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Abstract 

Background: Nutrition during pregnancy and infancy has been associated with long-term 

health effects, and seafood in the diet contributes with nutrients essential for optimal growth 

and development of the fetus and later the child. However, seafood is also a source of unwanted 

contaminants such as methylmercury (MeHg), which is shown to be neurotoxic, particularly to 

the developing brain of the fetus. Fish, and especially lean fish, is currently the main source of 

MeHg in the Norwegian population. In Norway, few studies have investigated prenatal mercury 

exposure and total hair mercury (THHg) levels in infants. Seafood consumption in infants has 

only been investigated briefly in previous studies. 

Objective: The main aims of this thesis were to investigate the effect of seafood intake during 

pregnancy on infant THHg levels, in addition to examine seafood intake and THHg levels 

during infancy. 

Methods: A two-armed randomized controlled intervention trial named Mommy’s Food, was 

conducted by the Institute of Marine Research in Bergen, Norway. A total of 133 pregnant 

women were randomized to either the intervention group or the control group, with the 

intervention period lasting 16 weeks during pregnancy (gestational week 20-36). The 

intervention group was instructed to consume a weekly amount of 400 grams of cod fillet 

provided for them, whereas the control group ought to continue their habitual diet. Seafood 

consumption was reported in food frequency questionnaires for both pregnant participants and 

later their infants. THHg levels were analyzed from hair samples obtained from the infants at 6 

weeks, 6 months and 11 months of age. 

Results: Total seafood consumption during the intervention period displayed no difference 

between the two groups, although the composition of fish species in the diet was significantly 

different. The estimated maternal Hg intake from seafood was significantly higher in the 

intervention group compared to the control group (p = 0.002). None of the pregnant participants 

exceeded tolerable weekly intake of MeHg at 1.3 µg/kg bw during the intervention period.  

     No difference was seen on overall THHg levels between the groups at 6 weeks, 6 months or 

11 months of age. Mean THHg for all infants at 6 weeks, 6 months and 11 months of age were 

332 µg/kg, 319 µg/kg and 305 µg/kg, respectively. Frequency of seafood intake from 6 to 11 

months of age increased significantly (p = 0.000). At 6 months, 9% of infants consumed fish at 

least once per week, whereas this number was 98% at 11 months of age.   
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Conclusion: At all time points, the mean infant THHg values were found to be approximately 

one third of the reference dose set by the US Environmental Protection Agency at 1000 µg 

Hg/kg. This study population of pregnant women had a mean seafood intake in line with the 

recommended total seafood intake for the general population. The total seafood intake did not 

change during the intervention. For infants, the mean frequency of seafood intake at 11 months 

of age was in line with recommendations for this age group. These findings support the current 

seafood recommendations for pregnant women and infants, as the set limit values are not 

exceeded. 
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1 Introduction 

1.1 Nutrition during pregnancy and infancy 

Nutrition during pregnancy and early life are important factors for optimal growth and 

development for the child (1). Scientific research links long-term health consequences for the 

offspring with nutrition during pregnancy (2-4), perhaps as a result of alterations concerning 

the metabolism and physiology at this time (5, 6). These effects might not be discovered until 

later in life (6).       

Pregnancy is a period of detrimental changes to the female’s bodily functions. The entire body 

is affected, from circulation to renal function and hormones (7). In addition to developing the 

fetus, a new and large organ, the placenta, is created. One of the placenta’s many tasks is to 

provide nutrients to the growing fetus, and is thus of great importance for optimal growth and 

development of the growing fetus (8). Therefore, a varied and balanced diet rich in nutrients is 

important to meet the nutritional requirements for both the mother and the fetus. Some nutrients, 

especially proteins, essential fatty acids and micronutrients such as iron, calcium, zinc, iodine 

and vitamin D, are required in higher demands during pregnancy (7). These nutrients are 

essential for development of the fetus, still some nutrients affect the growing fetus in a more 

detrimental way if not provided in sufficient amounts. An example is iodine, which is required 

for development of the central nervous system (CNS) in the first trimester of pregnancy (9). In 

case of severe iodine deficiency in the mother, the result can be fetal death or a condition of 

severe developmental retardation, called cretinism, in the child (9). Sub-optimal levels of iodine 

during pregnancy have also been associated with reduced IQ-scores in children as well as 

delayed development (10). Therefore, maternal nutrition play a major role in determining the 

outcomes of pregnancy. 

After birth, breast milk is the optimal form of nutrition for the newborn baby (11). Breast milk 

is a unique source of nutrients and immunoprotective substances (11-13). Severe micronutrient 

deficiency in the lactating mother will to some extent be reflected in the composition of the 

milk, and can in turn affect the infant’s nutritional status and development (7). 

One of the most important milestones in relation to nutrition during a life-time is the transition 

from a diet only containing breast milk or infant formula to a diet including a full range of solid 

foods (14). This process is called weaning and the weaning process usually starts at 4-6 months 

of age with introduction of small portions of fruit- and/or vegetable purée, porridge, or other 
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commercial weaning foods (15, 16). Later in the introduction of complementary feeding, 

different types of meat and seafood ought to be introduced. When the infant reaches 6 months 

of age, breast milk is no longer sufficient to ensure the nutrient requirements of the growing 

child (17-19).  Therefore, the composition and nutrient density of the weaning foods is 

important as the nutrient requirement in relation to body weight is very high for infants. Nutrient 

dense foods are important to secure the growth and development of the child, as well as avoiding 

nutrient deficiencies (20, 21). 

1.1.1 The role of fish and seafood in maternal and infant diet 

It is well recognized that fish and seafood are good sources of a variety of nutrients. Essential 

nutrients such as long-chained polyunsaturated fatty acids (LCPUFAs), vitamins D and B12, as 

well as the minerals selenium and iodine are abundant in seafood (22, 23). All this, together 

with the fact that seafood also contains protein with high biological quality including all 

essential amino acids, makes seafood a suitable dietary component in a healthy, nutritious diet 

(23, 24).   

    In recent years, attention has been focused towards the effect of omega-3 fatty acids (FAs) 

from fish and fish oils and its importance in child development (25-28). Omega-3 FAs, and 

particularly the marine docosahexaenoic acid (DHA) has been suggested to explain the 

observed beneficial effect fish consumption has on developmental outcomes in epidemiological 

research (29, 30). However, studies have shown that consumption of fish oils may not have the 

same effect on these outcomes (31). The positive health effects after fish consumption may thus 

be attributable to fish as a whole food with several essential nutrients in an interactive response 

(32). Randomized clinical trials have, until now, not used fish as a whole food during pregnancy 

to investigate infant development, although positive health outcomes after seafood consumption 

during pregnancy have been observed in several observational studies (33-35). A review by 

Leventakou et al. (36)  investigated fish consumption and birth outcomes in 19 European birth 

cohort studies, including the Norwegian Mother and Child birth (MoBa) cohort (37), concluded 

that there was a link between a lower risk of preterm deliveries and moderate consumption of 

fish during pregnancy. For infants of mothers with moderate intake of fish, there was also 

observed a significantly higher birth weight, although this difference was small (36). The 

importance of these findings is high, as negative long-term effects on physical and cognitive 

abilities are increased by preterm delivery (38-41), and low birth weight has been associated 

with disease in later life (2, 4). 
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As mentioned above in section 1.1, the diet of infants in the second half of the first year of life 

should include nutrient dense foods, to ensure optimal development (20). Fish is a good source 

of proteins, essential fatty acids, vitamins and minerals, and inclusion of fish in the infant diet 

is therefore considered to be advantageous (20). However, fish and seafood are also a source of 

undesirable contaminants, including methylmercury (MeHg). This substance may potentially 

affect early life development in an adverse way (1). Extensive research has been performed in 

this field to investigate effects of MeHg from fish consumption, especially on fetal development 

(42).  

     Dietary guidelines from Norway, as well as the rest of Europe, USA and Australia encourage 

pregnant women to include fish in their diet (24, 43-47), after careful considerations on the risk 

and benefit of fish consumption (48). However, some restrictions should be considered during 

pregnancy. 

1.1.2 Norwegian recommendations on consumption of fish 

In Norway, the Directorate of Health regularly publish dietary recommendations for the 

Norwegian population (49). These recommendations are based on summaries of knowledge 

attained from systematic scientific research. The current recommendations are presented as 13 

dietary and health advice that include recommendations on fruit and vegetables, whole grain 

products, fish, lean meat and meat products, dairy products, oils, salt, sugar, water and physical 

activity. The Norwegian Directorate of Health (49) recommend that fish should be eaten for 

dinner two to three times per week, corresponding to a total amount of 300-450 grams of fish 

for dinner per week. In addition, it is recommended that a minimum of 200 grams should 

originate from fatty fish (49). Alternatively, the equal amount of fish as spread can replace fish 

as dinner. Other seafood is not included in these recommendations. 

1.1.2.1 Seafood recommendations for pregnant and infants 

In Norway, pregnant women are advised to follow the same recommendations as the general 

population regarding fish intake, with a few exceptions (47, 48). Certain types of fish and 

seafood should be avoided during pregnancy due to the possibility of containing high amounts 

of contaminants (47). This includes large freshwater fish, exotic fish such as shark, fresh tuna 

and swordfish, fish liver, Greenland halibut, and some parts of crab and mussels (47). These 

recommendations are in agreement with the Food and Drug Administrations (FDA) advice for 
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pregnant women, nursing mothers and young children to avoid eating fish and seafood with 

mercury content higher than 0.5 mg/kg (50). 

No specific guidelines on fish and seafood intake are given for children in the Norwegian 

dietary recommendation. However, fish is presented as a source of essential nutrients in the diet 

when the child is 6 to 11 months of age, and thus should be introduced during this period (51). 

Results from Spedkost 6 months and Spedkost 12 months (52, 53), two Norwegian diet surveys 

from 2006 and 2007 investigating infants dietary habits, showed that 8% of infants at 6 months 

and 82% of infants at 12 months consumed fish for dinner. The proportion of infants who ate 

fish for dinner increased from the previous Spedkost survey in 1999, at both 6 and 12 months 

(52, 53). There has not been conducted any new dietary surveys on infant’s fish consumption 

in Norway in recent years, but a new Spedkost survey is being will be carried out in 2018-2019 

(54). 

Even though risks and benefits of fish and seafood consumption have been well investigated in 

observational research, undesirable substances are still an important aspect to remember when 

conducting new research. As this thesis is based on an intervention with cod, and cod is one of 

the main sources of MeHg in the Norwegian diet (48), this thesis will focus on mercury. 

 

1.2 Mercury 

Mercury, element number 80 in the periodic table with the symbol Hg, is classified as a heavy 

metal, has a silvery colour and is the only element that appears as a liquid in room temperature 

(55). Mercury exists naturally in water, air and soil, and occurs in different inorganic and 

organic states. 

     Inorganic forms of mercury include mercurous (Hg+) and mercuric (Hg2+) compounds, in 

addition to the elemental form; metallic mercury (Hg0). Metallic mercury is volatile and easily 

evaporates into a gas, commonly called mercury vapor. This vapor is very toxic and can cause 

brain damage after inhalation due to its ability to cross the blood-brain barrier (55).  

     Mercury vapor is released into the atmosphere from both natural and anthropogenic sources 

(56, 57). An important natural source of mercury emission from the earth’s surface, are volcanic 

outbreaks, whereas anthropogenic sources of mercury vapor come from human activities like 

burning coal, gold mining activities and recycling of cars (58, 59). Throughout history, mercury 

has been used in a variety of industrial products, such as thermometers, batteries, fungicides, 
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production of felt hats, in dental amalgam fillings, etc. (55). Mercurous and mercuric 

compounds were also used in medicinal practice, but its use has now been discontinued in most 

industrialized countries (55). However, in developing countries, some cosmetic products still 

contain mercury as an active ingredient (60). 

     Mercury vapor is a relatively stable gas but converts to inorganic mercury in the atmosphere 

and returns to the earth’s surface with rain. Inorganic mercury in the sediments can be converted 

to organic mercury by aquatic microorganisms. Organic mercury then biomagnifies in the 

aquatic food chain (61).  

    Organic mercury occurs mainly in the form of MeHg, although other forms, like ethyl 

mercury (EtHg), exist. EtHg has been used as a conservative in vaccines for many years (61). 

However, several industrialized countries, including Norway, have banned the use of EtHg in 

standard vaccines for children (62). 

Hg is considered by the World Health Organization (WHO) to be one of the top ten substances 

of foremost concern to the public health (63). Hg, in all forms, has harmful effects on human 

health if exposed to at high doses (61). Among these, MeHg is thought as the Hg-compound of 

most concern to human health, as a result of its presence in the food chain, its bioavailability 

and high affinity to the brain (64). Especially fetuses and children are vulnerable to the toxic 

effects of MeHg, because of the processes during brain development is highly affected by this 

substance (65). The main source of human exposure to organic mercury is from the diet through 

MeHg in fish and seafood (61).  

1.2.1 Toxicokinetics of methylmercury 

1.2.1.1 Absorption and distribution in the human body 

Different forms of mercury are absorbed at different extents in the gastrointestinal tract. 

Inorganic mercury is poorly absorbed whereas MeHg is almost completely taken up into the 

blood. After ingestion, MeHg from fish is absorbed from the gastrointestinal tract, although the 

precise location of absorption is not recognized. Approximately 90 - 100% of ingested MeHg 

has been found to be absorbed from human intestines and exist in the body as a water-soluble 

substance (55, 66-68). The mechanisms of MeHg transport and mobility in the body is due to 

its ability to bind to sulphur atoms and make thiol (SH) complexes (69). These complexes, often 

containing cysteine, resembles the structure of L-methionine, a large neutral amino acid, and 
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thus, this MeHg-cysteine complex entering cells through the large neutral amino acid carrier 

positioned in the cell membranes (66). This is also thought to be the mechanism behind 

absorption from the gastrointestinal tract (70). Because of its ability to readily cross the cell 

membranes, MeHg is distributed evenly throughout different tissues in the body, and tissue 

concentrations therefor closely follows mercury concentrations in the blood (71). 

     The ability of MeHg to make thiol-complexes is also thought to be the reason for its harmful 

effects (55). As the sulphur containing amino acid cysteine is present in most proteins, the 

binding of MeHg to SH-groups of cysteine can alter the structure of these proteins, and thus the 

function of the protein (72). This may lead to changes in membrane permeability and cell 

structure, oxidative stress, damage to DNA and dysfunction in mitochondria (72). The fact that 

cells in the CNS and the kidneys contain high amounts of SH-groups in their membranes, may 

stand as an explanation to why these tissues are more susceptible to MeHg-induced damage 

than other tissues (73). 

     The MeHg-cysteine complex also enters the endothelial cells of the blood-brain barrier in 

the same way as in other cells, resulting in MeHg reaching the brain, where it is deposited and 

accumulates (74). The brain is recognized as the primary target for MeHg in the body, and 

mercury concentrations have been found to be about 5 times higher in the brain versus blood 

concentrations (55).  

In human infants the absorption of ingested mercury is unknown, but there have been 

indications from animal studies that suckling infants have a higher rate of absorption than in 

adults (75). Studies performed on rats has shown different absorption of inorganic mercury in 

suckling animals than older animals. The results have found that more inorganic mercury is 

absorbed in this stage of life (76, 77). The mechanisms behind this is unclear, but it is suggested 

that the cause may be the immaturity of the intestine and that mechanisms of excretion through 

bile has not yet been initiated (69, 78).  

1.2.1.2 Excretion 

Excretion of mercury happens through feces, urine, hair or breast milk (79). Most of the 

mercury is excreted in the feces, and less than 10 % is excreted via urine. As mentioned earlier, 

inorganic mercury is poorly absorbed in the human gut, and is therefore excreted with the feces 

(55). However, as most MeHg is absorbed into the body, the excretion route is different 

compared to inorganic mercury. MeHg, which exits the liver cells as a glutathione complex, is 
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secreted into the bile and goes through enterohepatic cycling (78). When bile is released into 

the gastrointestinal tract, demethylation happens as biliary mercury come into contact with the 

microbiota, where microorganisms can break the mercury-carbon bond (69). This only happens 

to a fraction of the mercury, whereas the rest is reabsorbed with the bile into the portal 

circulation and is transported back to the liver (69). This glutathione secretion pathway has in 

animal studies been indicated not to start before the end of the suckling period, but this has not 

been confirmed in human infants (78). 

1.2.2 Transfer of mercury from mother to child 

MeHg has the ability to cross the placenta and pass through the umbilical cord (80). In 

consequence, the MeHg levels in cord blood is thought to follow the levels in maternal blood 

quite closely (55). At the time of birth, the mercury levels in cord blood has been measured to 

be proportional to levels in maternal blood, although almost twice as high (81, 82). The Hg-

ratio between brain and blood is about 5-7 in adults, and this is also seen to be the case for the 

ratio between fetal brain and maternal blood, suggesting similar distribution of MeHg in the 

fetal body (83). Elevated levels of MeHg during pregnancy may have fetotoxic and teratogenic 

effects, causing DNA-damage and in some cases miscarriage (72, 84). 

     After delivery, mercury is still transferred from the mother to the infant via breast milk 

although in a more indirect way than through the placenta(85). Breast milk is a complete and 

unique source of nutrients and other health beneficial substances for the child (11), but it may 

also contain harmful contaminants if the mother has been exposed to these kind of substances 

(86). Contrary to MeHg transferred to the fetus during pregnancy, the mercury transferred to 

the infant during breastfeeding consist mainly of inorganic mercury (55, 87). The mammillary 

glands are responsible for restricting the transmission of MeHg to breastmilk (88). However, 

the MeHg content of breast milk increases with the mothers increased exposure to this type of 

mercury (86). In European studies, where analyzes of both total mercury (THg) and MeHg 

content of breast milk were performed, there has been reported a range of MeHg concentration 

in breast milk between 26 % and 63% of THg. This indicate a large variation of the MeHg 

contribution to THg in breastmilk (71). However, a very limited number of studies have 

investigated this, thus little information about postnatal mercury exposure in infants is yet 

available. The European Food Safety Authority (EFSA) reported in 2012 (71) that these data 

were too insufficient to perform an exposure assessment for intake of mercury among breastfed 

infants. Despite the relatively low Hg content in breastmilk, some studies have indicated that 
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breastfeeding for a lengthy period may increase the risk of exceeding the safe limit for intake 

of mercury (89) Even so, the risk of this is significantly lower than the exposure during 

gestation, and potential negative effects of mercury exposure might be outweighed by the 

positive health effects of breast feeding (12). 

1.2.3 Dietary sources of methylmercury 

Approximately 80-100 % of Hg in fish is present as MeHg , although calculations on dietary 

intake of MeHg from fish and seafood often use 100% as a conservative approach (71). Some 

aquatic species generally contain more MeHg than others, but there are also large variation in 

mercury content amongst individuals within a specie. The MeHg content in fish is influenced 

by age, fat content, locality, and its position in the food chain (71). The higher up in the food 

chain, the longer MeHg have had the chance to biomagnify. Thus, predatory fish contain higher 

levels of mercury than fish positioned lower in the food chain (64), confirmed in table 1.1. Also, 

older animals have had the possibility to accumulate MeHg over a longer period of time (71). 

Most of the MeHg in fish is attached to proteins in fish muscle. Therefore, the quantity of MeHg 

in fish is dependent upon the amount of protein in the fish (48, 90). According to the Norwegian 

Scientific Committee for Food and Environment (Vitenskapskommiteen for mat og miljø, 

VKM) (48) lean fish contribute with approximately 80% of dietary exposure to MeHg in 

Norwegian adults and pregnant women. Table 1.1 shows the mean Hg levels in a selection of 

fish and seafood, mainly those covered in the food frequency questionnaire (FFQ) used in this 

thesis, in addition to some predatory fish. The numbers are retrieved from Seafood data (91) 

and FDA (92). 
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Table 1.1 - Mercury content in a selection of seafood obtained from Seafood data (91) and 

FDA (92), reported in mg/kg 

Fish and seafood species Mean mg Hg/kg (year analyzed) 

Fatty fish:  

Atlantic salmon, farmed 0.017 (2016) 

Mackerel, free 0.030 (2016) 

Herring, free 0.052 (2014) 

Atlantic halibut, free 0.11 (2016) 

Lean fish:  

Atlantic cod, free 0.069 (2016) 

Atlantic cod liver, free 0.028 (2016) 

Atlantic cod roe, free 0.03* (2006) 

Pollock, free 0.14 (2014) 

Saithe, free 0.059 (2016) 

Ling, free 0.18 (2016) 

Wolffish 0.13 (2014) 

Shellfish:  

Shrimp, free 0.040 (2016) 

Crab (claw) 0.082 (2015) 

Crab (tripe) 0.075 (2015) 

Lobster (white meat), free 0.22 (2011) 

Blue mussels, free 0.016 (2015) 

Scallop (muscle and roe), free 0.018 (2016) 

Predatory fish:  

Swordfish 0.995 (1990-2010)x 

Tuna, fresh 0.689 (1993-2005)x 

Shark 0.979 (1991-2007)x 

*median; xdata obtained from FDA (92), specific analysis year not reported. Abbreviations: 
FDA, U. S. Food and Drug Administration; Hg, mercury 

 

Mercury is also found in other foods, such as meat, meat products, vegetables and cereals, but 

in lower levels than in fish and seafood (71). A general agreement is that mercury found in these 

foods consist mostly in the form of inorganic mercury (44, 71). Both the Joint Food and 

Agriculture Organization/World Health Organization (FAO/WHO) Expert Committee on Food 

Additives (JECFA) and EFSA have examined concentrations of THg in food groups other than 

fish and seafood (44, 71). The concentration of THg in these foods were mostly low, ranging 

from 0.0001 – 0.05 mg/kg. From the 6183 samples reviewed by JECFA (44), around 80 % 
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contained THg concentrations less than the limit of quantification (LOQ). The food group with 

the highest concentration of mercury other than fish and seafood, was fungi. 

     Samples of infant formula and weaning foods in the UK were analyzed to detect THg 

concentration. The results from these analyses showed that mercury concentration in 

approximately one fourth of the samples were at or above the limit of detection (LOD), with an 

average mercury concentration of 0.001 mg/kg. These samples usually originated from weaning 

products containing fish (93). 

Dietary supplements with fish oil or fishmeal may also contain MeHg as they are derived from 

fish. However, minimal amounts of MeHg are found when general fish oils have been analyzed 

(94, 95). Therefore, these supplements are regarded as safe to consume in the recommended 

doses. 

1.2.3.1 Maximum levels of mercury in fish 

In Europe, the maximum level of Hg in fish is generally set to 0.5 mg/kg wet weight (96). Some 

predatory fish species, however, are accepted to contain mercury levels as high as 1 mg 

MeHg/kg wet weight. This includes fish species such as halibut, tuna, perch, pike, char, trout, 

etc. (96).  The reason for allowing higher mercury levels in certain species is because these 

species are usually less consumed in the population. However, the limit is set specifically for 

every specie and is continually updated by the EU (96). If fish is found to contain Hg at levels 

higher than the maximum level, the fish is not allowed for sale. As a result of restrictions in the 

amount of mercury allowed in fish feed, which is set to 0.2 mg Hg/kg, farmed fish generally 

contain small amounts of MeHg (97). In Norway, the food authorities advise against eating fish 

and seafood from certain fjords that are known to be contaminated with mercury (98). 

1.2.4 Human exposure to methylmercury 

Due to the presence of MeHg in all aquatic species, exposure to MeHg happens to humans all 

over the world (55). There has not been reported any clinical cases of MeHg poisoning by 

ingestion of fish where the source of MeHg in the food was due to the natural biomethylation 

process (55). However, severe poisoning after eating fish from MeHg-polluted waters have 

been reported. One of the first reports came from a dramatic event in Minamata Bay in Japan 

in the 1950’s (99). The outbreak involved fishermen´s families who had consumed fish from 
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waters contaminated with MeHg from a factory producing acetaldehyde. MeHg was a 

byproduct in the production, and ended up in the aquatic environment, and hence the fish (99). 

     Another outbreak of MeHg poisoning, not involving fish or seafood, happened in rural areas 

of Iraq during the winter in 1971-1972 (100). Through many centuries the Iraqi population had 

relied on wheat production, but in 1970 the crop failed, and seed grains had to be ordered from 

other countries to secure next year’s crops (100). The seeds imported had been treated with 

fungicide containing MeHg, but the typical Western warning signs not to use the grains in 

cooking was not known to the Iraqi population. Consequently, the contaminated grains were 

used to bake bread, and the consumption of this resulted in poisoning and variable degree of 

neurological damage (100). 

These cases are examples of severe accidental poisonings of MeHg caused by contaminated 

food. As mentioned, humans are exposed to natural sources of this substance, especially through 

seafood in our diet. Therefore, several studies have been conducted in populations consuming 

vast amounts of fish and seafood, to investigate if there are any dangers related to MeHg from 

intake of seafood. The longitudinal, large-scale, prospective cohort studies conducted in the 

Faroe Islands, Seychelles and in New Zealand are especially well-known (101-103). These 

studies were initiated in the 1970s and 1980s, and have focused on developmental outcomes in 

children after in utero exposure to MeHg from seafood (104-106). Results from New Zealand 

and the Faroe Islands have shown a link between prenatal MeHg exposure and negative 

neurodevelopment in children of various age groups (103, 107). Although prenatal mercury 

exposure in the Seychelle study resembled the exposure in the two abovementioned studies, no 

adverse effects were seen here (102, 108). It has been suggested that this could be due to the 

difference in type of seafood consumed on these locations (55, 109). In the Seychelles the main 

exposure of MeHg is through fish, whereas in the Faroe Islands the consumption of whale meat 

contributes to a large portion of MeHg exposure (110). Whale meat and blubber are known to 

also contain other contaminants, which may have contributed to the undesirable developmental 

outcomes in the Faroe Islands study (110). 

1.2.5 Adverse effects of MeHg 

As the central nervous system, particularly the brain, is the primary target of circulating MeHg, 

this is also where the damaging effects of this contaminant mainly occur (72). The harmful 

properties of this substance differ in the fully developed brains of adults versus the developing 



12 

 

brain in prenatal infants (55, 69). Developing brains are more susceptible to damage at lower 

doses of MeHg and the type of damage to the cells are also different and distinct (68). From the 

outbreaks in Minamata and Iraq, we have learned much about the effect of both low and high 

doses of ingested MeHg, and in which life stage the brain is most damaged by exposure (68, 

100, 111, 112). Lower exposure to MeHg in intrauterine life is associated with delayed 

development, while high exposure ended in severe neurological brain damage and 

developmental retardation (113, 114). Findings from these historical outbreaks demonstrated 

that the fetal brain is particularly sensitive to the toxic properties of MeHg, affecting the most 

basic and highly regulated processes in the brain development, such as cell division, 

proliferation and migration (68, 69). This leads to disorganization of the neuronal cells 

arrangement in the brain, and the cortical layers of these cells are deformed. 

1.2.6 Health based guidance values on Hg intake 

1.2.6.1 Tolerable weekly intake 

EFSA is regularly requested by the European Commission to evaluate the risk on human health 

linked to the amounts of mercury in food. The latest scientific opinion from EFSA on this topic 

was published in 2012 (71), where adjustments were made to the previously set tolerable 

weekly intake (TWI) on MeHg from 2006. TWI is estimated for potentially harmful substances 

and is a value of the amount per kilo bodyweight that can be consumed every week during a 

lifetime, without risk of adverse effects to human health (71). 

     Knowledge on the beneficial effects from nutrients in fish led to the lowering of the previous 

TWI for MeHg, from 1.6 µg/kg bw/week to 1.3 µg/kg bw/week (71). Results from cohort 

studies on the Faroe Islands (115, 116), that were used to estimate the previous TWI, may have 

been confounded by the effect of these beneficial nutrients, underestimating the adverse effects 

of MeHg in the previous evaluation. TWI for inorganic mercury was kept at the same value as 

in the 2006 scientific opinion, respectively at 4 µg/kg bw/week (71). 

     JECFA is the authority of the United Nations (UN) that have the same task as EFSA 

regarding evaluation of contaminants in food. This committee evaluated MeHg in 2007 and 

inorganic Hg in 2011. Based on the knowledge at these timepoints, the TWIs were set at 1.6 

µg/kg bw/week for MeHg and 4 µg/kg bw/week for inorganic Hg (117, 118), the latter in 

agreement with EFSA’s conclusion. JECFA also concluded that the TWI for inorganic mercury 
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at 4 µg/kg bw/week was regarded suitable for THg exposure from other foods than fish and 

shellfish (118). 

     EFSA has points of contact, called focal points, in many countries in Europe (119). These 

focal points operate as a contact between EFSA and the different national food safety 

authorities, research institutes and others. In Norway, EFSA’s focal point is the Norwegian 

Scientific Committee for Food and Environment (Vitenskapskomiteen for mat og miljø, VKM) 

(120). Its task in relation to EFSA is to report on results from risk and benefit evaluations, 

promote and advice on scientific collaborations between EFSA Member States, and assist in 

exchanging scientific information and knowledge (119). The evaluations conducted by VKM 

do not specifically focus on mercury, but rather on the risk and benefit of fish and seafood 

consumption, which represents the food group where humans mainly are exposed to dietary Hg 

(71). The latest report from VKM on this topic was published in 2014 (48), where it was 

concluded that there was no risk of consuming toxic levels of Hg from the present amount of 

fish eaten by the Norwegian population, nor from the recommended fish intake in the 

Norwegian dietary guidelines. 

1.2.7 Methods for measuring exposure to MeHg 

As MeHg is present in several biological fluids and tissues, different biomarkers are available 

for measuring MeHg exposure (121). Blood, hair, breastmilk, urine, toe nails and cord blood 

can all be used, but some are better suited and more practical than others to be used as biomarker 

(90, 121). Even though there are both benefits and disadvantages to all types of biomarkers, the 

preferred materials to measure mercury exposure are blood and hair (122). For individual 

exposure to mercury, blood is primarily used as biomarker (123), whereas hair is normally used 

to examine mercury exposure in a population (124). Blood mercury levels reflects recent 

mercury exposure, whereas hair mercury levels indicate mercury exposure over longer periods 

of time (124). Thus, hair can be used to assess long term mercury exposure, e.g. throughout 

pregnancy. 

1.2.7.1 Accumulation of Hg in hair 

MeHg accumulates in hair and is thought of as a pathway for mercury excretion from the body. 

As seen in other type off cells, the cysteine-mercury complex is regarded as the way in which 

MeHg is transported into the hair cells, via large neutral amino acid carriers (121, 125). The 
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keratinocytes trap MeHg which accumulates over time, resulting in increased concentration of 

MeHg in hair compared to concentration in the blood (86). As scalp hair grows slowly, 

concentrations of mercury in hair has been found to be proportional to blood concentrations, 

however approximately 250 times higher (126). Also, hair Hg levels is found to correlate well 

with Hg in the brain (126), which also applies between maternal total hair Hg levels (THHg) 

and infant brain (83). 

     More than 80 %, of mercury in hair consist as MeHg, while the rest is present as inorganic 

mercury and appears to stay at a constant level (127). Inorganic mercury circulating in the body 

do not seem to accumulate to any significant extent in hair, suggesting that the inorganic 

mercury present in hair has been demethylated from MeHg in the hair follicle (127). 

     Hair grows at an average of about 1 cm per month in adults (124, 128), consequently 

segments of 1 cm of hair reflects the mean mercury concentrations in blood during a month 

(55). However, individual variations occur, as different factors influence the hair growth (121, 

125). These factors may be age, gender, season, hair treatment, pregnancy and hormones. From 

this, growth rate variation in human hair can range from 0.65 cm to 2.2 cm per month (128). 

When taken into account that 0,5 cm of the hair is located under the scalp in addition to the 

difficult task of cutting the hair as close to the scalp as possible, calculations show that the first 

2 cm of a hair sample represents formation of hair 1.3 to 3.1 months prior to sampling (128). 

Thus, the growth rate of hair has to be adjusted for if used to assess individual exposure. In 

addition to individual growth rate variations of hair, there may also be individual differences in 

the blood-to-hair ratio of Hg (68, 125). It has been suggested that this ratio is higher in children 

than in adults (71). If this is the case, effects after exposure to mercury may be underestimated 

in children. 

1.2.7.2 Reference levels for mercury in hair 

The United States Environmental Protection Agency (USEPA) has set a reference dose (RfD) 

at 1000 µg/kg (1 µg/g) for total level of mercury in hair (THHg) (129). The reference dose is 

often used for toxic substances and refers to an estimated level of daily mercuric exposure that 

is not likely to cause negative effects on human health. The estimated reference dose from 

USEPA is set for women at fertile age. It is based on studies on brain development in prenatal 

life, the most sensitive life stage for exposure to mercury. Thus, the dose is applicable to the 

entire population and at any life stage (55). 
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A No Observed Adverse Effect Level (NOAEL), the level to which there has not been seen any 

harmful effects on human health, is set by USEPA at 10 000 µg/kg (129). In populations where 

people eat large amounts of fish, like on the Faroe Islands, there is a risk of exceeding this level. 

Based on data from the Iraqi outbreaks the WHO concluded that a peak maternal hair mercury 

level between 10 000 to 20 000 µg/kg during pregnancy indicate a 5 % risk of negative 

neurologic effects in the child. This risk increases to over 30 % (high risk) at peak levels in 

maternal hair of 70 000 µg/kg (68). WHO states that a risk evaluation should be conducted if 

the average hair Hg level in a population exceeds 2000 µg/kg (90). 

 

1.3 Dietary assessment methods 

Assessment of dietary intake is essential in research investigating impact of diet on different 

outcomes, especially in clinical settings in relation to disease (130). It has been widely debated 

which dietary assessment method that should be used in epidemiological research (131-134). A 

simple answer to this does not seem to exist. All methods of dietary assessment are prone to 

errors when measuring dietary exposure in populations or individuals. Evaluation of the best 

suitable dietary assessment method should be conducted relating to each specific research 

objective, available resources and study design (135). 

     Different dietary assessment methods can be characterized as qualitative or quantitative 

(130). Among the quantitative methods, the 24-hour dietary recall is well recognized as a good 

method to be used in research settings. This method can also be implemented at several time 

points for the same subject, referred to as repeated 24-hour recalls (135). Other quantitative 

methods are estimated food records, weighed food records and duplicate diet approach, whereas 

the qualitative dietary assessment methods comprise dietary history and the well-recognized 

FFQ (135). Since the 1990s, the FFQ has been used extensively in epidemiological research as 

a method of assessing dietary intake (135). The FFQ is used to collect retrospective dietary 

information on the intake frequencies during a specific period of time, assessing different food 

groups or food items. The questionnaire is self-administered and has a relatively low subjects’ 

burden, is time-efficient and has low economical costs (130, 136). An FFQ can be made semi-

quantitative if portion sizes are implemented in the questionnaire (135). The advantage of this 

is linked to the ability to estimate daily intakes of different foods on an individual level. For 

this reason, semi-quantitative FFQs have been widely exploited in epidemiological research 

(130). However, the research objective and study population should be considered when 
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developing FFQs, as dietary intake might be affected by culture, religion, age, economic status, 

ethnicity, etc. (137). 

 

1.4 Aims for this thesis 

This thesis is part of a comprehensive intervention study called “Mommy’s Food” (138) 

conducted at the Institute of Marine Research (IMR).  

Based on this intervention, the aims for this thesis were to: 

- Investigate if there is any difference in infant THHg levels reflecting prenatal Hg 

exposure between the intervention group and the control group after an intervention 

with cod 

- Study the correlation between prenatal hair mercury levels and maternal fish and 

seafood intake during pregnancy 

- Investigate infant THHg levels during the first year of life, and compare them with the 

current reference dose 

- Explore frequency of seafood consumption in infants during the first year of life 
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2 Methods 

2.1  Mommy’s Food – Design 

This thesis is part of a bigger project, a two-armed randomized controlled intervention study 

with pregnant women, and later their infant, in Bergen, Norway (138). The study is organized 

and conducted by IMR, and is a collaboration between IMR and the Regional Centre for Child 

and Youth Mental Health and Child Welfare (RKBU). The study was named “Mommy’s Food” 

and the purpose of the study was to investigate changes in the iodine status of pregnant women 

after intervention with fish, and if this potential difference in iodine status would have any 

effects on development in the offspring.  

     The participants were allocated into two groups, either receiving fish or continuing with their 

habitual diet for 16 weeks during pregnancy. Both before and at several time points after the 

intervention period, biological data were collected. In addition, dietary intake was registered 

with FFQs that were filled out by the participants at several occasions.  

In the Mommy’s Food study, urinary iodine concentration (UIC) in week 36 of pregnancy (post 

intervention) was one of the primary outcomes, in addition to neurodevelopment of the infants 

at 11 months of age. However, in this thesis the main outcomes are THHg levels and seafood 

consumption in infants, thus the focus will be on hair samples and FFQs for infants at 6 weeks, 

3 months, 6 months and 11 months of age, as well as FFQ from the mothers pre- and post-

intervention (Table 2.1). 

 

2.2   Ethics 

The study was approved by the Regional Committees for Medical Health Research Ethics West 

(2015/879) and follows the ethical guidelines stated in the Declaration of Helsinki. The trial 

was also registered in ClinicalTrials.gov, a clinical trial registry, with the identification code 

NCT02610959. All participants had to give written informed consent when agreeing to enter 

the study. However, they were able to drop out of the study at any time with no explanation. 

They could also choose not to grant biological samples as this was voluntary. As infants were 

included in the study and for obvious reasons could not give informed consent to participate, 

special care must be taken. Trained phlebotomists with practice in taking blood samples from 
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infants were hired to sample venous blood from the infants. This was the only invasive sample 

obtained from the infants.  

     Confidentiality was strictly upheld on all collected data and information acquired from the 

participants. All data was unidentifiable when used for assessment. Biological samples, 

analytical results and information from the participants were, after consent from the 

participants, stored in a biobank at IMR. The data material in this biobank will be anonymized 

when the biobank expires, which is due to take place in 2025. 

 

2.3 Participants and recruitment 

The recruitment period started in December 2015 and lasted until April 2017. The recruitment 

was mainly conducted through the Women’s Clinic at Haukeland University Hospital in Health 

region west in Norway, but information and invitation to join the study was also broadcasted 

on Facebook, Instagram and in a magazine for pregnant women in Norway. The Women’s 

Clinic has procedures for sending out notice for the routine ultrasound, taking place in 

gestational week (GW) 17-19, to all pregnant women in the region. During the recruitment 

period, information about the Mommy’s Food study was also sent out with this notice. Pregnant 

women who wanted to participate in the study had to contact the Mommy’s Food secretariat. 

The study’s inclusion criteria were that the pregnant women contacted the secretariat before 

gestational week 19, it should be their first-time pregnancy and a single fetus (prim parous 

singleton pregnancy), in addition to the ability to understand, write and/or speak Norwegian as 

all validated tests of the infant were conducted in Norwegian. The exclusion criteria were fish 

allergies and known chronic diseases that affect iodine status. 

     In recent years the number of births in the Women’s Clinic at Haukeland University Hospital 

has been approximately 5000 births per year (139). However, as the inclusion and exclusion 

criteria reduce the number of possible participants, the final number of pregnant women eligible 

for participation would be considerably smaller, although the exact number is not known. 

2.3.1 Randomization and blinding 

After the first visit in gestational week 18 where informed consent was written and instructions 

given out, individual randomization to either the intervention group or the control group was 

performed by lottery. The randomization was performed in blocks of 10, where a box was filled 
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with 10 pieces of paper, 5 indicating intervention and 5 indicating control, and each participant 

drew one piece of paper from the box. When the box was empty, 10 new pieces of paper were 

put into it. This was done to make sure that approximately the same number of participants 

were allocated to both study groups. The participants were handed a study ID-number that 

contained a random number that ranged between 1 and 200. Both participants and investigators 

were blinded until the end of allocation and baseline testing.  

     Blinding of the participating pregnant women was impossible as some participants received 

fish, and some did not. The infants, however, were blinded through the entire study. To ensure 

that study investigators were blinded while analyzing data, dummy-ID numbers replaced the 

study ID-numbers. Thus, study investigators were blinded during all statistical analysis except 

calculation of compliance to the intervention diet. 

2.3.2 Sample size and power calculations 

Sample size estimation is usually based on detecting differences in the primary outcome 

between groups in a study. In this case the primary outcome was UIC, and with the use of 

previous data from the “Little in Norway” (LiN) cohort (140), power calculation found that a 

sample size of 60 women in each of the two groups had a power of 95 % to detect 30 % higher 

UIC in the intervention group compared to the control group. Considering a possible 20 % drop 

out rate, each group should consist of 72 participants, with the total sample size of 144. 

However, it is important to be aware that this estimation of sample size is not based on detecting 

differences in hair mercury levels between the groups, which is the topic for this thesis. 

 

2.4  The intervention 

Participants were recruited continuously during the whole recruitment period, thus the 

intervention period lasted from February 2016 until September 2017. However, the actual 

intervention lasted 16 weeks for each participant. From this, it is clear that different participants 

went through the intervention at different times. 

After randomization to the different groups at the second visit in gestational week 19, the 

intervention group were given frozen fillets of cod (bought and delivered from Lerøy A/S, 

Bergen, Norway). Each fillet weighed approximately 200 grams, and participants in the 

intervention group were instructed to eat two meals with 200 grams of this fish per week, 
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equaling a total of 400 grams of cod weekly. For reasons regarding compliance, the participants 

also received fish fillets for their partner. The participants received a pamphlet with recipes they 

could use to prepare the fish meals, but were free to make whatever meal they wanted. They 

were also instructed to weigh the fish before preparing the meal, and also weighing any left 

overs of the fish after finishing the meal. For this they were provided with a kitchen scale 

(ClasOhlson.com, article no. 34-1207-16). The weight of the fish before and after the meal, in 

addition to the cooking method that had been used, was recorded in a weight scheme by the 

participants.  

     Participants who were randomized to the control group were asked to continue following 

their habitual diet, and did not need to register any food consumption until the end of the 

intervention period.  

2.4.1 Safety of the intervention diet 

Cod is a source of unwanted contaminants such as mercury, dioxins and dioxin-like 

polychlorinated biphenyls (dl-PCBs) (48, 71). Therefore, researchers at IMR needed to 

calculate the amount of these undesirables the fish used in this study would provide to the 

participating pregnant women. Then they compared their estimates against the TWI for these 

substances. This was done to ensure that the amount of fish handed out was safe to consume. 

In these calculations, the amount of cod handed out per week, the average content of Hg present 

in cod filet, and the 5-percentile weight (56 kg) of the women in the LiN cohort (unpublished 

data, cited in (138)), was used to calculate weekly intake per kg body weight for these 

contaminants. The conclusion was that the intake of mercury, dioxins and dl-PCBs from cod 

provided in the trial contributed with 22 % and 4 % respectively, of TWI set by EFSA and 

JECFA (44, 71) for these substances in this especially vulnerable population (138). 

 

2.5 Data collection 

An overview of the study schedule, only including data relevant for this thesis, is shown in 

Table 2.1. For an overview of the full study schedule, see Markhus et al. (138). 
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Table 2.1 - Overview of the study schedule in Mommy's Food, modified from Markhus et al. (138) 

 
apregnant participants; binfant participants. Abbreviations: FFQ, food frequency questionnaire; GW, gestational week; THHg, total hair mercury 
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2.5.1 Dietary registration – mother and infant 

Information about the mother’s and the infant’s diets was obtained using FFQ. For the mothers, 

the FFQ was a semi-quantitative short questionnaire, developed especially for this study after 

revision of an FFQ previously validated (141, 142). Questions about consumption of selected 

food categories, including fish and seafood, in addition to questions on demographic and 

socioeconomic factors, were included in this questionnaire.        

     Questions on seafood intake in pre- and post-intervention FFQ were divided into summary 

and detailed questions on fish and seafood consumption as dinner, warm lunch and as spread, 

in salads or as snacks. From this point the latter category with seafood as spread, snacks or in 

salad will be referred to as “spread”. The questions on seafood were answered in frequency 

intervals ranging from “never” to “more than 5 times per week” for summary questions, 

whereas for detailed questions the range went from “never” to “more than 3 times per week”. 

For both summary and detailed questions, portions eaten per meal had to be determined, ranging 

from “less than half a portion” to “3 portions”, using predetermined portion sizes as guidance 

(143). See Appendix I for the complete post-intervention FFQ. 

     A short, non-validated FFQ was used to retrieve dietary information from the infants at 3, 6 

and 11 months of age. The questions in the FFQs were custom to the age of the child and 

included consumption of breast milk and formula, supplements, liquids, and a selection of food 

categories, including seafood, commonly consumed by infants. For infant FFQ the answers on 

seafood consumption were only given in frequency intervals per week, and thus did not include 

portion sizes. The frequency intervals ranged from “never/rare” to “daily”.  For an overview of 

dietary questions in the infant FFQ at 3, 6 and 11 months, see Appendix II, III and IV. 

In this thesis the main focus will be on fish and seafood consumption in the latest part of 

pregnancy for the mothers, and the first year of the infant’s life, based on information from the 

FFQs, as shown in the Table 2.1. 

2.5.2 Hair samples 

The hair samples were collected from the infants at 6 weeks, 6 months and 11 months 

postpartum (Table 2.1). Hair was cut as close to the scalp as possible from the back of the head 

(the occipital area). Further, a thread of dental floss was tied around the sample closest to the 
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end nearest the scalp. The hair samples were kept in zip-lock bags marked with the project 

number, time of sampling (6 w, 6 m or 11 m) and ID-number. At 6 weeks of age, the hair 

samples were cut by the parents, after receiving instructions on how this should be done. These 

hair samples were kept in the home of the participants and later retrieved by study researchers 

and transported to IMR. The hair samples taken at 6 and 11 months were collected by the study 

researchers when participants came to IMR and RKBU for testing. The hair samples were then 

stored in a safe at IMR pending analysis by the Direct Mercury Analyser 80 (DMA-80, 

Milestone Srl, Italy), see section 2.7.3. 

 

2.6 Data processing 

2.6.1 Seafood index 

From the FFQ, results on seafood consumption were reported as ordinal variables, and thus had 

to be translated to numerical data for the use in statistical analysis to estimate average weekly 

seafood consumption of the participants. Therefore, a seafood index developed and validated 

by Markhus and colleagues (142), was used as basis for the indexes applied in this thesis. 

Interpretation of the seafood index is quite simple; an index of 1 represents 1 portion per week 

of the seafood in question, an index of 2 represents 2 portions per week, and so on. 

     To calculate the seafood index for summary questions regarding seafood intake from the 

FFQ, the average frequency of seafood per week was used if the reported answer included an 

interval, see Table 2.2. As an example, if a participant reported an intake of 2-3 portions of 

seafood as dinner per week, the numerical interval would be 2-3 and the seafood index would 

be 2.5, the average of the numerical interval. The seafood index determined from the detailed 

questions, was estimated in a different way. The reason for this is that detailed questions often 

are prone to overestimation, especially when the reported intake is in the lower range (144, 

145). Consequently, the seafood index for detailed questions on seafood intake was based on 

the lowest value if the reported answer contained an interval. Thus, if a participant recorded a 

frequency of intake equal to 1-2 times per week for a specific fish species, the numerical interval 

would be 1-2, but the seafood index would be 1, Table 2.3. 

Seafood questions in the infant FFQs were treated in the same way regarding seafood index as 

summary question in the pre- and post-intervention FFQ, using the average frequency in an 

interval, see Table 2.4.  
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Table 2.2 – Seafood index and numerical interval per week converted from reported 

frequencies in summary questions on seafood consumption as dinner, lunch and spread in pre- 

and post-intervention FFQ. Modified from Markhus et al. (142) 

Reported frequency Numerical interval 

per week 

Seafood index 

dinner/lunch 

Seafood index 

spread 

Never 0 0 0 

<1 time/month or rare 0-0.25 0.15 0.15 

1-3 times/month 0.25-0.75 0.5 0.5 

1 time/week 1 1 - 

1-2 times/week 1-2 - 1.5 

2-3 times/week 2-3 2.5 - 

3-5 times/week 3-5 - 4 

≥ 4 times/week ≥ 4 4 - 

≥ 5 times/week ≥ 5 - 5 

Abbreviations: FFQ, food frequency questionnaire 

 

Table 2.3 - Seafood index and numerical interval per week converted from reported 

frequencies in detailed questions on seafood consumption in pre- and post-intervention FFQ. 

Modified from Markhus et al. (142) 

Reported frequency Numerical interval per week Seafood index 

Never 0 0 

< 1 time/month 0-0.25 0.1* 

1-3 times/month 0.25-0.75 0.25 

1-2 times/week 1-2 1 

≥ 3 times/week ≥ 3 3 

*Seafood index set to 0.1 to separate this category from the categorical frequency “Never”. 
Abbreviations: FFQ, food frequency questionnaire 

 

Table 2.4 - Seafood index and numerical interval per week converted from reported 

frequencies on seafood consumption in infant FFQ at 6 months and 11 months of age. Based 

on seafood indexing by Markhus et al. (142) 

Reported frequency Numerical interval per week Seafood index 

Never/rare 0 0 

1 time/week 1 1 

2-3 times/week 2-3 2.5 

4-6 times/week 4-6 5 

Daily 7 7 

Abbreviations: FFQ, food frequency questionnaire 
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The seafood index was further used to calculate portions of fish consumption per week. This 

was done by calculating the seafood index with number of portions eaten at every meal. The 

size of one portion was already specified in grams or amount in the FFQ (146).  

Processed fish products like fish cakes, fish balls, fish fingers etc. roughly contains 40-60 % 

fish (48) depending on the brand and product. Therefore, calculating the fish intake from these 

types of food, the portions size was multiplied with 50 %, before calculating fish portions per 

week. For fish soup, the calculating factor was 20 %, as this is the fish content in fish soup 

currently used by VKM (48). The same calculations must be done for sushi, although the factor 

used for calculation is 33%, as the fish content is approximately as little as one third in this dish 

(48). The same factor was used on shrimps (not peeled), considering that 33 % is defined as 

edible part of this food (146). 

2.6.2 Categorizing fish and seafood in groups 

Results on seafood consumption from the post-intervention FFQ were divided into different 

categories to make the results easier to review. Salmon/trout, mackerel, herring and halibut was 

categorized as fatty fish, with fat content higher than 5 g per 100 g, thus, cod, saithe, haddock, 

ling and wolfish was categorized as lean fish with a fat content lower than 5g per 100 g (48). 

Processed fish included fish cakes/balls/pudding, fish fingers, fish gratin, fish soup, and dried 

and salted cod, whereas shrimps, crab, lobster, blue mussels and scallops were reported as 

shellfish. The last category was labeled “spread” and constituted all fish and seafood eaten as 

spread, in salad or as snack, covering canned mackerel, salmon, sardines and tuna, smoked 

salmon, cured salmon, pickled herring, caviar, peppered mackerel, peeled shrimps, anchovies, 

crabsticks, and pate made of cod liver and roe. Seafood consumption from the infant FFQ was 

already categorized as fatty fish or lean fish, and categorization was for that reason not 

necessary. 

2.6.3 Calculating mercury intake 

Mean mercury intake from all seafood in the habitual diet during the intervention (GW 20-36) 

was calculated for both intervention and control group.  These calculations were based on 

answers given in the post-intervention FFQs. The average mercury content of the different fish 

species registered in the FFQ were retrieved from Seafood data (91) and FDA (129). The 

calculated portions per week of each species was multiplied with specific portion sizes in grams 



26 

 

(146) to estimate grams of each specie consumed per week. Further, this quantity was multiplied 

with the retrieved mercury concentration of the particular specie in question, resulting in a mean 

Hg consumption per week specified for each species. An example on calculation of Hg intake 

from salmon: 0.67 portions of salmon per week x 150 gram per portion for fatty fish x 0.017 

µg/g Hg in salmon = 1.7 µg Hg from salmon per week. This Hg intake was also compared to 

the TWI, after calculations of the mean weekly intake per kg body weight using the average 

pre-pregnancy body weight reported in each group. 

In conjunction with a processing experiment performed at IMR, we were able to analyze 

samples of the fish used in the intervention to determine Hg content in freeze dried samples 

from fresh cooked and baked cod. The analysis was conducted using the DMA-80 (section 

2.7.3). 

 

2.7 Analysis of hair samples with DMA-80 

2.7.1 Hair sample preparation 

Infant hair samples obtained at 6 weeks of age represents the hair that has grown intrauterine 

from approximately gestational week 28 until birth (147), thus reflecting metabolic activity in 

the fetus during the last trimester of pregnancy. As this was what we wanted to investigate, the 

whole hair sample was used for analysis, regardless of the length of the hair. This differs from 

infant hair samples collected at 6 months and 11 months of age, where only 2 cm of the sample 

closest to the scalp was analyzed. For these samples we wanted to investigate a limited time 

period, and approximately the same time period for all infants in the study. Therefore, 2 cm of 

the hair samples were cut at the end nearest to the scalp. This part of the hair represents hair 

grown approximately 3.1 months to 1.3 months prior to sampling. Thus, hair samples collected 

6 months postpartum represent mercury accumulation in hair from 2.9 (± 0.2) to 4.7 (±0.4) 

months of age, and 11 month hair samples represent mercury accumulation from 7.9 (±0.2) to 

9.7 (±0.4) months of age. These estimates are based on calculations made by LeBeau et al. 

(128), and with one month equal to 28 days.  

     Prior to analysis, the hair was cut into 2 cm samples with stainless steel scissors after precise 

measuring of the desired length. Small metal boats, appropriate for use in the DMA-80, were 

set on a calibrated four-decimal scale, and the cut hair samples were placed in separate metal 

boats and weighed. To ensure detection of THHg well within the calibrated range of the 
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machine, the weight of hair samples should optimally be within the range of 10-20 mg. 

However, most hair samples analyzed for use in this thesis were very small and did not reach 

this weight target, the lightest only weighing 0.7 mg. The weight of each sample was registered, 

along with its ID-number, into the computer system of the DMA-80. Then, each of the metal 

boats were placed in one of the 40 positions in the machine’s auto sampler, in the position 

corresponding to the one registered in the computer system. To make sure that no contamination 

of mercury was present in the machine, and to discover analytical errors, each series of analysis 

contained two empty metal boats (blanks) and six metal boats with reference material. A total 

of 32 positions in the auto sampler were then free to contain hair samples, in one round of 

analysis. An overview of the placement of samples in the DMA-80 during analysis is shown in 

Table 2.5. 

 

Table 2.5 - An overview of the position and content of the metal boats during one round of 

Hg analysis in the DMA-80 

Position 1-2 3-4 5-19 20-21 22-38 39-40 

Content Blanks 
Reference 

material 
Hair sample 

Reference 

material 
Hair sample 

Reference 

material 

Abbreviations: DMA-80, direct mercury analyzer 80; Hg, mercury 

 

2.7.2 Quality of analysis 

Calibration of the DMA-80 was conducted in October 2017 before the start of hair sample 

analysis. Reference materials used in the calibration was Bovine Liver 1577, Skimmed Milk 

Powder, Tort-3, Fish Muscle 422, Dolt-4 and Tuna 464. The area of calibration ranged from 

1.5 ng -1000 ng.  

     The certified reference material (CRM) used in Hg analysis of hair samples was Human hair 

IAEA-086 (powder, International Atomic Energy Agency (IAEA), Austria). This reference 

material has a certified reference value of 573 µg Hg/kg (148). All results after Hg analysis of 

this reference material were within the ± 20 % limit of uncertainty (458 µg Hg/kg – 688 µg 

Hg/kg), and these results were plotted into the control chart at IMR. The accuracy of results 

from analysis of Human hair IAEA-086 was on average 85 %. 
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     A muffle furnace, Carbolite ELF 11/14B, was used to cleanse the metal boats of any 

contamination. In this process the metal boats were burned at 650ºC for 30 minutes between 

every analysis.  

     Hair samples from different time points, and from both intervention- and control group were 

analyzed at the same time, to take into account deviations in the method.  

2.7.3 Principles of Hg analysis in DMA-80 

The principles behind Hg analysis in the DMA-80 are quite simple (149), and a schematic 

overview of the DMA-80 is displayed in Figure 2.1. After placing the samples in the 

autosampler inside the machine, connecting the oxygen gas and starting the machine, the metal 

boats are retrieved one by one from its position in the autosampler and imported into a drying 

and decomposition furnace. Here the sample is dried and then burned into ash at 450ºC. In this 

process mercury vapour is released and the vapour is transported by a flow of oxygen into the 

release furnace containing a golden trap, the amalgamator. As Hg has high affinity to gold, the 

golden trap binds Hg from the vapour, where it is detained until the entire sample is burned to 

ashes. When all Hg from the sample has reached the golden trap, the trap is heated to 650ºC 

causing the Hg to be released from it. Then, the Hg vapour is transported out of the release 

furnace through one cuvette which is long and thin (cell 1), and afterwards through a shorter 

and thicker cuvette (cell 2). Light with wavelength of 254 nanometers, which is specific to Hg, 

is emitted from the Hg lamp through both cuvettes and registered by the detector. The two 

cuvettes have different purposes, the long and thin one being more sensitive to low Hg 

concentrations, whereas the shorter one is more suitable for higher Hg concentrations. Hg 

passing through the cuvettes absorbs light from this wavelength, hence the quantity of absorbed 

light is proportional to the amount of mercury present in the sample. However, this method, 

called atomic absorption spectrophotometry, does not distinguish between organic and 

inorganic Hg, as it measures the total amount of Hg from the sample. The DMA-80 computer 

system use the calibration curve and the registered weight of the sample to calculate and present 

the results in concentrations of µg Hg/kg sample (149). After the analysis is completed, Hg 

vapour is collected in a coal trap behind the instrument. 

The minimum amount of Hg the DMA-80 is able to detect, called the Level of Detection (LOD), 

is estimated to 0.02 nanogram (ng). The LOQ is somewhat higher, at 0.08 ng. The area between 

LOQ and 20xLOQ (0.08 ng – 1.5 ng) is not validated, meaning that samples with Hg 
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concentrations within this range may be less accurately measured than samples with 

concentrations within the calibrated area (see section 2.7.2). In the calibrated area, the estimated 

uncertainty for the method is set to ± 20 %. 

 

 

Figure 2.1 - Schematic overview of the DMA-80 (150) 

Abbreviations: DMA-80, direct mercury analyzer 80; Hg, mercury 

 

 

2.8    Statistical analysis 

In the statistical analyses, continuous variables were mainly presented as mean and standard 

deviation (SD), whereas categorical variables were presented as count and percent. However, 

median and interquartile range (IQR) were also presented for infant THHg levels. 

     Normal distribution of variables was visually assessed with the use of histograms and QQ-

plots. Additionally, this was confirmed with the Shapiro-Wilk test for normality. Non-

parametric tests were chosen when violation of normality occurred, whereas parametric tests 

were used when normality was confirmed. Mann-Whitney U test or independent t-test was 

applied to test difference between groups for continuous variables. Chi-square test was chosen 

to test difference between the groups when results were reported as categorical variables, e.g. 

household income. Wilcoxon signed-rank test was used when examining difference in THHg 

levels within the groups at different time points. When evaluating correlation between maternal 
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seafood intake and infant THHg levels, Spearman’s rank-order correlation test was used, as 

these variables did not comply with the normality assumption and also included outliers. The 

presence of outliers makes the Spearman’s rank-order correlation preferable as this test is robust 

to extreme values (151).When performing correlation analysis, the Spearman’s rank order 

correlation coefficient (r) is reported as a number between -1 and 1, representing the effect size 

of the correlation. A correlation coefficient between 0 and 1 indicated a positive correlation, 

whereas a correlation coefficient between 0 and -1 indicated a negative correlation. The 

absolute value of the effect size is classified as poor if lower than 0.3, moderate if lower than 

0.5, and strong if equal to or higher than 0.5 (152). 

     For the statistical analyses and construction of figures, IBM Statistical Package for the Social 

Sciences (SPSS) version 25 was used. Two-sided statistical tests were considered statistically 

significant when the probability value (p-value) was < 0.05. 
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3 Results 

3.1 Study population 

As shown in the flow chart (Figure 3.1), 137 pregnant women were enrolled to participate in 

the trial in gestational week 18, whereas 133 participants were allocated in gestational week 19, 

as 4 participants resigned from the study. 68 participants were randomized to the intervention 

group and 65 were randomized to the control group. 9 participants were lost to follow-up during 

the intervention period before gestational week 36, and another 4 participants dropped out of 

the study before the 6-month postpartum follow-up. Up until April 2018, no further participants 

resigned from the study between 6- and 11-month follow-up, making the total number of drop 

outs 16, with 8.8 % drop out in the intervention group and 10.2 % in the control group. This 

left 121 participants remaining in the study, 62 in the intervention group and 58 in the control 

group. However, the study is not fully completed until September 2018. 
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Figure 3.1 - Flow chart of participants in the Mommy's Food RCT, including main data used in this thesis 

*11 month follow-up not completed until September 2018, participants attending 11 month follow-up before April 2018 are included in this thesis.  

Abbreviations: FFQ, food frequency questionnaire; GW, gestational week; RCT, randomized controlled trial; THHg, total hair mercury 
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3.2 Characteristics 

3.2.1 Baseline characteristics - pregnant participants 

Baseline characteristics for pregnant women in this study are displayed in Table 3.1. There were 

no significant differences for any of the baseline characteristics between the groups, see Table 

3.1. Education and household income were skewed towards higher values, with approximately 

86% of the participants educated in university or university college and 63 % having household 

income of 750 000 NOK or higher. 

 

Table 3.1 - Baseline characteristics of pregnant participants enrolled in the Mommy's Food 

trial. Obtained from pre-intervention FFQ in GW 18. Results presented as mean (SD) or 

count (%). 

Characteristics Mother n All 
Intervention 

group 

Control 

group 
P 

Age, in years 125 29.4 (3.8) 29.7 (3.9) 29.1 (3.6) 0.39b 

Pre-pregnancy weight, in kg 122 65 (13) 65 (12) 66 (14) 0.67a 

Pre-pregnancy BMI, in kg/m2 122 23 (4.1) 23 (3.9) 23 (4.4) 0.76a 

Cohabitation status 127    0.89c 

Cohabiting  123 (97) 63 (97) 58 (97)  

Not cohabiting  4 (3.1) 2 (3.1) 2 (3.3)  

Education 127    0.87c 

Lower secondary school  2 (1.6) 1 (1.5) 0 (0)  

Higher secondary school  16 (13) 9 (14) 7 (12)  

<4 years university education  33 (26) 18 (28) 15 (25)  

≥4 years university education  76 (60) 37 (57) 38 (63)  

Household income, in NOK 127    0.29c 

< 200 000 – 549 999  36 (28) 21 (32) 14 (23)  

550 000 – 999 999  44 (35) 20 (31) 23 (38)  

1 000 000 – >2 000 000  47 (37) 24 (37) 23 (38)  

aMann-Whitney U test; bIndependent samples t-test; cChi-square test. Abbreviations: BMI, body 
mass index; FFQ, food frequency questionnaire; GW, gestational week; NOK, Norwegian krone; 
p, probability value; SD, standard deviation 



34 

 

3.2.1.1 Seafood consumption at baseline 

Mean (SD) seafood consumption in portions per week among participating pregnant women at 

baseline was 1.6 (1.0) as dinner, 0.4 (0.5) as lunch and 2.1 (2.9) for spread (data not shown). 

No differences in seafood intake were seen between the groups, although there was a tendency 

of increased consumption of lean fish in the intervention group compared to the control group 

(p = 0.06) (data not shown). 

3.2.2 Infant characteristics 

Characteristics for the infants at birth, 3 months, 6 months and 11 months of age are displayed 

in Table 3.2. Most characteristics showed no significant difference between the two groups of 

infants at any time point, however length at birth was significantly higher in the intervention 

group versus the control group (p = 0.022). Infants in the intervention group had a mean (SD) 

length of 51.3 (3.0) cm at birth versus 50.0 (2.2) cm in the control group, a mean difference of 

1.3 cm. 
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Table 3.2 - Characteristics of infants at birth, 3 months, 6 months and 11 months of age, 

presented as mean (SD) or count (%) 

Infant characteristics n All 
Intervention 

group 
Control group P 

At birth      

Born in gestational week 91 39.9 (1.9) 39.9 (1.8) 39.9 (2.1) 0.89a 

Sex (count, %) 88    0.68c 

Boys  41 (47) 22 (49) 19 (44)  

Girls  47 (53) 23 (51) 24 (56)  

Weight, in grams 92 3491 (536) 3540 (478) 3442 (589) 0.18a 

Length, in cm 88 50.6 (2.7) 51.3 (3.0) 50.0 (2.2) 0.022a* 

Head circumference, in cm 89 35.1 (1.6) 35.1 (1.5) 35.0 (1.6) 0.92a 

3 months      

Weight, in grams  93 6125 (891) 6236 (852) 6016 (923) 0.69b 

Length, in cm 85 61.7 (2.7) 62.1 (2.6) 61.3 (2.8) 0.16a 

Head circumference, in cm 87 40.5 (1.6) 40.8 (1.7) 40.2 (1.5) 0.08b 

6 months      

Weight, in grams 77 7896 (923)  7939 (940) 7858 (918) 0.70b 

Length, in cm 77 67.7 (2.5) 67.4 (2.7) 67.9 (2.4) 0.37b 

Head circumference, in cm 68 43.6 (1.4) 43.7 (1.3) 43.5 (1.4) 0.72b 

11 months      

Weight, in grams 52 9079 (2011) 9061 (2133) 9093 (1948) 0.93a 

Length, in cm 52 73.9 (3.1) 73.9 (3.5) 74.0 (2.8) 0.82a 

Head circumference, in cm 46 46.0 (1.4) 46.1 (1.4) 45.9 (1.5) 0.62b 

aMann-Whitney U test; bIndependent samples t-test; cChi-square test, *statistically significant 

difference between intervention and control group (p<0.05). Abbreviations: p, probability value; 

SD, standard deviation 

 

3.3 Seafood consumption during the intervention period – pregnant women 

Mean seafood intake for the participating pregnant women during the intervention period (GW 

20-36) is displayed as portions per week in Table 3.3 and as grams per week in Table 3.4. From 

the summary questions, dinner is the meal where most of the weekly seafood intake is consumed 

for both groups (Table 3.3). For specific fish species, cod as dinner was significantly more 

consumed in the intervention group compared to the control group (p = 0.000), whereas salmon 

and trout as dinner were consumed more in the control group versus the intervention group (p 

= 0.000) (Table 3.3).  
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Table 3.3 - Seafood intake during intervention for participating pregnant women in Mommy's Food. Presented in mean (SD) portions per week. 

Specified for the most consumed fish species, salmon/trout and cod. 

Seafood categories All Intervention group Control group pa 

Summary questions n Mean (SD) n Mean (SD) n Mean (SD)  

Seafood as dinner 107 2.3 (1.4) 56 2.6 (0.8) 51 1.9 (1.7) 0.000** 

Seafood as warm lunch 107 0.5 (1.3) 56 0.4 (0.8) 51 0.5 (0.4) 0.33 

Seafood as spread 107 1.5 (2.3) 56 1.3 (1.9) 51 1.8 (2.7) 0.70 

Total seafood 107 4.3 (4.0) 56 4.3 (3.0) 51 4.2 (4.9) 0.12 

Detailed questions        

Dinner        

Fatty fishb 106 0.5 (0.6) 55 0.3 (0.3) 51 0.8 (0.7) 0.000** 

Salmon/trout as dinner 106 0.4 (0.4) 55 0.2 (0.3) 51 0.6 (0.5) 0.000** 

Lean fishc 106 0.9 (0.6) 55 1.2 (0.6) 51 0.5 (0.4) 0.000** 

Cod as dinner 107 0.8 (0.6) 56 1.1 (0.6) 51 0.4 (0.3) 0.000** 

Warm Lunch         

Fatty fishb 106 0.2 (0.5) 55 0.2 (0.5) 51 0.2 (0.6) 1.00 

Salmon/trout as lunch 106 0.06 (0.1) 55 0.07 (0.2) 51 0.05 (0.1) 1.00 

Lean fishc 104 0.08 (0.2) 54 0.1 (0.2) 50 0.05 (0.09) 0.12 

Cod as lunch 106 0.06 (0.2) 55 0.09 (0.2) 51 0.03 (0.05) 0.05 

Sushi 107 0.1 (0.1) 56 0.1 (0.1) 51 0.1 (0.2) 0.88 

Processed fishd 106 0.7 (0.6) 55 0.6 (0.5) 51 0.8 (0.6) 0.06 

Shellfishe 107 0.2 (0.2) 56 0.2 (0.2) 51 0.2 (0.2) 0.25 

Spreadf 106 2.0 (2.8) 55 1.7 (2.4) 51 2.3 (3.2) 0.55 

Fish liver 107 0 56 0 51 0 NA 

Fish roe 107 0.002 (0.01) 56 0.001 (0.004) 51 0.003 (0.02) 0.56 

Total seafoodg 102 4.8 (3.8) 52 4.5 (3.2) 50 5.1 (4.3) 0.55 
aMann-Whitney U Test; bIncludes salmon/trout, mackerel, herring and halibut; cincludes cod, saithe, pollock, ling and wolfish; dincludes fish cakes/ 
bolls/pudding, fish gratin, fish fingers, fish soup and dried cod; eincludes shrimps, claw meat from crab, brown meat from crab, lobster, mussels and 
scallops; fincludes canned mackerel, canned salmon, canned tuna, smoked salmon/trout, pickled herring, caviar, peppered mackerel, peeled shrimps, 
canned sardines, anchovy, crabsticks and cod liver pate; gincludes all seafood from detailed questions displayed above in the table; **statistically 
significant difference between intervention and control group (p<0.001). Abbreviations: NA, not applicable; p, probability value; SD, standard deviation 
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Table 3.4 - Estimated seafood intake grams during the intervention period (GW 20-36) for 

participating pregnant women in Mommy's Food. Results reported as mean (SD) per week 

Fish/seafood Mean (SD) seafood intake in gram per week pa 

 Intervention group Control group  

Fatty fishb 71 (93) 148 (180) 0.000* 

Salmon/Trout 43 (56) 101 (78) 0.000* 

Lean fishc 262 (134) 122 (91) 0.000* 

Cod 238 (122) 85 (71) 0.000* 

Sushid 14 (15) 14 (17) 0.88 

Processed fishd,e 56 (53) 68 (60) 0.19 

Shellfishd,f 20 (20) 24 (26) 0.38 

Spreadg 47 (67) 59 (80) 0.47 

Total seafoodh 477 (233) 439 (278) 0.21 

aMann-Whitney U Test; bIncludes salmon/trout, mackerel, herring and halibut; cincludes cod, 

saithe, pollock, ling and wolfish; daccounted for percent of fish/seafood in products; e includes fish 

cakes and bolls, fish gratin, fish fingers, fish soup and dried cod; fincludes shrimps, claw meat 

from crab, brown meat from crab, lobster, mussels and scallops; gincludes canned mackerel, 

canned salmon, canned tuna, smoked salmon/trout, pickled herring, caviar, peppered mackerel, 

peeled shrimps, canned sardines, anchovy, crabsticks and cod liver pate; hincludes all seafood 

displayed above in the table in addition to fish roe; *statistical significant difference between the 

groups (p<0.001) . Abbreviations: GW, gestational week; p, probability value; SD, standard 

deviation 

 

When examining seafood intake pre- and post-intervention the intervention group had a 

significant increase in consumption of lean fish (p = 0.000) and seafood as dinner (p = 0.000), 

and a decrease in consumption of fatty fish (p = 0.001), processed fish (p = 0.011), and seafood 

as spread (p = 0.018) (data not shown). The control group had not changed their intake of 

seafood during the intervention (data not shown). 

3.3.1 Intervention – compliance 

Participants in the intervention group consumed a mean (SD) of 306 (62) grams of the received 

cod fillets per week, with a mean (SD) total intake of cod of 4897 (992) grams during the 16-

weeks intervention period. With a 100 % compliance to the intervention, the total amount of 

cod intake would be 6400 grams. The average dietary compliance was therefore 76.5 % in this 

study. 50 % of the participants ate more than 80 % of the fish.  
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3.3.2 Dietary intake of Hg from fish and seafood during pregnancy 

Based on post-intervention FFQ Hg intake during the intervention period was significantly 

higher in the intervention group versus the control group. Mean (SD) weekly Hg intake from 

fish and seafood was 27 (12) µg in the intervention group versus 21 (13) µg in the control group. 

Mean dietary intake of Hg from seafood during the intervention period is shown in Table 3.5.  

     The mean (SD) weekly intake of Hg per kg body weight was 0.4 µg/kg (0.2) in the 

intervention group and 0.3 (0.2) µg/kg in the control group and the difference was significant 

(p = 0.004) (data not shown). These calculations were based on the pre-pregnancy weight of 

the participants. Comparing this to the TWI of 1.3 µg/kg bw for MeHg set by EFSA (71), Hg 

intake was 33 % and 25 % of TWI, respectively. None of the participants exceeded the set TWI 

during the intervention period (data not shown). 

 

Table 3.5 – Estimated Hg intake from seafood during the intervention period (GW 20-36) for 

participating pregnant women in Mommy's Food. Reported as mean (SD) µg per week. 

Fish/seafood Mean (SD) Hg intake in µg per week pa 

 Intervention group Control group  

Fatty fishb 1.9 (2.6) 4.1 (7.5) 0.000** 

Salmon/Trout 0.7 (1.0) 1.7 (1.3) 0.000** 

Lean fishc 19 (9.8) 9.0 (6.8) 0.000** 

Cod 16 (8.7) 5.9 (4.9) 0.000** 

Sushid 0.2 (0.2) 0.2 (0.3) 0.88 

Processed fishd,e 3.6 (3.6) 4.3 (3.8) 0.19 

Shellfishd,f 1.0 (1.1) 1.2 (1.8) 0.65 

Spreadg 1.4 (1.6) 1.7 (2.6) 0.50 

Total seafoodh 27 (12) 21 (13) 0.002* 

aMann-Whitney U Test; bIncludes salmon/trout, mackerel, herring and halibut; cincludes cod, saithe, 

pollock, ling and wolfish; daccounted for percent of fish/seafood in products; e includes fish cakes 

and bolls, fish gratin, fish fingers, fish soup and dried cod; fincludes shrimps, claw meat from crab, 

brown meat from crab, lobster, mussels and scallops; gincludes canned mackerel, canned salmon, 

canned tuna, smoked salmon/trout, pickled herring, caviar, peppered mackerel, peeled shrimps, 

canned sardines, anchovy, crabsticks and cod liver pate; hincludes all seafood displayed above in 

the table in addition to fish roe; *statistical significant difference between the groups (p<0.01); 

**statistical significant difference between the groups (p<0.001). Abbreviations: GW, gestational 

week; Hg, mercury; p, probability value; SD, standard deviation 

 

 

Cod was the main source of Hg from total Hg intake in both groups, accounting for 64 % in the 

intervention group and 30 % in the control group, respectively. Mean (SD) Hg intake from cod 
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was significantly higher in the intervention group compared to the control group with 16 (8.7) 

µg versus 5.9 (4.9) µg (Table 3.5). Consumption of other fish species accounted for the 

remaining part of THg intake, but the contribution by each species was small. 

3.3.2.1 Subgroup analysis - mothers 

When restricting the analysis of maternal seafood and Hg consumption during the intervention 

period to the group of participants who provided infant hair samples at 6 weeks postpartum (n 

= 63), there was found no significant differences on total seafood and Hg intake between the 

intervention group compared to the control group (data not shown). However, in this subgroup 

the intervention group still had a higher consumption of lean fish whereas the control group 

consumed more fatty fish, with p = 0.000 for lean fish and p = 0.001 for fatty fish, respectively 

(data not shown). 

 

3.4 Seafood consumption during infancy 

The mean total fish intake in infants was not significantly different in either of the groups, 

neither at 6 months or 11 months of age. All participating infants had started with solid foods 

at 6 months of age, of which 9 % consumed fish at least once per week. The highest percentage 

of participants consuming fish had fish for dinner once per week (data not shown). The mean 

(SD) frequency of total fish intake was 0.3 (0.8) times per week for both the intervention group 

and the control group, and this was mainly consumed as dinner. There was no significant 

difference in consumption of lean and fatty fish between the groups (data not shown). 

     Fish consumption, as dinner and spread, increased from a mean (SD) of 0.3 (0.8) times per 

week at 6 months to a mean (SD) of 4.6 (3.0) times per week at 11 months, resulting in a mean 

increase in fish consumption of 4.3 times per week for all infants. This increase was statistically 

significant (p = 0.000). At 11 months of age 98 % of the infants consumed fish for dinner at 

least once per week, and the frequency of seafood intake most often reported was 1 time per 

week for all categories, lean and fatty fish as dinner and spread (data not shown). 87 % of the 

11-month old infants consumed fish for dinner at least two times per week. The results showed 

a significant difference in fish intake between the two groups. A higher mean (SD) frequency 

of fatty fish consumption as dinner was seen in the control group compared to the intervention 

group at age 11 months (p = 0.017), (Figure 3.2). Conversely, the intervention group had a 
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significant higher intake of lean fish as spread compared to the control group (p = 0.033), 

(Figure 3.2). 

 
Figure 3.2 - Infant seafood intake at 11 months of age. Presented as mean frequencies per 

week. Error bars represent 95 % Confidence interval. 

*significant difference between intervention and control group within the same seafood category, 
analyzed with Mann-Whitney U test. 
 
 

3.5 THHg infants 

Mean THHg levels in infant hair at 6 weeks, 6 months and 11 months of age are shown in  

Table 3.6. Three hair samples had mercury levels below LOQ and were therefore excluded from 

the statistical analyses. 69 % of the hair samples had Hg levels below the validated area of the 

calibration curve for the analysis. The median THHg level was lower than the mean for all time 

points and in both groups, hence the distribution was positively skewed towards lower values. 

No significant differences in THHg was found when comparing the groups, and no difference 

in THHg levels were found when comparing boys and girls (data not shown). 

Two of the hair samples (3 %) had THHg levels above the USEPAs RfD of 1000 µg/kg, both 

samples from 11 months of age with a value of 1040 µg/kg and 1355 µg/kg.
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Table 3.6 - Measured THHg levels for infant at 6 weeks, 6 months and 11 months of age. Presented as mean (SD) and median (IQR) in µg/kg 

 n All n Intervention group N Control group pa 

  Mean (SD) Median (IQR)  Mean (SD) Median (IQR)  Mean (SD) Median (IQR)  

THHg 6 weeks 63 332 (184) 293 (198, 432) 32 336 (173) 292 (221, 428) 31 328 (198) 297 (180, 435) 0.81 

THHg 6 months 78 319 (188) 272 (173, 421) 37 334 (293) 276 (174, 422) 41 305 (184) 269 (156, 425) 0.60 

THHg 11 months 62 305 (262) 199 (151, 375) 30 286 (209) 203 (163, 333) 32 323 (306) 179 (138, 447) 0.56 

a Mann-Whitney U test. Abbreviations: IQR, interquartile range; p, probability value; SD, standard deviation; THHg, total hair mercury 
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3.5.1 Subgroup analysis - infants 

When investigating the change in THHg throughout the infant period, the statistical analysis 

was restricted to the number of 33 hair sample pairs from both 6 weeks and 11 months of age. 

There was seen no significant difference between the two groups in the samples from 6 weeks, 

see Figure 3.3. As displayed in Figure 3.3, a decrease in mean THHg was visible for both 

groups, although only the reduction in THHg in the control group was significant (p = 0.003). 

The mean level of THHg at 11 months was significantly higher in the intervention group 

compared to the control group (p = 0.023). There was no difference in frequency of seafood 

intake at 11 months between the groups in this subgroup of participants. 

 

 

Figure 3.3 - Change in infant THHg levels between 6 weeks and 11 months of age in 

Mommy's Food (n = 33). Presented as µg/kg. Error bars represent 95 % Confidence interval.  

*significant difference in THHg level between groups at the same time point; **significant different 
change in THHg level between the two time points within the same group. Abbreviations: THHg, total 
hair mercury; ΔTHHgI, change in total hair mercury in the intervention group; ΔTHHgC, change in total 
hair mercury in the control group 
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3.6 Correlation between maternal seafood intake and infant THHg 

Correlations between maternal seafood intake and infant THHg 6 weeks postpartum are 

presented in Table 3.7. A moderate correlation was observed on total seafood, both from 

summary (p = 0.011) and detailed questions (p = 0.022) for all participants and also for the 

control group. When correlating infant THHg at 6 weeks with consumption of different groups 

of seafood consumed by the mothers, the results show moderate correlation with sushi (p = 

0.009) and shellfish (p = 0.002) when all participants are considered. When considering only 

the control group, a moderate correlation was seen on seafood as spread (p = 0.041), from both 

summary and detailed questions. Total lean fish (p = 0.049) and shellfish (p = 0.022) correlated 

moderately with 6 weeks infant THHg in the control group. Low correlation was seen for 

seafood as spread (p = 0.029) when taking into account all participants. No correlation was seen 

between maternal seafood consumption and THHg from 6 weeks old infants in the intervention 

group. 
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Table 3.7 – Spearman’s rho coefficient (r) comparing portions per week of maternal seafood intake and infant THHg levels 6 weeks postpartum  

 All Intervention group Control group 

 n r p n r p n r P 

Summary Questions          

Seafood as dinner 56 .251 .06 30 .244 .19 26 .327 .10 

Seafood as lunch 56 .089 .51 30 -.038 .84 26 .195 .34 

Seafood as spread 56 .288 .031* 30 .047 .80 26 .479 .013* 

Total seafood 56 .339 .011* 30 .156 .41 26 .475 .014* 

Detailed questions          

Fatty fish 56 .142 .30 30 -.005 .98 26 .326 .10 

    Salmon/trout 56 .102 .45 30 -.043 .82 26 .263 .20 

Lean fish 54 .198 .15 29 .089 .65 25 .398 .049* 

    Cod 56 .175 .20 30 .056 .77 26 .326 .10 

Sushi 56 .344 .009** 30 .332 .07 26 .316 .12 

Processed fish 55 .164 .23 29 .180 .35 26 .109 .60 

Shellfish 56 .398 .002** 30 .294 .12 26 .449 .022* 

Spread 56 .293 .029* 30 .214 .26 26 .403 .041* 

Total seafood 53 .315 .022* 28 .219 .26 25 .418 .037* 

*statistical significant correlation (p<0.05); **statistical significant correlation (p<0.01). Abbreviations: p, probability value; r, Spearman’s rho coefficient  
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4 Discussion 

The aims of this study were to investigate prenatal mercury exposure after maternal seafood 

consumption in a randomized controlled trial (RCT) with cod during pregnancy, and also to 

examine THHg levels and intake of fish and seafood during the first year of life. Prenatal 

mercury exposure was investigated by estimating the mercury intake from seafood consumption 

registered in an FFQ completed by the mothers post-intervention in addition to measuring 

THHg in infants 6 weeks postpartum. Intake of seafood by infants from both 6 months and 11 

months of age was reported by parents in FFQs. Results from this study provides new data on 

THHg levels and seafood consumption by Norwegian infants. To my knowledge, this is the 

first RCT investigating fish as a wholefood and its effect on THHg levels. In the following 

sections, findings form this thesis are discussed, assessing both strengths and weaknesses of the 

study. 

 

4.1  General findings 

4.1.1 Seafood intake during pregnancy 

The average total seafood intake during pregnancy in this study is found to be in line with the 

upper tier of the recommended seafood intake from the Norwegian Directorate of Health (49), 

both pre- and post-intervention. However, the mean intake of fatty fish was lower than the 

recommended 200 g/week in both groups and at both time points. An intake of seafood in line 

with the recommendations is thought to be beneficial for the development of the child (33, 35). 

Studies have observed a decreased risk of preterm birth as well as increased birth weight after 

moderate fish consumption during pregnancy (36). In turn this has been associated with 

beneficial health outcomes later in life (2, 4), although fish consumption higher than the 

recommendations have been associated with increased risk of obesity (153). In this study 

however, there was not found any difference on birth weight and gestational length between the 

two groups, possibly as a result of high fish intake in both groups or lack of power due to a 

relatively low number of participants. However, the infant characteristics at birth revealed a 

small, but significant increase in length at birth in the intervention group compared to the 
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control group. The importance of this is questionable, especially since the length is not 

significantly different between the two groups at any of the follow-up time points. 

The average seafood consumption in Mommy’s Food was considerably higher compared to 

seafood consumption among pregnant women participating in MoBa (n = 67 007), where the 

mean total seafood intake was 255 g/week, with 85 g fatty fish and 142 g lean fish (37).  

     The high consumption of fish in our study may be a result of higher sosio-economic status 

among the study participants compared to the general Norwegian population, in respect to both 

education and household income. In this study 63 % of participants had a household income 

higher than 750 000 NOK, which is the median household income for couples with young 

children in Norway (154). Also, the level of education amongst women in this study are higher 

than for women from the general Norwegian population, with 86 % versus 37 % educated in 

university or university college, respectfully (155). A high socio-economic status has been 

associated with increased consumption of foods perceived as healthy, such as fruits, vegetables 

and fish (156-158). The result from this study may therefore not be applicable to the general 

Norwegian population.  

Analysis of maternal seafood consumption from pre- to post-intervention in our study found 

that total seafood consumption did not change, showing a high seafood consumption already 

before the intervention started. However, we found a change in composition of fish species in 

the diet of participants in the intervention group from pre- to post-intervention. There was a 

reduction in fatty fish consumption in this group, that is likely to be caused by the increased 

intake of lean fish received during the intervention. When receiving cod during the study, 

participants reduced amounts of other fish and seafood species in the diet. This was also the 

case for intake of processed seafood and seafood as spread in the same group. This is a common 

problem with dietary interventions, as an increased intake of one type of food might lead to a 

decrease in other types of food. An interesting effect from this might be that the intake of 

nutrients could change. As fatty fish is especially rich in omega-3 fatty acids, the intake of these 

may decrease when replacing fatty fish with lean fish. Similarly, an increased intake of lean 

fish can lead to a raised intake of iodine. However, lean fish is also an adequate source of 

omega-3 FAs, with 200 g cod providing approximately 0.5 gram of these fatty acids (159), 

accounting for two times the general recommended daily intake on 0.25 g marine omega-3 FA 

set by EFSA (160). Cod consumption in addition to a possible high intake of omega-3 

supplements by the participants, hopefully keeps the blood levels of DHA at a desirable level. 

A consequence of a low intake of fatty fish may be decreased DHA levels in blood (142). High 
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DHA levels in blood during pregnancy have been shown to be positively associated with infant 

development (42). In addition, a possible effect of low omega-3 fatty acids on increased risk of 

postpartum depression has been observed in several studies (161-163). Increased risk of 

cognitive and socio-emotional delay in children have been linked to mothers suffering from 

depression during early life of the child (164). Analyzes of FA status in participants from this 

study are being examined, but at this point we do not know whether there is a difference in FA 

status between the groups in this study. A possibly altered nutrient intake from this study also 

inquires investigation regarding its influence on infant development. 

Results from post-intervention FFQ in terms of portions of seafood consumption per week made 

it possible to estimate the weekly Hg intake from seafood. However, the estimations were based 

on predetermined portion sizes and average Hg content from different fish species, introducing 

numerous sources of error which increase uncertainties in the calculations. Keeping this in 

mind, the results show a significantly higher intake of Hg in the intervention group, owing to 

the different distribution of fish species in the diet between the two groups. Lean fish generally 

contain more Hg than fatty fish, and lean fish was consumed at a higher quantity in the 

intervention group compared to the control group. Even though seafood consumption among 

the participants were high compared to the general pregnant population in Norway, estimated 

weekly Hg intake did not exceed the TWI of 1.3 µg MeHg/kg bw/week set by EFSA (71). 

     The overall estimated Hg intake was significantly higher in the intervention group compared 

to the control group. However, no difference was seen between the groups on Hg intake during 

the last half of pregnancy in subgroup analysis of Hg intake only including participants 

providing hair samples from infants at 6 weeks postpartum. This may explain why there is not 

seen any difference in THHg from infants at 6 weeks of age, which reflect the mercury exposure 

from approximately week 28 of pregnancy. An interesting observation is that even as this 

subgroup had a significantly higher maternal intake of cod and total lean fish in the intervention 

group compared to the control group, the fetus’ exposure to Hg appear to not differ between the 

two groups. This suggests that the lean fish and cod consumed during the intervention may have 

had low concentrations of Hg. This was confirmed when a selection of cod fillets from the 

intervention was analyzed. However, the lack of difference can also be caused by inadequate 

power due to a low number of participants in this subgroup.  
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4.1.2 Newborn THHg reflecting maternal seafood consumption in pregnancy 

To my knowledge there has only been one other Norwegian study investigating prenatal Hg 

exposure with THHg from infants. This was the LiN cohort, where they also analyzed THHg 

levels in hair samples from a selection of infants at 6 weeks of age (n = 374) (165). The result 

from our study supports the findings in analyses of THHg from 6 weeks hair samples in LiN, 

with a mean (SD) THHg level of 332 (184) µg/kg in our study compared to 330 (258) µg/kg in 

LiN. 

No significant correlations, between maternal seafood intake and infant THHg at 6 weeks, were 

seen in the intervention group. The reason for this is not clear, however there are several factors 

to take into account when interpreting these correlations. The time-span reflected in the FFQ 

does not completely overlap the time of exposure represented by the hair samples, misreporting 

by the participants, over- or underestimation with the seafood index, uncertainty regarding the 

samples and analysis, and unknown factors about hair growth and accumulation in the fetus, 

are all factors that could influence the correlation analysis. As a consequence, the THHg levels 

at this time point reflect intrauterine mercury exposure, and might be a good indicator for 

maternal seafood consumption during pregnancy.   

     When investigating correlations in the control group between maternal seafood intake in the 

second half of pregnancy with THHg levels in infants at 6 weeks of age in our study, there were 

seen low to moderate correlations with seafood. The observed correlation on some groups of 

seafood such as shellfish, spread and sushi are presumably a reflection of an increased 

consumption of these seafood groups for participants also consuming other types of seafood 

rather than of its large contribution to Hg in the diet. One can speculate that sushi can be a major 

source of Hg intake in the diet as tuna and halibut are often used in sushi. However, pregnant 

women are usually quite careful about what they eat, and therefore it is likely that they would 

avoid consuming sushi containing these fish species. 

4.1.3 Seafood intake and THHg in infants during the first year of life 

After birth and during the first year of life, the infant is exposed to mercury mainly through 

breastfeeding as well as from consumption of fish and seafood when this is introduced as a solid 

food to the infant.  

THHg from hair samples obtained at 6 months of age represent mercury exposure from 

approximately 3 months to 4.5 months of age. During this period, the infant diet mainly consist 
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of breast milk and/or infant formula. Therefore, this will be the only source of Hg intake for the 

infants. Nevertheless, our results from Hg analyses show that THHg levels at 6 months of age 

are maintained at approximately the same level as fetal THHg levels. This has also been 

observed in a group of children from the Faroe Islands cohort, where ingestion of mercury 

through breastmilk was adequate in keeping the infant’s mercury levels in hair and blood in 

correspondence with the mother’s levels (106). These findings are interesting, as mercury 

content in breast milk mainly consist of inorganic mercury which is thought to be poorly 

absorbed and to not accumulate well in hair (55, 127). This may suggest that the management 

of mercury is different in infants compared to adults, as implied in previous animal studies (77). 

Evidence from animal studies show increased absorption and retention of Hg combined with 

decreased biliary excretion of Hg in suckling offspring compared to older animals (78). 

Additionally, demethylating microorganisms in the intestines are thought to not be established 

until after the start of weaning (75, 76, 166).  

     The consumption of breast milk is likely to decrease during the first year of life, which is in 

line with the recommendations (51). This has its natural explanation as the infants expand their 

intake of other foods, both in variety and quantity. Consequently, other sources of Hg are 

introduced in the diet, with fish and seafood thought as the most prominent source of exposure 

(57, 71). 

Our findings on the average frequency of seafood intake in infants show a significant increase 

between 6 and 11 months of age. Significant differences between the groups in intake of fatty 

fish for dinner and lean fish products as spread was seen at 11 months. The intervention group 

consumed more lean fish as spread compared to the control group, whereas the opposite applied 

to fatty fish for dinner. However, an important aspect to remember is that this only involves 

frequencies and not amount of seafood consumed, as this was not reported.  

     The percentage of infants receiving fish for dinner at least once a week in the current study 

is comparable to results from the Spedkost surveys (52, 53). This was found among 9 % of 

infants at 6 months of age in our study compared to 8 % in the Spedkost 6 months survey (52). 

At 11 months of age, 98 % of infants in our study consumed fish for dinner minimum one time 

per week compared to 82 % in Spedkost 12 months (53). The Norwegian Directorate of Health 

recommends that children should follow the same dietary advice as the general population when 

reaching 12 months of age (51), including the advice on eating fish for dinner 2-3 times per 

week and as spread. The average frequencies of fish intake for infants at 11 months of age in 



50 

 

this study are in agreement with these recommendations, with 87 % of the infants having fish 

for dinner at least two times per week.  

Even when the frequency of seafood intake increased considerably from 6 months to 11 months 

of age, the average THHg remained at the same level as previous hair samples. However, when 

only including results from participants delivering hair samples at both 6 weeks and 11 months 

(n=33), a significant decrease in THHg is evident for all these participants. When comparing 

the groups, only the control group had a significant decrease in THHg levels from 6 weeks to 

11 months, although a trend in lower THHg levels was also apparent for the intervention group. 

This contradicts our knowledge about fish and seafood being the main source of mercury, as 

the THHg levels are reduced when the fish intake increases. A reason could be a decrease in 

consumption of breast milk. Besides, mercury in breast milk has been seen to be higher in 

colostrum compared to mature milk, as the protein concentration in colostrum is higher, and 

possibly also as a result of volume dilution (11). It is also plausible to think that a decrease in 

THHg during infancy could be a result of the rapid increase in body weight. If the intake of 

mercury is fairly stable during this period, the rapid growth of the infant, including increased 

blood volume, would lead to a decrease in mercury concentration in the blood, and therefore a 

decrease in THHg levels, as this is a reflection of Hg concentration in blood (126). However, 

there was no difference in growth from 6 weeks to 11 months of age between the two groups, 

failing to explain why a difference in ΔTHHg is observed between the two groups. 

     There are reasons to speculate that the influence of other components in the diet may affect 

mercury absorption. Components in food, such as phytochemicals and dietary fibers from fruits 

and grains, have been suggested to alter the bioavailability of Hg, either directly by interfering 

with mechanisms like absorption and transport, or indirectly by affecting microorganisms in 

the intestines  (167, 168). These findings are of interest, as fruit and grains are highly consumed 

by infants (52, 53). These effects may also be of greater importance in infants as their 

microbiota is not completely established at this stage (76, 166). However, these are only 

speculations, as a great deal is still not known about infants’ mechanisms of handling Hg.  

From the Faroe Islands study, increased levels of THHg in infants at 12 months of age were 

seen to be associated with enhanced accomplishment of milestones related to development. It 

was also observed that the THHg positively correlated with the duration of breastfeeding (106). 

In conclusion, the authors suggested that the apparent advantageous effect of mercury on 

development could be explained by the beneficial effects of breastfeeding (106). This is an 
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interesting finding, especially as the mean THHg level in infants from the Faroe Islands was 

considerably higher than THHg levels in our study. 

 

4.2 Methodological discussion 

4.2.1 Study design 

When conducting scientific studies it is crucial to select the most suitable study design in 

relation to the research question and the resources available. The Mommy’s Food study was 

primarily designed to investigate iodine status in pregnant women as well as child development 

(138). Thus the study design may impose some limitations in regards to the aims of this thesis, 

investigating seafood intake and THHg in infants. However, when scientific research is 

performed it is important to assess all available data, as research requires vast amounts of effort, 

considering both labor and economical resources. 

     In epidemiological research the RCT design is recognized as good in terms of the hierarchy 

of evidence when ranked by effectiveness, appropriateness and feasibility when evaluating 

interventions on health care (169). The RCT design has the advantage of reducing risk of certain 

bias and of the impact from confounding factors (170, 171). This is done by randomizing the 

participants to separate groups, so that possible confounding factors hopefully are equally 

distributed in the groups (170). Results from an RCT study also have the possibility to 

demonstrate causality, in contrast to observational studies (172). Consequently, the RCT design 

is a strength for this study. 

     Blinding of participants and researchers should as far as possible be achieved, to reduce 

potential differences in treatment from the researchers as well as reducing bias related to 

expected effects from participants and researchers (173). This presents a challenge and a 

common limitation in nutritional research (174), for obvious reasons, as food is difficult to 

conceal without changing its properties. Infants in the Mommy’s Food study were blinded, 

although blinding of the participating pregnant women in our study were not possible. As a 

consequence, it is reasonable to speculate that the lack of blinding could have an impact on the 

diet of the control group, especially in relation to fish consumption. However, this aspect was 

investigated in our study and the results demonstrated that seafood intake did not change in the 

control group during the intervention period, thus strengthening our results. In addition, most 
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statistical analyses and analyses of THHg levels were performed blinded, except for 

calculations of intake of cod from the intervention which only involved the intervention group. 

The time-span covered in the FFQs at 6 months and 11 months of age were not comparable to 

the period of exposure represented by the hair samples, therefore correlations between seafood 

consumption and THHg could not be conducted. The results from analyzes of 11 month hair 

samples show an average Hg level throughout the period represented by the hair samples, from 

about 8 to 9.5 months of age. As this is a period of major changes in the diet of the infant, the 

average Hg exposure over such a long period can give an inappropriate representation of the 

actual exposure of Hg from seafood. One can speculate whether a steady state level of mercury 

in blood might have been better suited to investigate Hg exposure from the seafood intake 

reported in the FFQ. This was not an option as it would be too invasive to draw excessive 

amounts of blood from the infants. 

4.2.2 Intervention diet 

As the intervention diet involved fish consumption, it is presumed that people who do not 

consume fish will most likely not volunteer to participate in a study where they may need to eat 

fish. To properly investigate the effect of seafood intake on Hg exposure and THHg in this 

thesis, an ideal control group would be a group completely eliminating fish from their diet 

during the intervention period. This is not ethically accepted when participants include pregnant 

women, as it is known that nutrients from fish are important in fetal development (9, 28). 

Another alternative control group could be one where participants received other types of food, 

e.g. chicken filets, in the same quantity as participants receiving fish. This would perhaps 

prevent the control group in consuming large amounts of fish, although this is only a 

speculation. 

Unfortunately, we could not compare THHg between infants of mothers consuming versus not 

consuming fish. This would have been interesting to investigate to assess differences in Hg 

exposure. However, we got to investigate THHg exposure in pregnant women with a mean 

seafood intake corresponding to the recommended intake of seafood. 

     A strength of this study is the high compliance to the intervention diet. For reasons regarding 

compliance fish fillets were also provided for the participants’ partner. This was closely 

monitored as the cod fillets were weighed both prior to cooking as well as possible leftovers 

after the meal. However, a source of error is introduced when the fish was used in fish soup or 
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fish gratin, as it is not possible to calculate the exact amount of fish eaten by the participant as 

it is shared with her partner. 

4.2.3 Dietary assessment 

There are both strengths and weaknesses related to using FFQ for dietary assessment in 

scientific research. Recall bias is always a problem with retrospective dietary assessment 

methods, although people with higher level of education have been seen to recall past dietary 

intake with reasonable reliability (175). Also, under- and over-reporting of foods, is a problem 

with FFQ, although this is also the case for other dietary assessment methods (176). For this 

reason, FFQs should be validated for the specific research question investigated. The pre- and 

post-intervention FFQs in our study was revised from a previously validated FFQ (141, 142). 

Biomarkers for omega-3 and vitamin D was used to validate the seafood index for seafood 

consumption reported in FFQ (142). This strengthens the results from the FFQ used to acquire 

maternal seafood intake. However, the FFQ has not been validated in relation to estimating Hg 

intake from the diet, hence introducing a limitation to the results. Infant FFQs were not 

validated, which may be a limiting factor when assessing seafood intake from infants. 

     One can speculate if another dietary assessment method, such as the repeated 24-hour recall, 

would be a better alternative to the FFQ. However, as this study has the intention to discover 

regular fish intake, the FFQ is seen as a better alternative. Fish is not consumed daily and also 

not by everyone, with less than half of the Norwegian adult population consuming the 

recommended amount of fish (49, 177). Even if performing a repeated 24-hour recall, the 

separate days investigated might still have a low chance of detecting a day when the participant 

is consuming fish. In addition, the FFQ used in our study is quite detailed and covers a wide 

range of different seafood and fish species, which is a strength for this thesis as it covers Hg 

intake from different sources of fish. To account for overreporting, which is more likely to 

occur when the questionnaire is very detailed (144, 145), the seafood index developed from the 

detailed questions was quite strict. Therefore, a miscalculation may be present, especially for 

cod in the intervention group as these participants are instructed to eat cod two times per week. 

This will be registered in the FFQ as 1-2 times per week, and then converted to a seafood index 

of 1, indicating an intake of one portion of cod per week. A mean difference of 65 grams of cod 

per week is observed between the calculated intake from the seafood index (262 grams) and the 

registered weekly cod intake in the weight scheme (306 grams). This is a source of error when 
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calculating maternal Hg intake from seafood, however it does not influence results on THHg 

levels and is therefore of limited importance to the conclusion of this thesis. 

4.2.4 Hair sampling and analysis 

There was a relatively low number of hair samples, as only around half of the study population 

contributed with hair samples at all three time points. There were several reasons for this. 

Babies are a challenging study population to work with, in regard to biological sampling. 

Difficulties regarding the hair samples included that many of the babies had little hair and the 

babies were at times very curious and uneasy during the sampling, resulting in small and few 

hair samples. When the number of hair samples is low, each sample has a higher impact on the 

mean value, resulting in a bigger influence by individual variations on the result. From the 

results in Table 3.6, we also see that the SD is high, suggesting large variation in the results. 

However, the advantage with hair samples, especially when involving infant participants, is that 

it is a non-invasive technique, and it is a good method to explore mercury exposure in a 

population (124). 

     As a result of small hair samples and/or low amount of mercury in the samples, 69 % of hair 

samples had mercury content below the validated area of the calibrated curve for analyses in 

the DMA-80 machine. The normal estimated uncertainty of this method was ± 20 % for results 

in the validated area, however this level of uncertainty is not known when results are outside 

this validated area. Thus, the THHg results in this thesis may have an increased uncertainty. A 

second source of error involving the analysis of THHg, is the fact that results after analyzing 

the reference material showed a systematic pattern of underestimating the mercury content of 

10-20 %. This may also apply to the hair samples, implying an underestimation of mercury 

content in hair from the infants. However, this will apply to results in both groups and at all 

time points, and will presumably not affect comparison of THHg levels between the groups. 

Still, mercury analyzes with DMA-80 is a respectable method for measuring mercury in hair. 

Studies investigating hair growth and accumulation of substances in hair have to my knowledge 

only been conducted on adults. Therefore, it may not be applicable to use the same calculations 

relating to hair growth or assume that the accumulation factor on mercury from blood to hair of 

250 also applies to children, when investigating hair samples from infants. Individual variations 

on hair growth and accumulation have also been shown in adults (68), however we do not know 

if such variations may have a different impact in children. Therefore, results on THHg must be 
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interpreted with care, and one should be careful to draw conclusions from such results until new 

knowledge on hair growth and handling of Hg in infants is obtained.  

 

4.3 Conclusion 

There were found no significant differences in infant THHg levels, between the intervention 

group and the control group, after an intervention with cod during pregnancy as a source of 

mercury exposure. Prenatal exposure to mercury was reflected by infant hair samples at 6 weeks 

postpartum. The increased intake of cod in the intervention group during pregnancy did not 

seem to influence THHg levels in the fetus differently than other fish species. Infant THHg 

levels reflecting mercury exposure during the third trimester of pregnancy were moderately 

correlated with total seafood intake, although only for participants in the control group.  

     Overall, the infant THHg levels did not change during the study period. However, a 

significant decrease in THHg from 6 weeks to 11 months of age was observed in a subgroup 

within the control group even though there was a significant increase in frequency of infant 

seafood consumption during this period.  

This study population of pregnant women had a mean seafood intake in line with the 

recommended total seafood intake for the general population. For infants, the mean total 

seafood intake at 11 months of age was also in line with recommendations for this age group. 

At all time points, the mean infant THHg values were found to be approximately one third of 

the RfD set by USEPA. In conclusion, when evaluating these results on THHg against the 

current limit values, we find that there is no need to change the dietary recommendations on 

seafood intake neither for pregnant women or infants. 
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4.4 Future perspectives 

This thesis provides new information on prenatal mercury exposure in Norway, as well as 

THHg levels and seafood consumption for infants during their first year of life. However, there 

is a need for more studies investigating this, especially in populations with a moderate fish 

intake in agreement with the recommendations from health authorities. Most of the current 

knowledge on the effects of MeHg have been observations from populations affected by 

poisoning or with a higher intake of fish and other seafood than most populations. It is important 

to also measure low exposure groups and investigate long-term effects of MeHg. In regard to 

this it will be highly beneficial to include a larger study group as small studies may have lower 

power to detect differences.  

     There are many uncertainties concerning the subject of infants and Hg, whether it is infant 

exposure to Hg, or management of Hg in the infant body. Although some of these aspects might 

be unethical to examine directly in infants, exposure to Hg, both from seafood and breast milk, 

should be investigated further, preferably in relation to infant development. 

Even as this study indicates low prenatal Hg exposure in a population group with seafood 

consumption in agreement with the recommendations, it will still be important to monitor this 

in the future. The use of mercury in industries is regulated in many countries, however 

additional sources of mercury may emerge, e.g. mercury emissions from melting permafrost 

due to climate change (178). In turn, the consequence of this may be increased human exposure 

to Hg. 
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Appendix II 

Excerpt of dietary questions from infant FFQ at 3 months 
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Appendix III 

Excerpt of dietary questions from infant FFQ at 6 months 
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Appendix IV 

Excerpt of dietary questions from infant FFQ at 11 months 
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