a risk factor for preterm delivery: prospective cohort study. British Medical Journal, 324(7335), 447.

244. Oomen, C.M., Feskens, E.J.M., Rãsãnen, L., Fidanza, F., Nissinen, A.M., Menotti, A, Kok, F. J., Kromhout, D. (2000).  Fish Consumption and Coronary Heart Disease Mortality in Finland, Italy, and the Netherlands.  American Journal of Epidemiology, 151, 999-1006.

245. Orencia, A.J., Daviglus, M.L., Dyer, A.R., Shekelle, R.B., Stamler, J. (1996). Fish Consumption and Stroke in Men.  30-Year Findings of the Chicago Western Electric Study. Stroke, 27, 204-209.

246. Osler, M., Andreasen, A.H., Hoidrup, S. (2003).  No Inverse Association Between Fish Consumption and Risk of Death From All-Causes, and Incidence of Coronary Heart Disease in Middle-Aged, Danish adults.  Journal of Clinical Epidemiology, 56, 274-279.

247. Petitti, D.B. (2000).  Meta-Analysis, Decision Analysis, and Cost-Effectiveness Analysis.  Methods for Quantitative Synthesis in Medicine, 2nd Edition, Oxford University Press, New York, pp. 1-17 & 33-42.

248. Paustenbach, D.J. (2000).  The practice of exposure assessment: A state-of-the-art review.  Journal of Toxicology and Environmental Health B 3, 179-291.

249. Priori, S.G., Aliot, E., Blomstrom-Lundqvist, C., Bossaert, L., Breithardt, G., Brugada, P., Camm, A.J., Cappato, R., Cobbe, S.M., Di Mario, C., Maron, B.J., McKenna, W.J., Pedersen, A.K., Ravens, U., Schwartz, P.J., Trusz-Gluza, M., Vardas, P., Wellens, H.J., Zipes, D.P. (2001, August 22). Task Force on Sudden Cardiac Death of the European Society of Cardiology. European Heart Journal, 22(16), 1374-450. Erratum in: European Heart Journal (2002, February), 23(3), 257.

250. Raymond, L.J. & Ralston, N.V.C. (2004, November).  Mercury:  selenium interactions and health implications.  SMDJ Seychelles Medical and Dental Journal, Special Issue, 7(1), 72-77.

251. Rescher, N. (1993).  Probability Logic: A Non-Truth-Functional system.  In: Many-Valued Logic, 2nd Ed.  Gregg Revivals, Aldershot. 184-187.

252. Risher, J.F., De Rosa, C.T., Murray, H.E., Jones, D.E. (2003).  Joint PCB-Methylmercury Exposures and Neurobehavioral Outcomes.  Human and Ecological Risk Assessment, 9(4), 1003-1010.
253. Rissanen, T., Voutilainen, S., Nyyssönen, K., Lakka, T.A., Salonen, J.T. (2000).  Fish Oil-Derived Fatty Acids, Docosahexaenoic Acid and Docosapentaenoic Acid, and the Risk of Acute Coronary Events – The Kuopio Ischaemic Heart Disease Risk Factor Study.  Circulation, 102, 2677-2679.  
254. Sakamoto, M., Kaneoka, T., Murata, K., Nakai, K., Satoh, H., Akagi, H. (2007).  Correlations between mercury concentrations in umbilical cord tissue and other biomarkers of fetal exposure to methylmercury in the Japanese population.  Environmental Research, 103, 106-111.

255. Salonen, J.T., Alfthan, G., Huttunen, J.K., Pikkarainen, J., Puska, P. (1982). Association between cardiovascular death and myocardial infarction and serum selenium in a matched-pair longitudinal study.  Lancet, 2, 175-179.

256. Salonen, J.T., Seppänen, K., Nyyssönen, K., Korpela, J., Kauhanen, J., Kantola, M., Tuomilehto, J., Esterbauer, H., Tatzber, F., Salonen, R. (1995). Intake of Mercury From Fish, Lipid Peroxidation, and the Risk of Myocardial Infarction and Coronary, Cardiovascular, and Any Death in Eastern Finnish Men. Circulation, 91, 645-655.  
257. SanGiovanni, J.P., Parra-Cabrera, S., Colditz, G.A., Berkey, C.S., Dwyer, J.T.  (2000a). Meta-analysis of dietary essential fatty acids and long-chain polyunsaturated fatty acids as they relate to visual resolution acuity in healthy preterm infants. Pediatrics, 105(6), 1292-8. 
258. SanGiovanni, J.P., Berkey, C.S., Dwyer, J.T., Colditz, G.A. (2000b).  Dietary essential fatty acids, long-chain polyunsaturated fatty acids, and visual resolution acuity in healthy fullterm infants: a systematic review. Early Human Development, 57(3), 165-88. 

259. Sauvaget, C., Nagano, J., Allen, N., Grant, E. Beral, V. (2003).  Intake of Animal Products and Stroke Mortality in the Hiroshima/Nagasaki Life Span Study.  International Journal of Epidemiology, 32, 536-543.

260. Schiffman, S.S., Buckley III, E., Sampson, H.A., Massey, E.W., Baraniuk, J.N., Follett, J.V., Warwick, Z.S. (1987, November 5). Aspartame and Susceptibility to Headache. New England Journal of Medicine, 317, 1181-1185.
261. Schober, S., Sinks, T., Jones, R.L., Bolger, P.M., McDowell, M., Osterloh, J., Garrett E.S., Canady, R.A., Dillon, C.F., Sun, Y., Joseph, C.B., Mahaffey, K.R. (2003, April 2).  Blood Mercury Levels in US Children and Women of Childbearing Age, 1999-2000. Journal of the American Medical Association, 289(13), 1667-1674.
262. Schober, S. (2006, October 30).  E-mail to Bolger, P. M. Geographical limitations in NHANES.   
263. Schweizer, U., Bräuer, A., U., Kohrle, J., Nitsch, R., Savaskan, N. E. (2004). Selenium and brain function:  a poorly recognized liaison. Brain Research Reviews, 45, 164-178.
264. Scott, D.T., Janowsky, J.S., Carroll, R.E., Taylor, J.A., Auestad, N., Montalto, M.B. (1998, November). Formula supplementation with long-chain polyunsaturated fatty acids: are there developmental benefits? Pediatrics, 102(5), E59.

265. Shamlaye, C.F., Marsh, D.O., Myers, G.J., Cox, C., Davidson, P.W., Choisy, O., Cernichiari, E., Choi, A., Tanner, M.A., Clarkson, T.W. (2005). The Seychelles Child Development Study on Neurodevelopmental Outcomes in Children Following in utero Exposure to Methylmercury from a Maternal Fish Diet:  Background and Demographics. NeuroToxicology, 16(4), 597-612.

266. Sherlock, J.C., Lindsay, D.G., Hislop, J.E., Evans, W.H., Collier, T.R., (1982).  Duplication diet study on mercury intake by consumers in the United Kingdom.  Archives of Environmental Health, 37, 271-278.
267. Sherlock, J., Hislop, D., Newton, G., Topping, G., Whittle, K. (1984).  Elevation of mercury in human blood from controlled ingestion of methylmercury in fish.  Human Toxicology, 3, 117-131.
268. Sherlock, J.C. & Quinn, M. (1988). Underestimation of dose-response relationship with particular reference to the relationship between the dietary intake of mercury and its concentration in blood.  Human Toxicology, 7, 129-132
269. Simmer, K. (2001). Longchain polyunsaturated fatty acid supplementation in infants born at term. Cochrane Database of Systematic Reviews, 4, CD000376.

270. Simmer, K. & Patole, S. (2004). Longchain polyunsaturated fatty acid supplementation in preterm infants. Cochrane Database of Systematic Reviews, 1, CD000375.

271. Simmer, K., Schulzke, S.M., Patole, S. (2008a, January 23). Longchain polyunsaturated fatty acid supplementation in preterm infants. Cochrane Database of Systematic Reviews, (1), CD000375. 

272. Simmer, K., Patole, S.K., Rao, S.C. (2008b, January 23). Longchain polyunsaturated fatty acid supplementation in infants born at term.Cochrane Database of Systematic Reviews, (1), CD000376. 

273. Simopoulos, A.P., Leaf, A., Salem, N. Jr. (2000, September).  Workshop statement on the essentiality of and recommended dietary intakes for Omega-6 and Omega-3 fatty acids. Prostaglandins, Leukotrienes, and Essential Fatty Acids, 63(3), 119-21.
274. Singh, R.B., Niaz, M.A., Sharma, J.P., Kumar, R., Rastogi, V., Moshiri, M. (1997). Randomized, double-blind, placebo-controlled trial of fish oil and mustard oil in patients with suspected acute myocardial infarction: the Indian experiment of infarct survival—4. Cardiovascular Drugs and Therapy, 11, 485-491.

275. Skerrett, P.J., Hennekens, C.H. (2003, Winter). Consumption of fish and fish oils and decreased risk of stroke. Preventive Cardiology, 6(1), 38-41.

276. Smithers, L.G., Gibson, R.A., McPhee, A., Makrides, M. (2008, April).  Effect of long-chain polyunsaturated fatty acid supplementation of preterm infants on disease risk and neurodevelopment: a systematic review of randomized controlled trials. American Journal of Clinical Nutrition, 87(4), 912-20.

277. Stern, A.H. (2005a).  A review of the studies of the cardiovascular health effects of methylmercury with consideration of their suitability for risk assessment.  Environmental Research, 98, 133-142.

278. Stern, A.H. (2005b). A revised probabilistic estimate of the maternal methyl mercury intake dose corresponding to a measured cord blood mercury concentration. Environmental Health Perspectives, 113, 155-163. 
279. Stewart, P., Reihman, J., Lonky, E., Darvill, T., Pagano, J. (2000).  Prenatal PCB exposure and neonatal behavioral assessment scale (NBAS) performance.  Neurotoxicology and Teratology, 22, 21-29.

280. Stewart, P.W., Lonky, E., Reihman, J., Pagano, J., Gump, B.B., Darvill, T. (2008).  The Relationship Between Prenatal PCB Exposure and Intelligence (IQ) in 9-year-old Children. Environmental Health Perspectives, online 28 May 2008.  At

http://www.ehponline.org/members/2008/11058/11058.pdf 

281. Storey, M.L., Forshee, R.A., Anderson, P.A., Miller, S.A. (2006, October 16).  Communicating Risk-Risk to the Public:  The Case of the Health Benefits and Risks from Eating Seafood.  A Ceres White Paper.  Center for Food, Nutrition, and Agriculture Policy, University of Maryland-College Park.  

282. Thurston, S.W., Bovet, P., Myers, G.J., Davidson, P.W., Georger, L.A., Shamlaye, C., Clarkson, T.W.  (2007). Does Prenatal Methylmercury Exposure from Fish Consumption Affect Blood Pressure in Childhood?  NeuroToxicology, 28, 924-930.   

283. Tofail, F., Kabir, I., Hamadani, J.D., Chowdhury, F., Yesmin, S., Mehreen, F., Huda, S.N. (2006, March).  Supplementation of fish-oil and soy-oil during pregnancy and psychomotor development of infants. Journal of Health, Population and Nutrition, 24(1), 48-56.

284. Tollefson, L. & Cordle, F. (1986).  Methylmercury in Fish:  A Review of Residue Levels, Fish Consumption and Regulatory Action in the United States. Environmental Health Perspectives, 68, 203-208.
285. Trasande, L., Landrigan, P., Schecter, C. (2005).  Public Health and Economic Consequences of Methylmercury Toxicity to the Developing Brain.  Environmental Health Perspectives, 113, 590-596.   

286. Truswell, A.S. (2005, August).  Some problems with Cochrane reviews of diet and chronic disease. European Journal of Clinical Nutrition, 59 Suppl 1, S150-4; discussion S195-6.

287. Twisselmann, B. (2006, April 15).  Risks and benefits of omega 3 fats. Summary of responses. British Medical Journal, 332(7546), 915-916.  At

http://www.bmj.com/cgi/content/full/332/7546/915-b  (Accessed June 11, 2008).
288. Uauy, R., Hoffman, D.R., Mena, P., Llanos, A., Birch, E.E. (2003, October). Term infant studies of DHA and ARA supplementation on neurodevelopment: results of randomized controlled trials. Journal of Pediatrics, 143(4 Suppl), S17-25. 

289. Van de Werf, F., Ardissino, D., Betriu, A., Cokkinos, D.V., Falk, E., Fox, K.A., Julian, D., Lengyel, M., Neumann, F.J., Ruzyllo, W., Thygesen, C., Underwood, S.R., Vahanian, A., Verheugt, F.W., Wijns, W. (2003, January).  Management of acute myocardial infarction in patients presenting with ST-segment elevation, The Task Force on the Management of Acute Myocardial Infarction of the European Society of Cardiology. European Heart Journal, 24(1), 28-66.

290. van Wijngaarden, E., Beck, C., Shamlaye, C.F., Carnichiari, E., Davidson, P.W., Myers, G.J., Clarkson, T.W. (2006). Benchmark Concentrations for methyl mercury obtained from the 9-year follow-up of the Seychelles Child Development Study. Neurotoxicology, 27, 702-709.
291. Virtanen, J.K., Voutilainen, S., Rissanen, T.H., Mursu, J., Tuomainen, T-P., Korhonen, M.J., Valkonen, V-P., Seppänen, K., Laukkanen, J.A., Salonen, J.T. (2005).  Mercury, Fish Oils, and Risk of Acute Coronary Events and Cardiovascular Disease, and All-Cause Mortality in Men in Eastern Finland.  Arteriosclerosis, Thrombosis, and Vascular Biology, 25, 1-6.  
292. Wall Street Journal. (2005, August 1).  Toxic Traces:  New Questions About Old Chemicals; Fish Line – Mercury and Tuna:  U.S. Advice Leaves Lots of Question; Balancing Interests, Agencies Issue Guidance at Odds with EPA Risk Assessment; A Schoolboy’s Sudden Setback. Page A.1.  

293. Wang, C., Chung, M., Lichtenstein, A., Balk, E., Kupelnick, B., DeVine, D., Lawrence, A., Lau, J. (2004, March).  Effects of Omega-3 Fatty Acids on Cardiovascular Disease. Summary, Evidence Report/Technology Assessment No. 94. (Prepared by the Tufts-New England Medical Center Evidence-based Practice Center, Boston, MA.) AHRQ Publication No. 04-E009-1. Rockville, MD: Agency for Healthcare Research and Quality. .Agency for Healthcare Research and Quality (AHRQ), DHHS. Omega-3 Fatty Acids Effects on Cardiovascular Disease. At http://www.ahrq.gov/clinic/epcindex.htm#dietsup 

294. Wang, C., Harris, W.S., Chung, M., Lichtenstein, A.H., Balk, E.M., Kupelnick, B., Jordan, H.S., Lau, J. (2006, July).  n-3 Fatty acids from fish or fish-oil supplements, but not {alpha}-linolenic acid, benefit cardiovascular disease outcomes in primary- and secondary-prevention studies: a systematic review  American Journal of Clinical Nutrition, 84(1), 5-17. 

295. Weihe, P., Grandjean, P., Debes, F., White, R. (1996).  Health Implications for Faroe Islanders of Heavy Metals and PCBs from Pilot Whales. The Science of the Total Environment, 186, 141-148.  

296. Weil, M., Bressler, J., Parsons, P., Bolla, K., Glass, T., Schwartz, B. (2005, April 20). Blood Mercury Levels and Neurobehavioral Function.  Journal of the American Medical Association, 293(15), 1875-1882.
297. West, S., King, V., Carey, T.S., Lohr, K.N., McKoy, N., Sutton, S.F., Lux, L.  (2002, April).  Systems to Rate the Strength of Scientific Evidence.  Evidence Report/Technology Assessment No. 47 (Prepared by the Research Triangle Institute-University of North Carolina Evidence-based Practice Center under Contract No. 290-97-0011). AHRQ Publication No. 02-E016. Rockville, MD: Agency for Healthcare Research and Quality. At  http://www.ahrq.gov/clinic/epcindex.htm#methodology 

298. Whelton, S.P., He, J., Whelton, P.K., Muntner, P. (2004, May).  Meta-analysis of observational studies on fish intake and coronary heart disease. American Journal of Cardiology, 93(9), 1119-23. 

299. Willatts, P., Forsyth, J.S., DiModugno, M.K., Varma, S., Colvin, M. (1998a, August 29).  Effect of long-chain polyunsaturated fatty acids in infant formula on problem solving at 10 months of age. Lancet, 352(9129), 688-91.

300. Willatts, P., Forsyth, J.S., DiModugno, M.K., Varma, S., Colvin, M.  (1998b, October).  Influence of long-chain polyunsaturated fatty acids on infant cognitive function. Lipids, 33(10), 973-80.

301. Willatts, P. & Forsyth, J.S. (2000, July-August).  The role of long-chain polyunsaturated fatty acids in infant cognitive development. Prostaglandins Leukotrienes and Essentential Fatty Acids, 63(1-2), 95-100.

302. Williams, C., Birch, E.E., Emmett, P.M., Northstone, K., Avon Longitudinal Study of Pregnancy and Childhood Study Team.  (2001, February). Stereoacuity at age 3.5 y in children born full-term is associated with prenatal and postnatal dietary factors: a report from a population-based cohort study. American Journal of Clinical Nutrition, 73(2), 316-22.

303. World Cancer Research Fund.  (1997). Food, Nutrition and the Prevention of Cancer: a global perspective. World Cancer Research Fund, London and American Institute for Cancer Research, Washington, DC.

304. World Health Organization.  (1982).  Prevention of coronary heart disease.  Report of a WHO Expert Committee. Geneva, World Health Organization. (WHO Technical Report Series, No. 678).

305. World Health Organization. (1987).  Principles for the Safety Assessment of Food Additives and Contaminants in Food.  WHO Environmental Health Criteria Series, No. 70. Geneva.
306. World Health Organization. (1990).  International Programme on Chemical Safety, Environmental Health Criteria 101: Methylmercury.  World Health Organization, Geneva.  At http://www.inchem.org/documents/ehc/ehc/ehc101.htm.  

307. World Health Organization. (2003). Diet, Nutrition and the Prevention of Chronic Diseases.  WHO Technical Report Series 916. Report of a Joint WHO/FAO Expert Consultation. At http://www.fao.org/docrep/005/ac911e/ac911e00.htm 

308. Xue, F., Holzman, C., Rahbar, M.H., Trosko, K., Fischer, L. (2007, January).  Maternal Fish Consumption, Mercury Levels and Risk of Preterm Delivery. Environmental Health Perspectives, 115(1), 35-41.  
309. Yasutake, A., Matsumoto, M., Yamaguchi, M., Noriyuki, H. (2003).  Current Hair Mercury Levels in Japanese:  Survey in Five Districts. Tohoku Journal of Experimental Medicine, 199, 161-169.
310. Yoshizawa, K., Rimm, E.R., Morris, J.S., Spate, V.L., Hsieh C.-C., Spiegelman, D., Stampfer, M.J., Willett, W.C. (2002, November 28). Mercury and the Risk of Coronary Heart Disease in Men. New England Journal of Medicine, 347(22), 1755-1760. 
311. Yuan, J.M., Ross, R.K., Gao, Y.T., Yu, M.C. (2001, November 1).  Fish and shellfish consumption in relation to death from myocardial infarction among men in Shanghai, China. American Journal of Epidemiology, 154(9), 809-16.

Box IV-2: 


The Risk Assessment Questions We Posed that Involved “What if” Scenarios.  


What would be the effect on health endpoints if:


Women of Child-bearing age (age 15-45): 


Consume a maximum of 12 ounces per week?  In other words,  those who are consuming more than 12 ounces reduce their consumption to 12 ounces. 


Consume a maximum of 12 ounces per week of fish with relatively low concentrations of methylmercury?  In other words, those who are consuming more than 12 ounces reduce their consumption to 12 ounces and those who are eating fish that average above “low” (as we define it in the scenarios) switch to only “low” fish.  


Consume any amount of fish with only relatively low concentrations of methylmercury?  


Consume exactly 12 ounces per week?  In other words, those who are consuming less increase their consumption to 12 and those who are consuming more decrease their consumption to 12.


Other subpopulations (women 46+ and all adult men): 


Decrease fish consumption across the board by 10 percent?


One percent of fish eaters stop eating fish?


All populations modeled:


Increase fish consumption by 50 percent?
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� A study in Poland found an adverse association between methylmercury from fish and neurodevelopmental test scores at one year of age, but the finding was with qualification because the  association could no longer be found when the children were two and three years of age.


� “Reasonable possibility of injury” is a paraphrase of the Federal standard for whether fish are “adulterated” and thus prohibited in interstate commerce under Federal law.  Whether a reasonable possibility of injury exists is not the only question that FDA could ask about methylmercury in commercial fish, but since it is in the statute that FDA is responsible for implementing, it can be regarded as the threshold question.  Appendix F of this paper addresses FDA’s statutory standards relevant to methylmercury.   


� These studies have actually measured prenatal exposure to total mercury but we assume that the results essentially apply to the organic form, methylmercury that is found in fish.  


� A safety assessment level is not designed to represent zero risk.  That would be impossible to calculate.   A level that is without “appreciable” risk is essentially one where risk might exist, but it is too low to measure or perceive.  See the definition of “appreciable” in Webster’s New Collegiate Dictionary, 1995, page 55).      


� As a caveat, our  “what if” scenarios do  not take into account the neurodevelopmental consequences that might occur as a result of eating more or less of foods other than fish.  Such predictions were beyond the capabilities and scope of this risk assessment.    


� These confidence intervals produced by this model (the “Carrington CHD” model) reflect the broadest confidence intervals in the research study results that were incorported into the model.  By contrast, the confidence intervals in the first model (the “He-based” model) represent the average of the confidence intervals from the research studies.   One consequence of this difference in approaches is that results from eastern Finland have a greater impact on the size of the confidence intervals in the “Carrington CHD” model than they do in the “He-based” model.  


� “Fish” in this context includes fresh and saltwater finfish, crustaceans, molluscan shellfish (e.g., clams and oysters) and other forms of aquatic animal life intended for human consumption (FDA 2005, section 123.3(d)).  “Fish” may be wild-caught or aquacultured.  


� Appendix F of this report describes, and provides citations for, the applicable sections of law.


� Traditional methods for measuring methylmercury concentrations in fish involve measuring the concentrations of total mercury and inorganic mercury.  The difference between the two represents the concentration of methylmercury.  Recent studies by FDA determined that methylmercury constitutes between 93-98 percent of total mercury in finfish and 38-48 percent in molluscan shellfish (Hight et al., 2006).  Molluscan shellfish, e.g., clams and oysters, have such small amounts of total mercury in them per FDA’s monitoring program that the split between total mercury and methylmercury in those species has no public health significance.   


� Mothers in the Seychelles Islands epidemiological study on methylmercury reported consuming an average of 12 fish meals per week during pregnancy (Meyers et al., 1977).  


� Food additives are substances that may reasonably be expected to become a component of food or affect its characteristics (FDA, DHHS, “Food Additives, Subpart A-General Provisions, Definitions,” 21 CFR 170.3(e)(1) and (o)).  Examples of food additives include certain types of preservatives, moisture-absorbing agents, flavor enhancers, and nutritive sweeteners.   


� Section 409(c) of the Federal Food, Drug, and Cosmetic Act (21 U.S.C. 348(c)(4) requires that the proposed “use” of a food additive will be “safe.”  FDA regulations at 21 CFR 170(3)(i) define “safe” for this purpose as “reasonable certainty…that the substance is not harmful under intended conditions of use.”


� Another term for “safety factor” is “uncertainty factor,” which is used by EPA and others.   The terms refer to essentially the same thing.  Because FDA uses the term “safety factor’ in its regulations (see 21 CFR 170.3(i)(3) and 170.22) and program terminology, this report uses that term for purposes of consistency.


� As a caveat, it is not certain that exposure below a safety assessment level is really without appreciable risk.  EPA defines a Reference Dose, for example, as containing uncertainty spanning perhaps an order of magnitude (EPA 2005, pages 9-1 and 9-2).    


� NHANES survey data tend to focus on exposure from commercial fish rather than from recreational or subsistence fish, as described in Section III of this report.  NHANES is conducted by the National Center for Health Statistics, a component of the Centers for Disease Control and Prevention.  


� The percentages in these “bullets” are based on blood levels for methylmercury only (as opposed to total mercury) in the NHANES database.  See footnote 23 in Section III(a) of this report for a discussion of methylmercury versus total mercury in NHANES blood samples.


� The advisory also includes identical recommendations for lactating women and similar recommendations for young children, essentially for the purpose of extending the Reference Dose to young children.  These were offered as a matter of prudence since the Reference Dose is based only on data from prenatal exposure and not from postnatal exposure by young children.  


� For a review of the animal data on methylmercury we refer the reader to the Toxicological Profile on Mercury performed by the Agency for Toxic Substances and Disease Registry (ATSDR).  This document contains the conclusion that “animal studies…provide irrefutable evidence that the central and peripheral nervous systems are target organs for organic mercury-induced toxicity” (ATSDR 1999, page 137).  By contrast, animal data in support of an effect of methylmercury on cardiovascular effects is sparse (ATSDR 1999, see page 107).


� Because the effect of episodic exposure has not been studied, the safety assessment levels represent levels of sustained exposure over time that are deemed to be without appreciable risk.  Acute and limited exposures that can occur over hours were not relevant to these safety assessments.  Risk from temporary exposures over a safety assessment level should not be assumed to be identical to risk from sustained exposure at the same level.  


� The risk from episodic exposure could be lower than risk from chronic exposure simply because the exposure is relatively brief.   Alternatively, the risk could be the same or, when exposure is a “spike” exposure from a high methylmercury fish such as shark or swordfish, it could be higher due to an unusual methylmercury-to-fish ratio that offsets any benefits from components of the fish (in other words the dose of methylmercury is high relative to the amount of fish consumed).  See the discussion of the New Zealand study in Section II-A(a).








� See Section III of this report.


� Some studies summarized in the section reported various values in terms of geometric means.  Where that term was used, we assume that it referred to the median.    


� See “Estimating Per Capita Fish Meals Per Day” in Section IV(b).


� However, for purposes of developing a regulatory impact analysis for its Clean Air Rule, EPA integrated these results with data from the Faroe Islands study and the New Zealand study to produce a dose-response relationship for methylmercury and IQ that predicts slight deficits in IQ down through the lowest possible exposures to methylmercury (EPA, 2005, sections 9 and 11).   We used this dose-response model for comparison purposes in our own risk assessment as described in Section IV of this report.  


� In 1986, Faroese adults reported in a questionnaire survey that they ate an average of 92 grams of fish, 12 grams of whale muscle, and 7 grams of whale blubber per day (Weihe et al., 1996).  Because fish consumed in the Faroe Islands tend to be low in methylmercury relative to pilot whale, mercury concentrations in the Faroese who were studied were relatively high largely due to the frequency of whale meat dinners (Weihe et al., 1996).  


� The authors reported that an increase of 1.0 ppm in maternal hair mercury was associated with a decrement in VRM score of 7.5 points.  In order to compare size of gains from fish against size of losses from methylmercury, it is necessary to calculate the average loss per fish meal.  This can be done by calculating how many weekly fish meals must be consumed in order to achieve an increase of 1.0 ppm in maternal hair mercury in this cohort.  According to the authors, each weekly fish meal resulted in an increase of  0.17 ppm in maternal hair mercury.  Dividing 0.17 ppm into 1.0 ppm reveals that 5.88 weekly fish meals are needed to achieve an increase of 1.0 ppm.   Dividing 5.88 weekly fish meals into 7.5 VRM points lost (per each 1.0 ppm) results in 1.28 VRM points lost per weekly fish meal due to methylmercury.      


� Although not involving fetal neurodevelopment, the study in eastern Finland that looked for an association between exposure to methylmercury and the high incidence of coronary heart disease in that population also provides evidence for how a net effect from fish could be adverse, depending on the types of fish consumed.  The fish primarily eaten in eastern Finland were lean lake fish that were high in methylmercury and low in nutrients such as omega-3 fatty acids and selenium.   See Section II-B of this report.  





� This is essentially the approach that has been taken by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) based on the view, expressed in 2006, that “the data do not allow firm conclusions to be drawn regarding [children’s] sensitivity compared to that of adults.  While it is clear that they are not more sensitive than the embryo or fetus, they may be more sensitive than adults because significant development of the brain continues in infancy and childhood” (FAO/WHO, 2006). 


� An average of about 10 ppm for the group with the highest hair mercury levels is a calculation we have made based on data provided by the authors in their journal article. 


� See section 403(r)(e) of the Federal Food, Drug, and Cosmetic Act (21 U.S.C. 343(r)(3), 21 CFR 101.14(c), and FDA’s draft guidance entitled “Evidence-Based Review System for the Scientific Evaluation of Health Claims (FDA 2007).


� This is a theoretical queston since in the United States, exposure to methylmercury is almost entirely from eating fish.  Marine mammals are not found in interstate commerce.   


� The study of coronary heart disease and stroke in eastern Finland strongly suggests that not all fish are alike in this respect (Salonen et al., 1995).


� For the third source of data, a U.K. cohort studied by Daniels et al., the “dose” was fish consumption for the majority of the study participants.  For technical reasons it was not essential to convert fish consumption into hair concentrations for modeling purposes, but we did so for information purposes as provided in Tables IV-6 and IV-7.     





� The two-day survey is also a USDA survey, CFSII 94-98 and the one-day survey was administered as part of the NHANES survey.


� Because of some changes in fish consumption patterns, commercial fish consumed today contain, on average, less methylmercury than they did when the three-day survey was taken.  The average commercial fish weighted for popularity now has a mercury concentration of 0.086 ppm as compared to a previous average of 0.12 ppm.  As a consequence, the model overstates methylmercury exposure very slightly to the extent that it relies on the three-day survey to select species consumed.   


� Note that these are mercury levels in the mothers, not in the children.  The dose-response data that are available on effects on the fetus are in terms of mothers’ levels of mercury, not infants’ levels.  Therefore the conversion from what’s in the mother to what’s in the infant is part of the dose-response function and does not have to be estimated.


� If we were to model solely from the Iraq data, the median estimate would be a delay of 0.048 months for each additional part per million of mercury in maternal hair.  The Iraq and Seychelles combined median is a delay of 0.045 months for each addional part per million of mercury in maternal hair.   A general description of an “Iraq only” analysis can be found in Carrington et al., (1997).   


� This estimate was calculated from data from the Seychelles Islands.  We would expect an estimate for the U.S. population to differ somewhat, but not substantially.  We made the estimate to provide a sense for how the delays predicted by the model compare to the total length of time that it takes a child to first talk.


� The first analysis is based on a model in which effects become larger as doses become smaller.  


� This is so even though at the “baseline,” a small fraction of the population will probably experience a net adverse effect.  Because the overwhelming majority of people will experience a beneficial effect, the overall population average at the “baseline” is beneficial. 


� For purposes of this scenario, we define “low methylmercury fish” as those with average concentrations below 0.12 ppm.  Table AA-2 in Appendix A provides a list of species with their average mercury concentrations.  


� While this issue may be worth addressing at some point, it is not relevant to whether commercial fish may be injurious to health due to the presence of methylmercury.  This is a threshold question posed to   FDA by Federal food safety law.  See Appendix F of this report.


� The criteria are either expressly provided in He et al. (2004a) or are implied by the types of data that they chose to accept. 


� Because methylmercury exposure has been hypothesized to be a risk factor, it is important for this analysis to include data that can help to investigate the question of effect of methylmercury on CHD.


� We did not use the Wheldon et al. (2004) meta-analysis as the basis for our modeling because it did not include a dose-response function.  He et al. (2004a) included such a function.  


� (U.S. Census Bureau, 2005)


� Where a reduction in fish consumption occurs only during pregnancy, we would expect that most of the cardiovascular benefit from higher fish consumption before and after pregnancy would still be accrued over a lifetime.   


�.  The point of departure for Bouzan et al. was a literature search conducted of Medline by Wang et. al (2004).  Wang et al. screened the studies they found based on matters such as size and age of the study group, duration of the study, whether the study reported exposure only in terms of biomarker levels, and similar matters. Bouzan et al. then imposed three more criteria to ensure that the studies were appropriate for the purpose of quantitative dose-response evaluation, as follows:


The studies had to quantify risk relative to a no-intake or very-low-intake reference group


Only studies with designs rated by Wang et al. as "A" (least bias, results are valid) or "B" (susceptible to some bias but not sufficient to invalidate the results) are included


Includes both fatal and non-fatal strokes.


The application of these criteria lead Bouzan et al. to the five studies they utilized in their meta-analysis as noted in Table IV-18.  


  





� Unlike the He et al., (2004a) meta-analysis for CHD, the He et al. (2004b) meta-analysis for stroke did not require that studies include more than two exposure groups due to the relatively limited number of studies available on stroke.  For that reason He et al. (2004b) does not include a dose-response estimate for stroke.  


� (U.S. Census Bureau, 2005)


� There are several possible explanations for this latter prediction, none of them mutually exclusive.  First, fish consumption might increase the risk of hemorrhagic stroke.  This possibility dervies from a study in which Greenland Eskimos acids were found to have a higher risk of fatal hemorrhagic stroke than Danish whites (Kristensen 1983).  A difference between the two groups was the higher intake of omega-3 fatty acids by the Greenland Eskimos.  However, average levels of omega-3 in these Eskimos were as much as 100 time higher than average levels in the United States; consequently, the risk, if any,  to U.S. residents may be low (Iso et al., 2001).  Moreover, the data from the eight studies that we used in our risk assessment did not show a significant increase in risk of hemorrhagic stoke from increased fish consumption.  The He et al. meta-analysis reported finding no significant association between hemorrhagic stroke and fish intake (He et al., 2004, p. 1539).





Second, the manner of cooking could increase the risk.  One study showed a decrease in risk when fish were baked or broiled but an increase in risk when fish were fried (Mozaffarian et al., 2005).   





Third, risk assessment outcomes can be sensitive to variations in the data.  Of the nine studies that provided the data for the risk assessment, four found no statistically significant association one way or another between fish consumption and stroke, four found that fish consumption reduced the risk of total stroke, three found that fish consumption reduced the risk of ischemic stroke, and three found no association between fish consumption and risk of hemorrhagic stroke one way or another.  However, as reported above, one study found an increased risk from fried fish.  Another study that found no overall association between fish consumption and stroke did find that the highest levels of fish consumption in its study group were associated with the highest incidence of stroke.  





 Finally, it is important to recognize that even where a study finds an overall decrease in risk, inevitably some members of the study population still have strokes that are modeled as being "due to" fish consumption even though the cause may involve other risk factors.  








� Where a reduction in fish consumption occurs only during pregnancy, we would expect that most of the stroke benefit from higher fish consumption before and after pregnancy would still be accrued over a lifetime.   





� In 2000, a Committee on Toxicological Effects of Methylmercury of the National Academy of Sciences recommended against basing a safety assessment for methylmercury on the Seychelles study due largely to questions about whether an effect might have been present in the Seychelles Islands but somehow missed by the research team.  The Committee recommended that safety assessment for the fetal neurodevelopmental endpoint for methylmercury “should not be derived from a study such as the Seychelles study that did not observe any associations with MeHg” (NRC 2000, page 6).





The Committee was responding to the specific question posed by EPA on how best to develop a safety assessment for methylmercury.  Although the Committee’s response remains unique for safety assessments on methylmercury, the result is no less valid than the safety assessment levels that are derived in whole or in part from Seychelles data.





As an aside, the Committee’s response would not be applicable to quantitative risk assessment.  Unlike safety assessment, which calculates a single level of exposure deemed to be without appreciable risk, quantitative risk assessment calculates how risk changes through a range of exposures.  Data from studies that found no adverse effect can be highly relevant to such an assessment.  


� In order to resolve this uncertainty, the Seychelles study later administered tests that had been used in the Faroe Islands so that both studies could claim to have used tests with equal sensitivity.  


� See section 903(b) of the Federal Food, Drug, and Cosmetic Act (FD&C Act).


� United States v. Lexington Mill & Elevator Co., 232 U.S. 399, 408-09 (1914)


� United States v. Anderson Seafoods, Inc, 622 F.2d 157 (5th Cir. 1980)


� Under section 402(a)(1), FDA bears the burden of establishing that a food already on the market is adulterated, i.e., that there is a reasonable possibility of injury at levels of exposure resulting from consumption of the food in question. Compare this situation with that for food additives, where a petitioner bears the burden of demonstrating prior to marketing of that the intended use of a food additive is safe, i.e., that there is a “reasonable certainty in the minds of competent scientists that the substance is not harmful under the intended conditions of use” (21 CFR 170(3)(i)).  In the absence of such a demonstration, the intended use of the food additive is presumptively unsafe, and would render food adulterated as a matter of law. FDA’s view of risk, therefore, can be significantly affected by the standard to be applied to the potential hazard. In identical situations, e.g., no scientific data bearing on either safety or risk, food can be either adulterated or not, depending on the standard that applies and the availability of data that are called for by that standard.


� However, FDA would consider taking regulatory action if fish in the marketplace were found to be unusually high in methylmercury, e.g., well above 1.0 ppm.  So far, no such fish have been found in U.S. commerce. 


� At the time, the action level was established for mercury because there was no method available for detection of methylmercury.  


� U.S. v. An Article of Food Consisting of Cartons of Swordfish, 395 F. Supp. 1184 (S.D.N.Y. 1975)]


� Id., at 1185


� Id., at 1186


� U.S. v. Anderson Seafoods, Inc., 447 F. Supp. 1151 (N.D. Fla. 1978), aff’d, 622 F.2d 157 (5th Cir. 1980)


� Id., at 1155-56.  This has become the generally accepted standard in subsequent jurisprudence on section 402(a)(1).


� Id., at 1159  


� Id., at 1160


� Interestingly, the National Marine Fisheries Service report cited in this paragraph, entitled “Report on the Chance of  U.S. Seafood Consumers Exceeding the Current Acceptable Daily Intake for Mercury and Recommended Controls” (NMFS 1978b), concluded that 99.8 percent of the population was exposed below the Acceptable Daily Intake Level (as compared to 99.9 percent today per the NHANES survey) and that 99.94 percent of the population retained a seven-fold or higher margin of safety.  On the basis of these findings, the NMFS report recommended that FDA establish no action level for methylmercury for most fish since the entire population was essentially below the ADI anyway.  NMFS did  recommend establishing an action level for swordfish, based on a concern that, in the absence of an action level, both the supply and the consumption of that species would increase significantly.  NMFS also recommended establishing an action level for freshwater fish on the grounds that these fish are particularly subject to local mercury contamination.   


� CPG 7108.07, now CPG 540.600


� Presumably, one would select an amount eaten per day and then calculate an action level.  However, it could be done the other way, as evidenced by the deliberations of the Untied States Court of Appeals for the Fifth Circuit in the Anderson Seafood case, cited previously.  In that case, the court examined whether people were likely to consume enough fish to exceed an “Acceptable Weekly Intake” level for methylmercury if the action level were established at the highest level of methylmercury found in the defendant’s fish, i.e., 1.0 ppm (United States v. Anderson Seafoods, Inc, 622 F.2d 157 (5th Cir. 1980), see pages 257-8).  


 


� Note that micrograms per gram (the ratio on the right side of the equation) is another way of saying “ppm,” so 30 micrograms divided by 30 grams equals an action level of 1.0 ppm.  


� The consequences of testing fish for methylmercury, whatever they might be, could be magnified substantially if the action level were reduced to 0.25 ppm as a tool to enforce a safety assessment level as low as EPA’s Reference Dose, as some have advocated (DeWaal 2000).  The Reference Dose for the protection of the fetus is four times lower than the FDA Acceptable Daily Intake level for the protection of the general population; thus it has been argued that the action level should also be reduced four-fold (DeWaal 2002).  About 75 percent of the commercial fish species listed in the FDA database include some fish that have tested higher than 0.25 ppm.


� An articulation of this policy may be found 50 Code of Federal Regulations 635.20, “Size Limits.” 


� As explained in Appendix A, the data used to establish the Acceptable Daily Intake Level involved effects in general populations, i.e., Japan and Sweden.  Data on subtle neurodevelopmental effects in the fetus did not exist when the Acceptable Daily Intake level was calculated. 


� As a caveat, because this per capita figure includes people who eat no fish, a per capita figure for those who eat fish would be slightly higher.  Also, recreational catch could add roughly 10 percent to the per capita total for all fish (NMFS 2005, p. 20). 





� Choiniére, C.J., Timbo, B., Street, D., Trumbo, P., Fein, S. (2008).  Fish Consumption by Women of Childbearing Age, Pregnant Women, and Mothers of Infants.  Presented at the International Association for Food Protection Annual Meeting, Columbus, Ohio, August 3-6, 2008.  


� As explained in Appendix A, the data used to establish the Acceptable Daily Intake Level involved effects in general populations, i.e., Japan and Sweden.  Data on subtle neurodevelopmental effects in the fetus did not exist when the Acceptable Daily Intake level was calculated. 


� As a caveat, because this per capita figure includes people who eat no fish, a per capita figure for those who eat fish would be slightly higher.  Also, recreational catch could add roughly 10 percent to the per capita total for all fish (NMFS 2005, p. 20). 





� Choiniére, C.J., Timbo, B., Street, D., Trumbo, P., Fein, S. (2008).  Fish Consumption by Women of Childbearing Age, Pregnant Women, and Mothers of Infants.  Presented at the International Association for Food Protection Annual Meeting, Columbus, Ohio, August 3-6, 2008.  





�EPA feels that this summary requires a re-write.  It emphatically overstates the conclusions that are presented in a more considered fashion throughout the rest of the text. 


�Agree with peer reviewer comments that such vague terms as “well above” are not useful in a scientific assessment. 


�  Plenty of case studies, including pub by Hightowere and Moore 2003 docuementing tox in U.S.  And what about the Oken et al  2008 papers.  NHANES papers (e.g. Hightower et al 2008) document exposure above U.S. EPA  RfD, particularly among particular ethnic groups and geographic locations. 


�note reviewer comments re vague terms


�Meaningless term given variability of mercury fish concentrations


�Note why other nutrients in fish not considered.     


�Gross oversimplification. And where is the explanation for this conclusion?


�But effects were  reported for older kids in Seychelles.  This too terse summary does not reflect the discussion of data given later in the report. 


�EPA generally would not consider 10 fold to be an adequate margin of exposure, particularly for effects shown not to nbe reversible..All indications are that the neuropschological deficits are not reversed. 


�As noted in the review comments, for most endpoints a margin of exposure of 10 would not be considered acceptable. 


�Note conclusions in van Wyngaarden et al 2006, that their modeling of the data at the 9 year follow up indicates that as the children mature, associations of deficits are detectable for lower Hg exposures. Note also that Davidson et al 2006 comment that the results of testing the 11 children in the SCDS may be interpreted as “reflectiosn of delayed or latent nuerotxicity” (p3)


� need to rephrase; the analysis described here from Table 5 of Oken 2008 does not address association of the mercury body burdens and relative amounts of fish consumption.  





�Don’t understand  the point being made here. 


�See other comments that exposures in the UK, at least in the ALSPAC population nay be somewhat lower than in the U.S.  due to consumption of very low Hg fish. 


�.  Faroes studies do not specify contribution of pilot whale, fish, and other sources; they are based on body burden measurements of total mercury, regardless of source.   


�Which nutrients?.  The Faores population is certainly selenium replete.  And there are no data to indicate that the population is anything other than replete for omega 3.  They eat lots of mutton and fish. 


� Need to rephrase.  In sent 3, “associated solely with fish” and “no longer adverse” is unclear.  As the paper itself says:  “Fish intake had a beneficial effect;” the other phrasing confuses the issue.  In sent 4, “no longer exaggerated” is unclear and does not seem to be related to the cited paper.  If the authors of this report are offering an interpretation of that study, they need to state it more clearly, and indicate that it is an interpretation rather than finding of the study’s authors.  





�Note fish in Hibbeln are low in Hg.  See Letter  to Lancet by Mahaffey and Schoeny.  Also letter by Stern 


�First sentence goes beyond the findings of Oken et al. 2008 – no conclusion by the authors that fish-mercury “overall net effects were generally beneficial.”  This may perhaps be a fair interpretation of Table 5, but these data are presented only for the WRAVMA.  Similar information is not presented for the other test conducted in this study, i.e. the PPVT.  From the information presented (e.g. Figure 1), it appears that the net effects on PPVT were detrimental (i.e. negative effect of mercury stronger than positive effect of fish nutrients).  Same is true for the WRAVMA matching subtest.  It is questionable whether this study provides the basis for the conclusions that FDA draws.  





�This point does not follow logically


�Not so – see Hightower and Oken. 20008


�It would be useful to see some analysis to support this argument.  Again, it is questionable whether the literature supports a conclusion that mercury adverse effects “have only been seen where there has been an unusually high exposure to methylmercury relative to the amount of fish consumed;” the draft report does not provide a basis for that conclusion.  


�If the fish are low in mercury


� There are no Hg measurements in Hibbeln et al  2007, so this conclusion not warranted.  


�Citation needed


�The adverse associations are with cord blood mercury, not pilot whale consumption


�Mischaraterizes the U.S. exposure.  Given that some pops in U.S.  have the same level of exposure as that in NZ, Faroes. 


�Note that Daniels et al 2004 measured Hg in umbilical cord, for which there is no direct comparison to hair or blood levels.  The authors, however, describe the exposure of their population to mercury as “low”.  





Also note that Daniels et al 2004 note that the tests evaluated were dependent on the report by the mother of language and communication skil.  They further note that other developmental domains may be more sensitive to mercury effect and that other instruments may be better able to detect subtle neuron effects. 


�Overstates the findings of the authors.  Rephrase:  “Maternal fish consumption was associated with improvements on the tests while mercury body burdens were associated with reductions in test scores.”


�a mis-statement of the study findings (and inconsistent with more accurate representation elsewhere in the draft report).  The high-mercury groups clearly have lower WRAVMA scores than the low-mercury groups (Table 5).  Highest scores were in the high-fish LOW-Hg group.  


�Budtz-Jorgensen 2007 and Lederman 2008 do not belong in this table.  Contrary to the title of the table and the findings column, both studies include maternal mercury body burdens (and found inverse association of mercury and neurodevelopmental tests).





�Budtz-Jorgensen 2007 considered test results at age 7, in addition to age 14.





�.  MeHg was measured


�Budtz-Jorgensen 2007 also found adverse associations of mercury and test results (after controlling for fish consumption); indeed, that was the major objective the paper.  As reported in this table, reader is given the incorrect impression that this paper looked only at benefits of fish consumption.





�Please note the following quote from Lederman et al :"...pregnant women should be encouraged to consume fish/seafood while guided to reduce intake of varieties high in mercury."


� Lederman 2008 found association of cord blood mercury with all the outcomes listed here, and with Performance IQ (48 months) as well





�The statement that “total mercury was measured but not the contribution from methylmercury” is true of several (perhaps all?) of the studies of mercury listed in the tables.  It is true that the authors concluded there were likely significant sources of mercury other than from fish – but this was for a defined subset of the cohort (i.e. those born in China), not the entire cohort.  Further, the authors apparently concluded that these non-fish sources did not affect their findings:  “the relation of blood total mercury to later child development does not depend on the source of blood mercury” (p. 1089).





�12/08/08 Delete sections on safety assessment. 


�Re definition in footnote:  there are definitions in law and risk assessment practice that are more appropriate than Webster.





�Not by definitions of most risk assessors. EPA does not use a margin of safety, but rather uncertainty factors.  With exception n of the FQPA safety factor which is not applicable to MeHg.  ATSDR also uses uncertainly factors


�.”  Agree with last statement.  But note that EPA in assessment of MeHg says that the threshold has not been demonstrated in extant studies. See IRIS. 





�Give definition of reference dose and citation


�Please note that the RfD as defined by U.S. EPA does not use a margin of safety.  And that we have said on IRIS that no threshold for effect has been observed in the extant studies. Moreover for all effects modeled, best fit model is linear to ED10.  see IRIS and AWQCD for MeHg. 


�Note EPA does not refer to a margin of safety.


�Also not calculated was the potential for exposure to other contaminants in fish. e.g. PCBs


�EPA considers this  a major flaw.  And at lease one  peer reviewer agrees.


�Thus best use of this paper is as a framework or demonstration of a methodology, rather than claiming that this represents a thorough scientific assessment on which to base a change in public health advice.


�Individual data present an advantage for analysis, but need to be weighed against appropriateness of the endpoint.


�Interesting choice, as these delayed developmental milestones are gross effects. See issue paper for critique.


�?


�A major point of  results of these types of model is not the average delay or loss of IQ point, but rather that the entire population is shifter; thus more persons shifted to an “unacceptable” level of effect, such as IQ below 75.  


�As noted before, other model applications contradict this view.  Best fit of all BMD models was for linear (or even supralinear) down to ED01.  Also for deficits in neuro psychological tests, no NOAEL seen in studies; supports concept of no population threshold in the range of environmental exposures 


�Poor assumption as these delays are gross, effects, seen at relatively high dose. 


�Not sure what this means.  


�Hg was measured in umbilical cord tissue.  As later noted by the FDA authors, cord Hg can not be directly compared with measures (hair and blood) in the three epidemiologic studies for meHg effects from in utero exposure. The estimated range of fetal expsosure should be given here.  nts in the mothers or the fish. 


�An association with Hg exposure was tested.  The authors report that “the mercury leves were low in this population (median = 0.01 ug/g wet weight)  and not associated with with developmental scores (Table5)


�Don’t know if this a good assumption or not.  





�Here’s where things get shaky.  Verbal comprehension tests and delayed talking are 2 different measures.  Likely that the former is a more sensitive indicator for deviation from a norm or median than the latter


�See comment re shift of distribution


�The analyses present a demonstration of the utility of the modeling framework, but are not sufficient for a recommendation re fish advice.


�This statement is not warranted. 





�So is this the most useful value for the modeling? 


�).This is not a trivial finding, given that the data inputs (Hg concentration in fish) would minimize any Hg effect.


�But these are not really unusual diets.  


�Infrequent as measured in either 3 day window or in 30 day recall studies.  This statement also implies that canned albacore tune is in relatively high Hg group.  





�?


�Indicates that modeling other endpoints is a good idea.


�Not a reasonable hypothesis.  All the fish are high in Se.  Concentrations of Hg and omega 3 are independent.  E.g. shark and swordfish are high in omega 3, albacore tuna pretty high; all are certainly higher than average in Hg. 


�This supports argument for using thisFDA Draft Report  as a proof of concept to support other modeling.   


�Characterization of Debes 2006 findings re postnatal exposure and beneficial associations is incomplete.  The study indicates that postnatal mercury was “only weakly related” to test scores, and that the associations were not statistically significant (p. 369).  The authors also state that postnatal exposures had an adverse effect on motor skills (p. 373).    





�Note as before, this population consumes fish that are reported to be low mercury.  There were no measurements of Hg in children.  So no real data on postnatal Hg exposure are found in this study. .Mercury was measured in umbilical cord. 


�12/08/08 Delete sections on safety assessment


�NHANES data that 6-8% are above the RfD. At least need to give the value of the ADAI, which I assume is still 4.5 ug/ kg (?) 


�Note that EPA and ATSDR apply their RfDs and MRLs respectively to the entire population, including sensitive subpopulations, but not excluding other populations


�I don’t know either of those studies.  Do know that the follow up data from Japan show fairly severe decrements in some neuro function in adults who were not diagnosed with Minamata disease.  See risk assessment chapter of the criteria doc for description. 


�The case studies (e.g. Hightower’s work, the sea bass consumers; pork poisoning incident) should at least be cited here.  They are U.S. exposures and adverse effects were reported


�These last 2 statements, while factural, seem to be in the wrong place. 


�Question still remains, same population?





�Expand discussion


�Guallar found strong association with Hg.  Can’t remember what was said re omega 3


�


�BIncomplete discriptions of these studies.: e.g.  did see effect when dentists – exposed to elemental Hg – were removed from pop.  N is low, however, 


�Dose makes the poison


�Hard to discuss any association other than with earting fish if there are no data on the Hg in either the population or the fish. 


�Should at lease give some indication as to what studies were used as inputs to modeling.  


�Is this the number for the entire U.S.  population in that age/ gender group?  So what is rate?  Under what condition?  Amount of fish consumed?  Increase fish consumptiom?  What?


�Same questions on condition under which these estimates are made. n


�Acceptable Daily Intake


�12/08/08 Delete sections on safety assessment


�12/08/08 Delete sections referring to safety assessment


�See comments on desription of RfD.  RfDs and MRLs are not inherently conservative.  The assumption of a threshold for effect is not a conservative assumption.  Uncertainty factors are set as defaults when data are not sufficient to permit data-derived extrapolation factors


�NeithernEPA nor ATSDR use safety factors, but nrather estimates of uncertainty in attempting to predict a population threshold for adverse effects.


�Again, this is not the EPA definition. 


�See comments on App E.  The EPA RfD is mischaracterized.  That appendix and these sections must be re-written to forestall misinterpretation of the EPA assessments. 


�Why this term instead of standard epidemiologic terminiology.  All epi studies are ohservational in this sense.  Doesn’t make them any less valid or useful. 


�By whom?


� Well known that 90% or more of Hg in fish is methylmercury


�Given long half life, spikes are not really spl\\\ikes. 


�Actually a syndrome that was defined for the purposes of government compensation.  Defintition was refined over many years. 


�Note several reference that show as the population matured, that effects were observed at lower levels of Hg exposure. E.g.  Fukuda et al 1999 observed adverse effects (some frank effects) in subjects not originally designated as having Minamata disease. 


�Many studies are not discussed, with no rationale as to their exclusion.  E.g Cordier and Garel 99, Nor is there discussion of any of the neurologic examination data (e.g. Steurwald et al 2000) with the exception of the Iraqi work. 


�None of the studies on auditory evoked potential are described (e.g. Murata et al 1999, Cunter et al 1998., 


�Which tests?


�This is a quote from the paper.  But there are only a rnage of medians (0.004 – 0.75 pp) and a statement that most medians were in the range of 0.05 – 0.25). 


�Give  mercury concentration for pilot whale. 


�Budtz-Jorgensen 2007 should be included in the Faroe Islands summary.





�Statement re Seychelles vs Faroes testing similarities - “they addressed essentially the same neurodevelopmental ‘domains.’”  This  is inconsistent with the NRC 2000 report, which says “The Faroe and Seychelles studies used very different neurobehavioral test batteries” (p. 255).  





�Myers et al 2003  Should also cite Huang et al 2005 and Davidson et al 2006 and include their discussion


�Myers et al 2003 describes the latter,but not the former.  Also indicates that their analysis of p values indicates that this effect and the negative association ofr gooved pegboard are likely to be due to chance.  The significance of these associations is discussed further in the Huang et al paper that applies non-linear models. 


�This study is mischaracterized.  The authors do opine that their BMDLs are close to the maximum exposures observed in the SCDS study population.  They note that the BMDLs are lower than those calculated on the test results from the 66 month evaluation.  They note that the  range of BMDLs they calculated are lower than those from the Faroes but are statistically compatible.  (Note that when the same endpoints are compared using the same BMR and the k power model, that the BMDLs are the same. The reference to “negative: studies is from Hertz-Piccioto 1995 and van Wyngaarden and Hetrz –Piccioto 2004.  In van Wyngaarden et al 2006, the authors note that a limitation of their analysis is that the departure from the null is at the upper end of the data distribution, and there are fewer data at that point.  They do not call the 9 year follow up data study negative. 


�The 2007 analysis does not appear to present a “net effect,” as described by FDA.  The major purpose of this paper was to estimate the effect of mercury when controlling for fish benefits, and its major finding was that controlling for fish benefits results in a stronger (more negative) estimate of the effect of mercury.  This paper does not say anything about separating effects of fish consumption and pilot whale consumption


�The phrasing “methylmercury that came from both fish and pilot whale together” confuses the issue; the analysis found associations with total mercury.  “Replaced by” is confusing phrasing; as is “when test scores were compared against fish consumption only.”  The results can be stated much more clearly as:  “The analysis was found a positive association between test and fish consumption, when controlling for mercury” (then continuing on to note functions with significant results).  The current language implies findings that the authors did not make.  �


�This mis-states the analysis presented in the 2007 paper.  All mercury analyses looked at “total mercury” (see, for example, Figures 1 and 2 – latent variable is for “Hg” and is derived from hair mercury and blood mercury measurement).  There is no analysis of “methylmercury just from pilot whale.”  Edit as follows:


The authors used statistical analysis to determine the association between neurodevelopmental test scores and: (1)total mercury, without adjustment for fish intake; (2) fish consumption, with adjustment for total mercury; and (3) total mercury, with adjustment for fish intake


�Delete “from both fish and pilot whale.”





�.  Delete “when pilot whale is removed from the analysis” – that is not an accurate characterization of the study


�This sentence implies that the Faroes authors find an overall positive effect, considering both fish benefits and adverse mercury effects.  I do not see such a statement in the article; my reading of the article is that it reports a fish effect and a mercury effect, but not a combined effect.  Further, this point is unrelated to the authors’ statement re the “molecular target.”


�Delete last sentence – no such conclusion of a positive net effect by Budtz-Jorgensen et al.  


�If one is simply going to reach conclusions re net effect by comparing coefficients on the various outcomes – then text must acknowledge that adverse effect of mercury on age 7 verbal domain scores is much greater than the positive effect of fish intake (Table 1, -10.8 and strongly significant, vs. +3.62, not significant).    





�Reporting of results from Oken et al. 2008 is incomplete; some key points are omitted


�.  PPVT, WRAVMA pegboard and WRAVMA matching associations with fish were not statistically significant.


�The result for fish (>2 servings/week) is positive, but it is not significant.  The result for high mercury (top decile) is not reported; it is negative and significant.  See Figure 1.  


�Article does not support the first sentence (re mercury-to-fish ratio), other than perhaps for WRAVMA total.  The quotation is fine, but the flip side should also be represented – i.e. the adverse effect of mercury is strengthened with adjustment for fish intake.   Oken et al. note the similarity of this finding to the findings of Budtz-Jorgensen et al. 2007 (p. 1168).








� The FDA text fails to report the findings for mercury from this study, except in this sentence: “The researchers found an association between total mercury and adverse results on some neurodevelopmental tests, but in order to measure this association they discovered that they had to statistically screen out beneficial effects that were associated with fish/seafood consumption during pregnancy.”  FDA’s characterization re “discovered” is inaccurate; no indication from the Lederman et al. text that they were not able to discern a mercury association in their original analysis.  





�Full and reduced models found associations between mercury and the 36-month PDI and all 48-month IQ measures (p. 1088 and Table 5); both models include adjustment for fish consumption.





�Lederman et al further observe that:  “To further explore the relation of fish/seafood consumption and cord blood mercury to development, we examined regressions (not shown) that excluded one or the other of these variables from the reduced models. Although both variables were significantly related to developmental scores at 36 and 48 months when both were included in the model (� HYPERLINK "http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2516590&rendertype=table&id=t5-ehp0116-001085" �Table 5�), neither was significant with the other eliminated from the model for 36-month PDI or for 48-month Performance or Verbal IQ. For Full IQ, cord blood mercury remained significant (b = − 2.57, p = 0.025) without fish/seafood consumption in the model, but fish/seafood consumption was not significant without mercury in the model (p. 1089).”  Thus, contrary to FDA’s text, the authors found adverse associations for mercury without controlling for fish intake.  As in the Oken and Budtz-Jorgensen studies, the negative effect of mercury was stronger when statistically controlling for fish intake.  





�Note that the State of New York , NYC public health department and EPA Regionn 2 are conducting a study of mercury in fish from markets frequented by Chinese-American and other Asian populations. 


�What data is referred to here?  What is the basis for this statement? 


�Daniels et al 2004 measured Hg in the umbilical cord.  FDA notes later in the document that cord Hg is not directly comparable with either hair or blood levels.  Nevertheless, Daniels considered the mercury exposure in their population to be low (p. 398)


�Maternal hair – cord blood conversion reported here came directly from the Faroe Islands study (Budtz-Jorgensen et al. 2004).  We did not search the literature for other estimates of this ratio, since we were applying the conversion to the Faroe Islands results only


�It should be noted that these coefficients (on postnatal mercury) with results opposite to expectation were not statistically significant (Debes p. 369).





�As noted before, the fish consumed by the study population are low in mercury.  This was borne out by the observation of what the authors considered to be low umbilical cord mercury. 


�Contradicts earlier reference to “confounder”?


�These are not anecdotes, but rather case studies.  And this section is incomplete. 


�See several preceeding comments regarding net beneficial effects.  Evidence from Oken et al 2008 (U.S.), at least, is much more mixed.  





�Daniels et al did not report hair or maternal blood mercury.  They do, however, cite Airey et al 1983 re hair concentrations in the UK of 1.6 ppm.  A rough calculation is that the EPA RfD is at about 1.1 ppm hair.  NHANES reports that for the years 1999- 2002 about 5.7% of women of child-bearing age were at or above the EPA RfD.  So something does not compute. 


�What is the reference for this statement?  EPA is not familiar with this result, or with analysis separating out Faroes diets without pilot whale consumption.  





�Oken measured blood mercury, not hair mercury.  


�See previous comments re Daniels et al 2004.  It appears that the UK population exposure is somewhat less than that in the U.S.  


�Process leading to selection of age at first talking needs to be presented more systematically.  Availability of individual subject data is just one consideration among many – including size of cohort, suitability of endpoints, exposure levels, etc.  There is no indication that FDA compiled the available data sets, identified a range of important characteristics, and then considered the relative advantages and disadvantages of the data sets


�This assertion is questionable in the extreme.  There have been many published critiques of these data, some of which are recapitulated in NRC 2000. 


�It is certainly true that the exposure is at the high end.  But the effect is both gross (a frank effect) and subject to expsorue misclassification. 


�The text does not explain why this was a requirement.  





�Why is that a problem?  





�This should have led to broader consideration of other larger data sets.





�The absence of a correction in the Seychelles data for presumed fish benefits will cause the effect of mercury to be understated in this model.    


�Would the PPVT at age 3 represent early age verbal?  





�As I understand it, what FDA is doing here is equivalent to expressing results as “percentage of a standard deviation.”  This is useful when you have, for example, one test scored on an arbitrary scale with a mean of 100 and a SD of 15, and another test with scored on a scale with a mean=5 and SD=1.  This is how results from Faroes are typically reported, i.e. % of s.d.  This does put results from all tests in the same scale, so that one point for Test 1 is the same as one point for Test 2.   But this doesn’t mean that the tests are equivalent and tell you the same thing.  So, if the effect of mercury on Test 1 produces a z-score of -0.37, that does not predict that other tests will have the same z-score.  If two different tests have the same z-score, that doesn’t tell you anything about whether either result is a reasonable prediction. More importantly, for the current context:  age at talking is a different type of endpoint, based on (extremely error-prone, in the Iraqi case) observation of developmental stages, rather than scoring of performance on a neuropsychological text.  It is questionable whether comparison of z-scores for two measures (i.e. age at talking, IQ) that have substantial qualitative differences is really meaningful or informative; this would be a good question for peer reviewers with expertise in such matters.  


�Pages 119 and 121 present speculation on possible thresholds for the adverse neurodevelopmental effects of mercury, based on results of FDA’s model.  However, page 116 states that threshold assumptions were built into the model itself.  In addition, the model considers only data from the Iraqi and Seychelles studies, thus excluding studies suggesting the lack of any threshold.  EPA’s IRIS assessment says that “It is also important to note that no evidence of a threshold arose for methylmercury-related neurotoxicity within the range of exposures in the Faroe Islands study,” and Oken et al. 2008 reports:  “We observed associations of mercury levels with child cognition at exposure levels substantially lower than in populations previously studied.  Our findings suggest that no lower threshold exists for the adverse effects of prenatal mercury exposure.”





�Never defined in the text. 


�See preceeding comments re pilot whale and Budtz-Jorgensen 2007�





�Statement re magnitude of IQ effects in Seychelles study is incorrect.  Table 3 and Figure 2 of Axelrad et al. 2007 show that the central-estimate IQ coefficient from the Seychelles study is nearly identical to the integrated analysis estimate of -0.18 IQ points per ppm hair mercury


�My recollection from several years ago is that the inorganic mercury values in 99-00 NHANES were somewhat imprecise.  


�Assumption in last bullet on this page to truncate the distribution is questionable


�EPA questions the arguments rre dose-response shape, but has not had time to articulate our arguments.  Dose-response for lead with steeper slope close to the origin has been extensively reviewed by the SAB and used in recently rulemakings


�Last line, incorrectly reports Axelrad et al IQ coefficient as -0.153.  Elsewhere in the report, they have it correctly as -0.18.  From this text, it sounds like they used the incorrect value in the subsequent calculations.  What value was actually used in the model? 


�Description of the Cohen et al. work is inadequate.  Use of test results from all domains (not just cognitive tests) and the role of expert judgment in applying weights to different domains, etc. were  critical elements of this study.  





�On what page of the NRC report does it say that the log transform used in the Faroe Islands study is “biologically implausible?”  The NRC report does discuss biological plausibility of the log transform, but did not go quite so far as FDA portrays.  Compare FDA’s text with NRC pages 294, 297 and 315.     


�It is not clear why the Poland study is represented here, but other studies such as Oken are not.  





�Did the functions used by FDA come from the original authors (e.g. Myers 2003)..or from other subsequent analyses of these data by Cohen et al. and Axelrad et al.?  Also meaning of “only this group of dose-response functions is consistent to what…” is not clear.  


�There is a strong implicit assumption here that the Iraqi data is correct and realistic; if other studies are not consistent with Iraq, they are presumed unrealistic.


�It is unclear how the Seychelles coefficient described here differs from that in bullet 1.  Are two different functions being used to represent the same thing?  Why?





�Unclear what “the three dose-response functions considered in this analysis” are.  And how does this relate to Figure AA-12 (shows results for two dose-response functions).  Further, it is not clear whether/how this discussion relates to what inputs were used in the modeling of neurodevelopmental effects.  The discussion concludes without a clear statement of mercury dose-response model inputs.    


 





�It is very difficult to trace back the various functions listed in the legend to previous text/tables.   Greater transparency in showing the inputs, and how they were derived, is necessary.  


�Do all the values in the graphs come from the three studies listed in Table AA-6?  This is not at all clear.  It s not clear why multiple functions are shown for Seychelles, New Zealand, and Faroes – if all need to be included, provide a table that explains to the reader why these studies each have different estimates.  Then, only two functions are shown in Figure AA-12 – what happened to all the others


�Page 192.  Figure AA-13 led me to believe that the modeling used a single function to represent dose-response between fish consumption and z-scores, considering BOTH fish benefits and mercury effects.  Discussion at the December 2 meeting indicated that these functions were modeled separately, and further that variability in each dose-response relationship was sampled in the modeling (for example, in modeling using the Axelrad et al. 2007 estimate of IQ dose-response, a distribution of values rather than only the central estimate of -0.18 was used).  Inputs and modeling approach need clarification.    





�This section was very difficult to review – many aspects are very unclear.  EPA  was not able to complete a full review of this section, but below are some initial comments.





�What is the empirical distribution for blood-hair ratio – is this the NHANES distribution?


�Does this step use a function that combines both fish effects and mercury effects?  Or are there separate functions for each?  Does this step employ a distributional approach?  Or only the median dose-response estimate?  Note this comment was part of the discussion at the December 2 meeting.  I have re-read the appendix following the meeting and still find it to be lacking in explanation of these points





�The delayed talking model of mercury adverse effects uses data from the Seychelles, uncontrolled for fish benefits – and thus will understate the mercury effect.   Has any analysis been done to support this presumption that this is negligible?





�Table AB-4, and other tables.  Column headings need to be more descriptive; table is difficult to understand as-is.  First column heading needs to be more specific:  percentiles in what distribution?  I could not tell if all z-score changes were calculated, then arrayed in a distribution…or were these percentiles of fish intake, or mercury body burden?  Page 210 seems to suggest that it is percentiles of hair mercury.  Shouldn’t higher percentiles of this distribution have greater effect (rather than lesser effect)? 





�Does column two represent estimate of mercury effect without considering fish benefits, and column three effect of mercury and fish benefits combined?  It would be helpful if the column headings made this clear.  





�Does the note to the table refer to the third column, rather than the second?  Are only median estimates of the dose-response functions used?  





�Can not verify these values without clarification re column 1 – percentiles of what distribution?  Elsewhere, the report has described the Cohen and Axelrad IQ dose-response functions as being very similar,  so it is not clear why they have different results in this table.  


�Why is Cohen included as a column in previous tables, and not here?  It is difficult to trace the relationship of these table to previous tables.   Do values shown in the Axelrad IQ column incorporate fish benefits?  Labeling of this column needs to be clarified.  How are the values in the last column (net verbal delta-z) derived (e.g. do they incorporate Carrington estimates, or Axelrad estimates?), and what do they represent?  


�Again the table format is changed (different columns), making it difficult to understand what is being


�12 03 08 Entire Appendix E should be deleted


�Comments on footnote 53.  Note that the NRC committee was charged to with the following  “1. Eevaluate the body of evidence that led to EPA’s current [1995] RfD for MeHg … [and ] to determine whether the critical study, endd point of toxicity, and uncertainty factors . . . are scientifically appropriate. 2. Evaluate any new data not considered in the 1997 Mercury Study report to Congressthat could affect the adequacy of EPA’s MEHg RfD for protecting human health.  NRC did not comment on “safety assessment” but chose to recommend a point of departure and areas of uncertainty for an RfD.  They considered this to be the start of a quantitative assessment.  They offered no opinion that the Seychelles data would be more suitable for a linear approach or other predicitive risk estimate.  It would be much more true to say that the NRC offered their best scientific judgment as to an appropriate point of departure for any quantitative assessment based on the large human studies available at the time. 


�12/08/08 Delete sections on safety assessment. 


�But would be expected given both the long half-time for MeHg excretion and the known development effect of MeHg and simiilar toxicants both in animals and in humans.  The critical window or windows for MeHg developmental toxicity are not know; it is likely there are more than one. 


�Public health practitioners have considered it prudent to issue some advice for the general public.  Note that the majority of NHANES data for MeHg were collected in women of childbearing age and in children.  So insufficient basis to assume that other populations are below the FDA ADI. Would be more appropriate to cite data in support of this assertion. 


�Have never seen an FDA document that “delete”s the 1994 advice for the general population.


�Should note 2001 advisory vs 2004 advisory.  Note there have been a total of three national hg advisories issued by FDA on commercial fish.


�Wasn’t this 5.7%?  see � HYPERLINK "http://www.cdc.gov/exposurereport/pdf/thirdreport.pdf" ��http://www.cdc.gov/exposurereport/pdf/thirdreport.pdf�  page 48


�Should indicate why 12 oz /week was chosen: consistency with the AHA heart healthy diet advice that was released prior to discussions of the fish advice. 


�??? Ref?  What about Sweden. Denmark, Finland, Norway?


See Anderson H, Bigler JD, Development of programs to monitor methyl-mercury exposure and issue fish consumption advisories. In: Dynamics of Mercury Pollution on Regional and Global Scales -Atmospheric Processes and Human Exposures around the World. (Pirrone N, Mahaffey KR eds), 491-509, Springer, 2005.





�???  Ref?  


�12/08/08 delete sections on safety assessment. 


�12/08/08 delete sections on safety assessment.  Also this appendix is inaccurate and misleading. 
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