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Abstract
The Faroe Islands in the North Atlantic are part of the sub-Arctic region, a remote region far from
industrial activity. In spite of this remoteness, the Islands are not a sanctuary: exposures and effects of
environmental pollutants mar its natural beauty and wildlife. In the Arctic regions, fish, sea mammals
and seabirds have shown to contain elevated levels of the classical persistent organic pollutants (POPs)
such as polychlorinated biphenyls (PCBs), as well as more recent POPs such as the polybrominated
diphenyl ethers (PBDEs). Human populations living in the Arctic regions are usually highly dependent
on seafood and seabirds as food sources, and diet becomes their major source of exposures to POPs.
As reported in the 1980’s, residents of the Faroe Islands were shown to have high concentrations of
organohalogen substances (OHS) in their breast milk. Long-finned pilot whales (Globicephala melas)
blubber and meat have been shown to be a major source of OHS exposure for some of the Faroe
Islanders. 
The main objective of this thesis is to investigate the sources and concentrations of some POPs and
their metabolites for the Faroese population. First, human milk and serum from pregnant women
(mothers) and children were analyzed for PBDEs, PCBs, and polychlorinated biphenylols (OH-PCB),
the major PCB metabolites. Second, POPs were measured in seabirds, i.e. PCBs in fulmars (Fulmarus
glacialis) and guillemots (Uria algae), and PBDEs in fulmars to search for other potential sources of
POPs exposure.
The results reinforce previous findings that part of the Faroe Island population is highly exposed to
OHS. Median concentrations (430 ng/g lipid weight (l.w.) of CB-153) in maternal serum (1994-95)
are among the highest in the world. Serum concentrations of CB-153 in children (age 7, samples
collected in the early 2000’s) were approximately 90% of those in the mothers, sampled 1994-95.
Similarly high CB-153 concentrations (380 ng/g l.w.) were measured in samples of mother’s milk,
collected in 1999. The OH-PCB concentrations were also high in segments of the population, with 2.9
ng/g fresh weight as the sum of five OH-PCBs. Except for 4-OH-CB107, concentrations of OH-PCBs
were generally lower in children than in mothers.
The ΣPBDE median concentrations in maternal serum and human milk (1999) are at the higher end of
those reported in Europe, with levels of 9.5 and 8.2 ng/g l.w. respectively. ΣPBDE levels increase in
human milk samples collected at three different time points (1987-1999), mainly due to increasing
BDE-153 concentrations. The range of serum ΣPBDE concentrations in mothers and children are
similar, although the congener patterns show differences. BDE-47 is the dominant congener in
maternal serum, while BDE-153 is the major congener in children. The differences seen in PBDE
congener patterns may arise differences in dates of sampling (7 years) for the two populations,
maternal serum sampled in 1994-95 and children serum sampled in 2000-01, rather than from
differences in uptake/metabolism or in contemporary exposures. 
PCB concentrations in fulmars and pilot whales show similar ranges. In contrast, PBDE
concentrations are 100 times higher in pilot whales than in fulmars. Consequently, Faroese may be
especially exposed to PCBs via consumption of fulmars and fulmar eggs, while the exposure to
PBDEs is less pronounced. 
Results from this thesis highlight the pronounced exposures to PCBs, OH-PCBs, and PBDEs among
residents of the Faroe Islands, a remote region in the Northern Atlantic far away from industrial and
urban sources of pollution.
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1 Introduction

This thesis is based on the original scientific Papers I – V, all of which address
human exposures to organohalogen substances (OHS) in the Faroe Islands. The
Faroe Islands is located northwest of Scotland and halfway between the Norwegian
west coast and Iceland (Figure 1.1). The chapter includes an overview of
environmental contamination in humans from these islands.

1.1 The Faroe Islands and the Faroese

The Faroe Islands is part of the sub-Arctic region, a wildlife sanctuary and an area
far from major industrial and urban activities. Although the islands are situated
rather far north, their climate is strongly influenced by the ocean’s Gulf Stream
currents, which create mild winters (mean temperature +3oC) and cool summers
(+11oC). The islands have volcanic origins of 110 million years ago, and are rocky
oceanic outcrops, lacking trees, with grass covering the land. The islands are
hatcheries for a large numbers of sea birds. 

The people of the Faroe Islands are of Nordic descent. The 48,000 inhabitants live
on 17 of the 18 islands, with an area of 1400 km2. Tórshavn is the capital of the
islands. The Faroe Islanders live in fishing communities highly dependent on the
marine environment, with a lifestyle that includes fishing, fish farming, and other
fishing-related activities. A more detailed description of Faroe Islands and culture
is given in http://www.faroeislands.com.

Seafood is a very important part of the Faroese diet, with 44% of dinner meals
based on fish. Since Medieval times, pilot whales (Globicephala melas) have been
caught and consumed by inhabitants of the islands. The tradition of driving pods of
pilot whales ashore at designated beaches is approved by the International Whaling
Commission. Today, pilot whale meat and blubber are distributed locally but are

Figure 1.1. The Faroe
Islands is constituted of 18
islands in the North
Atlantic, approximately
half-way between Iceland
and the West coast of
Norway.
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not for sale. The annual catch of pilot whales averages 1400 individuals a year, up
to 1997 (http://www.nammco.no/). In addition to the pilot whale, seabirds such as
fulmars (Fulmarus glacialis), puffin (Fratercula arctica) and guillemot (Uria
aalge) and their eggs are also significant food sources. Consumption of pilot
whales has been linked to high concentrations of mercury and organohalogens in
residents, and hence are a significant source of exposure for these contaminants
among those consuming whale meat and/or blubber [1]. 

1.2 The Faroe Islands and Environmental Contaminants 

In the mid-1980’s, investigations were started in the Faroe Islands to assess the
exposures to xenobiotics among pregnant women, and the potential adverse effects
of these exposures on the foetus. The first mother-child cohort was established in
1986-1987, which included 1022 children. During a 12-month period in 1994-95, a
second cohort was established, consisting of 182 pregnant women [2-4]. In 2000-
01, a third cohort was established, also over a 12-month period, with 148
participants [5]. Results from studies of these populations, whose main focus has
been on mercury-associated neurobehavioral dysfunctions, have been published in
a series of major scientific reports [6-11]. It was shown that post-natal exposures to
methyl-mercury from contaminated seafood are associated with increased risks for
neurodevelopmental deficits [3]. New studies indicate that prenatal exposure to
methyl mercury, and to a lesser degree polychlorinated biphenyls (PCBs), may
impair fetal and childhood development [5]. 

Since 1977, Faroese health authorities have advised the Faroese to limit
consumption of pilot whale meat to 1-2 times per week, due to high concentrations
of mercury in the meat [12]. Later, in the early 1980s, high concentrations of
pesticides were found in pilot whale blubber. In 1987, high PCB concentrations
were detected in four mother’s milk pools. Levels ranged from 1.8 to 3.4 µg/g lipid
weight [7]. The highest concentration was seen in milk pools from women who
frequently consumed whale meat at dinner. Consequently, an advisory was given
to restrict the consumption of whale blubber. Dietary questionnaires were
distributed among the subjects in these studies. Based on the responses, the
average daily intake of pilot whale meat and blubber during pregnancy was
calculated. Results are summarized in Table 1.1.

The sum of PCBs (ΣPCB) concentrations in the pilot whale blubber (1986-1988)
have been assessed as ~30 µg/g lipid weight (l.w.) [13,14], and the main sources of
human exposures to PCBs in the Faroe Islands was considered to be the blubber of
pilot whales. As a result, the health authorities recommended in 1989 to limit the
intake of pilot whale blubber to 100-200 g/month. In 1998, theses limitations were
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taken a step further, and girls and women were advised not to eat blubber until
after their child-bearing years [15]. Intake of blubber and meat from pilot whales
has significantly decreased because of these recommendations, c.f. Table 1.1.
Mercury concentrations in human blood have decreased over time [5,8], indicating
that the dietary practices of the Faroese have changed. PCB concentrations,
however, still remain high, indicating a continuing PCB exposure less dependent of
consumption of pilot whale blubber [5]. When PCB concentrations in maternal
serum from the second cohort (1994-95) were compared with levels in the third
cohort (2000-01), no significant reduction in ΣPCB concentration was seen [5].
However, specific congeners (CB-153, CB-118, and CB-105) were seen to
decrease over the period 1994-95 to 2000-01 [5].

Table 1.1. Average daily consumption of fish and pilot whale food
items among the Faroese according to the references indicated.

Pilot whale Ocean fish Ref.
Blubber (g) Meat (g) (g)

1986-87 7 12 72 [16]

2000-01 0.6 1.5 40.2 [5]

Because of their location and environmental contaminants, the Faroe Islands have
been included in the Arctic Monitoring and Assessment Programme (AMAP).
Similar human and environmental contamination has been observed in Greenland
and Northern Canada. Summaries of these situations are given in chapter 3, below
(See the AMAP 2002 review for an excellent overview of Arctic and sub-Arctic
contamination [17-19].

1.3 The thesis objectives

A main goal of this thesis has been to investigate exposures to selected
environmental pollutants among populations living far from major industrial or
urban areas. For the studies, a geographically and culturally well-defined
population was desirable which was known to be subjected exposed to persistant
organic pollutants (POPs). These criteria are met by the Faroe Island population.
Samples of human milk and serum from adults, and serum from children, were
analysed for a number of significant persistent and bioaccumulative environmental
contaminants, including historical persistent organic pollutants such as the well
known PCBs and DDT and metabolites, as well as new contaminants of emerging
concern such as the PBDEs. As the main sources of exposure for the Faroese to
these environmental contaminants are likely related to their traditional diet of pilot
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whale and seabirds, we analyzed fulmar, fulmar eggs and some pilot whale
samples for OHS. 

2 Persistent organohalogen contaminants

Persistent organic pollutants are targeted for environmental regulation because of
their persistence, bioaccumulation, toxicity, and potential for long-range transport,
as specified in the definition of POPs in the Stockholm convention ratified in May,
2001 [20]. The treaty lists twelve chemicals/chemical classes*, not all of which are
well known [20]. Of these 12 POPs, the present thesis assesses levels and sources
of 2,2-bis(4-chlorophenyl)-1,1,1-trichloroethane (DDT) and DDT metabolites (2,2-
bis(4-chlorophenyl)-1,1-dichloroethene) (DDE) and 2,2-bis(4-chlorophenyl)-1,1-
dichloroethane (DDD)), polychlorinated biphenyls PCBs and hexachlorobenzene
(HCB). This thesis also performs similar assessments of the major class of PCB
metabolites, the polychlorobiphenylols (OH-PCBs), as well as the polybrominated
diphenyl ethers (PBDEs), a persistent chemical of emerging interest. Since the
characteristics of each of these major chemical families are well known and have
been reviewed in detail elsewhere (International Programme on Chemical Safety
http://www.who.int/ipcs/en/ and Agency for Toxic Substances and Disease
Registry (ATSDR) http://www.atsdr.cdc.gov/toxprofiles/), this thesis will give
them only a brief review. 

DDT, DDE and DDD: Members of the DDT family of compounds, including
DDE, DDD (Figure 2.1), and other metabolites, have been among the most
widespread of the major environmental contaminants. DDT has been applied
world-wide as a pesticide to control insects on agriculture crops. In addition, in
tropical areas where human diseases such as malaria and typhus are endemic, DDT
has played an important historical role in reducing human suffering by reducing
the insect vectors of these diseases. Both DDE and DDD are breakdown products
of DDT, and o,p’-DDD has also been used medically to treat cancer [21]. During
the last 40 years, DDT and DDE/DDD metabolites have been given much attention
because of their ability to bioaccumulate and to cause significant effects on avian
wildlife. DDE is the most persistent of the three, and has been found as a major
contaminant in a great number of species world-wide [22]. DDT and its metabolite
DDE caused reproduction failure and declining populations of certain bird species
in the 1960s-70s due to egg shell thinning.[23,24]. Use of DDT was banned in
                                          
*DDT, aldrin, dieldrin, endrin, heptachlor, hexachlorbenzene, chlordane, mirex, toxaphene, PCBs, dioxins (PCDDs)

and furans (PCDFs).



5

Sweden in 1970, but it is still utilized in mosquito abatement programs in some
parts of the world to control malaria. Since the 1970’s the DDE concentrations in
humans and wildlife have been decreasing dramatically, and populations of many
the affected bird species are now increasing [23,25,26]. 

PCBs and OH-PCBs: The family of PCBs has been major industrial chemicals
with uses as flame-resistant oil in transformers and capacitors, as heat transfer
medium, and as plasticizer in paints and sealants. There are 209 PCB congeners.
PCBs enter the environment as commercial mixtures which contain a variety of
individual congeners, with relative congener concentrations varying among the
different commercial mixtures. Some, for example, are known as Aroclor mixtures
[27,28]. Several of the PCB congeners do not easily break down, and therefore
remain in the environment for long periods of time. Because PCBs bioaccumulate
and biomagnify up the food chain, PCB concentrations can be quite high in higher
trophic level species, especially marine mammals and humans [17,27-29]. PCB
residues have also been associated with adverse effects in developing bird embryos
and mammalian offspring [29]. Use of PCBs was restricted in Sweden in 1972, and
PCBs were banned in 1995. Subsequent to these and other actions, PCB
concentrations in the environment have generally decreased, but remain of
considerable concern. The chemistry and effects of PCBs have been extensively
reviewed [17,27-31].

In the early 70’s, following experimental work with individual PCB congeners,
metabolites of PCBs, OH-PCBs were described [32]. Soon thereafter, OH-PCBs
were identified in grey seal [33]. OH-PCBs seems to be strongly bound to the
blood compartment in humans, birds, grey seals, and polar bears [34-39]. These

Cl Cl
Cl

Cl Cl

Cl Cl

Cl Cl

Cl Cl

Cl Cl

DDT

DDDDDE

Figure 2.1. Schematic structure of p,p’-DDT (2,2-bis(4-chlorophenyl)-1,1,1-
trichloroethane) and the main DDT metabolites p,p’-DDE (2,2-bis(4-chlorophenyl)-1,1-
dichloroethene) and p,p’-DDD (2,2-bis(4-chlorophenyl)-1,1-dichloroethane).
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metabolities are formed via cytochrome P450-mediated oxidation of individual
PCB congeners, especially those that bioaccumulate in lipids. OH-PCBs are either
formed by direct insertion of hydroxyl group or via an arene oxide intermediate
(Figure 2.2). Sometimes the oxidation is followed by what appears to be a 1,2-shift
of a chlorine substituent [40].

PBDEs and PBBs: PBDEs (Figure 2.3) are additive flame retardants used in
consumer products such as polyurethane foams, television sets, computers, radios,
textiles, paints and plastics. PBDEs have been produced since the 1970’s in
increasingly larger quantities [41]. In 2001, annual production was nearly 70.000
ton [41]. Theoretically there are 209 PBDE-congeners that can be formed but only
a few of these are in fact formed and present in commercial PBDE mixtures.
PBDEs are commercially available in three different mixtures known as
PentaBDE, OctaBDE and DecaBDE, all containing different profiles of PBDE
congeners, as described elsewhere [42,43].

The first report of PBDEs in the environment occurred in 1981, when found in pike
from Sweden [44]. The pattern of PBDE congeners in biological samples is usually

Figure 2.2. 2,3,3',4,4'-pentachlorobiphenyl (CB-105) and 2,3',4,4',5-
pentachlorobiphenyl (CB-118) and their polychlorobiphenylol metabolite 2,3,3’,4’,5-
pentachloro-4-bipenylol (4-OH-CB107) are shown.
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quite similar to that of the commercial PentaBDE mixture, with BDE-47, BDE-99
and BDE-100 predominating. Residue levels of the lower brominated PBDEs have
been shown to be levelling off in Europe, while they appear to be increasing in
Canada and the U.S. [45-48]. In most countries, PBDE concentrations are still
considerably lower than the levels of PCBs. The most recent data has been
reviewed [49-55] and FAO/WHO has just finished a report on PBDEs [56] that
appears to be the most recent review of this class of POPs.

Polybrominated biphenyls (PBBs, Figure 2.3) are another family of brominated
flame retardants used as an additive to synthetic polymers in computer monitors,
televisions, textiles and plastic foams. In 1973, animal feed in Michigan was
accidentally contaminated with PBBs, which resulted in widespread contamination
of animal products (e.g. meat and diary products) with PBBs [57,58]. Michigan
residents living in this area may still have exposures to PBBs. Production of PBBs
in the United Stated was stopped in 1976. 

Figure 2.3. General structure of polybrominated diphenyl ethers (PBDEs) and
polybrominated biphenyls (PBBs).

O

PBDE

Br1-10

PBB
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3 Human exposure to POPs and their metabolites

Humans exposures to persistent environmental contaminants are generally
considered to occur via intake of contaminated food products. Unless exposures
occur under occupational conditions, uptake via inhalation or dermal routes uptake
are of less importance. This is the case with the “classical” POPs. However, this
may not be the case for the PBDEs, where inhalation seems to be an important
route of exposure [59,60]. Human body burdens of “classical” POPs are very
dependent on dietary habits, i.e. are the persons eating a variable diet, or are they
consuming from the top of the food chain. The latter is the case with fishermen and
their families [39,61], sport fishermen [62,63], Inuit in Northern Canada [64,65],
Greenland [65,66] and some residents of the Faroe Islands [3,5]. Populations living
in contaminated areas, like the two former PCB production sites in Slovakia and
Alabama (U.S.), have also shown elevated PCB concentrations [67-71]. The POPs
travel all over the world, and atmospheric and sea current transport are the most
important route by which POPs reach the Arctic region [53,72,73]. Consequently,
the local and regional differences that are seen in POP body burdens most likely
arise from the differing dietary habits among populations.

3.1 Human exposures in general
Diet is the main OHS exposure route for humans, seemingly independent of where
they live [29]. Concentrations of most POPs were generally higher in the past,
before legislative actions were taken by many countries, and their effects could be
seen in the late 1980’s and 1990’s. The exposure levels for PCBs, DDT and related
compounds as well as other pesticides in humans and wildlife have decreased
[21,26,74]. The most abundant contaminants are DDE and a set of PCB congeners
that are present at around 100-300 ppb. A brief overview of PCB contaminant
levels is given in Tables 3.1. The bans on DDT and other organochlorine pesticides
produced a rather rapid reduction in human concentrations (e.g. Norén and
Meironyté using Swedish mothers milk [26]), while restrictions on PCBs produced
a slower response. This difference in response reflects the differences in
applications and use of the two families of chemicals. Banning a pesticide
immediately limits its introduction into the environment. But when an industrial
chemical like the PCBs are banned it limits the use in products, but these PCB-
containing products (e.g. transformers) are still outdoors and continue to release
PCBs into the environment over the lifetime of the product. As shown in this
thesis, decreases in PCB concentrations are highly variable in different geographic
areas. 
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For PBDEs the exposure scenario is different since restrictions in their use have
just gone into effect, unless voluntary actions had been taken earlier, as is the case
with Sweden. An overview of PBDE levels from different countries is given in
Table 3.3 and 5.1.
Data on external exposures for many of these contaminants have been gathered by
national agencies and individual scientists examining food basket concentrations of
contaminants [75-79]. Fish and other seafood have been identified as the major
source of POPs, e.g. PCBs (Figure 3.1).

3.2 Human exposures in the Arctic and sub-Arctic regions

In the Arctic region, POPs such as PCBs and PBDEs have been detected in a
variety of Arctic fish and marine mammals [17,19,50,80]. Concentrations are high
among species that are at high trophic levels, such as some marine mammals, seals,
whales, and polar bears [12,81-91]. These species may serve as important dietary
sources for humans living in these Northern areas.

Communities in the Arctic region are usually rather dependent on seafood as a
dietary source, and are thus more highly exposed to POPs through their diet than
other populations (Table 3.1). Inuit communities in Greenland and Nunavik (Arctic
Québec, Canada) rely quite heavily on marine food, both for cultural and economic
reasons, especially marine mammals such as ringed seals, polar bears, and beluga
whales [64,66,92]. A dietary survey in Greenland estimated that the traditional
foods provided 25-30% of the total intake for the population [66,92]. However, the
proportion of the diet that consists of traditional foods and the relative composition
of diets varied between districts, and these differences influenced the POPs
exposures for Inuits both in Greenland and Arctic Canada [18,64,66,92]. Body
burden residue data from these two Inuit populations from Greenland and Arctic
Canada may be compared with data generated among Swedish fish-eaters that

Figure 3.1. Concentrations of ΣDDT, ΣPCBs and ΣPBDEs as determined by Swedish
food basket analysis [77].

Fish
Meat
Dairy
Other

PBDE
30 ng/day

DDT 
400 ng/day

PCB 
530 ng/day

Fish
Meat
Dairy
Other

PBDE
30 ng/day

PBDE
30 ng/day

DDT 
400 ng/day

DDT 
400 ng/day

PCB 
530 ng/day

PCB 
530 ng/day



10

Table 3.1. Median or geometric mean (GM) and min/max concentrations (ng/g l.w.) of CB-153
and ΣPCB are presented in serum and milk from women around the world. References to the
authentic scientific reports are given in the table. 

CB-153 ΣPCB

Location Year n
median/

GM min-max
median/

GM min-max ref.

Serum
Artic/sub-Arctic
Greenland 1993-95 408 – – 2100/– 700-5100 [66]a

Faroe Island 1994-95 182 370 10-3900 1300 69-13500 [3,5]b

Faroe Island 1994-95 89 430/– 35-2200 1800/– 140-9000 P I & II
Canada, Kitikmeot 1994-95 63 -/57 45-72 -/180 150-220 [65]c

Greenland, Disco Bay 1994-95 30 -/140 110-190 -/470 360-610 [65]c

Canada, Nunavik 1995-96 30 -/85 62-120 -/260 200-350 [65]c

Canada, Nunavik 1995-01 159 –/105 18-710 –/310 71-1950 [93]
Norway 1995-96 60 -/53 48-58 -/170 160-190 [65]c

Finland 1996 143 -/45 41-49 -/150 140-160 [65]c

Iceland, Reykjavik 1996 40 -/68 60-77 -/230 210-260 [65]c

Faroe Island 2000-01 148 260 12-1800 1100 44-5400 [5]b

Europe
Sweden 1973-91 50 -/210 91-780 -/620 270-2100 [61]
The Netherlands 1990-92 209 102 21-264 [94]b

Sweden 2000-01 15 56/– 27-200 180/– 100-600 [95]
The Netherlands 2001-02 90 63/- 19-230 – – [96]

North America

USA, California 1964-67 399 130/– 84-240 620/– 380-1100 [97]e

Human milk

Artic/sub-Arctic
Canada, Arctic 1989-90 107 400 – 1050 – [64]b 
Canada, Nunavik 1995-01 116 -/130 22-730 –/390 75-1900 [93]
Canada, Nunavik 1996-00 10 110/– – 390/– – [47]
Faroe Islands 1998-99 9 380/– 180-1100 1500/– 690-4600 P III

Europa
Sweden 2000-01 15 61-/ 24-190 190-/ 77-550 [95]
Belgium 2000-01 14 105 [98]b

Italy 2000-01 11 110 11-280 280 29-720 [99]b

U.K. 2001-03 54 49/– 4.3-130 180/– 26-530 [100]

North America
Canada, South 1988-89 16 37/– – 160/– – [101]

a 10, 50 and 90 percentiles, male and female; b mean; c 95% c.i.; e percentiler 10-90%; 
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consume quantities of fatty fish from the Baltic Sea [61]. Other populations
from the Arctic region (e.g., Norway, Sweden, Iceland, and Finland), which
consume freshwater and marine fish and terrestrial mammals such as reindeer,
sheep, and cattle (but no marine mammals), show lower PCB concentrations;
c.f. Table 3.1 [65]. 

The Faroese are highly dependent on seafood as a food source, and they include
pilot whale meat and blubber in their diet. This inclusion is leading to some
rather high concentrations of POPs among the Faroese (Table 3.1). Human
residue levels are discussed in Papers I-III in the present thesis. The inclusion of
whale in the Faroese diet is due more to reasons of tradition and culture than to
socioeconomic factors. Their practice differs from other whale-eating
populations, such as the Inuits of Greenland and Arctic Canada, who rely on
marine mammals as important food sources, both for cultural and economic
reasons. Apart from their local seafood, lamb, potatoes, and dairy products, the
majority of the food consumed in the Faroe Islands is imported. Thus, with the
exception of their consumption of marine mammals and seabirds, the exposure
situation of the Faroese is similar to that of the rest of Europe. In general, the
Faroese population has a life-style comparable to other Western populations, in
contrast to other whale-eating populations such as the Inuit.

The temporal trends for POPs in human populations in the Arctic are difficult to
determine, since most studies of residue levels have been performed during the
past 5-10 years, with only one or two time-points. However, a trend study
recently indicated increasing PBDE but decreasing PCB concentrations in
human milk from a population in Nunavik, Canada [47,102]. Variations of POPs
concentration among different populations in the Arctic have been assessed, and
human external exposures in these regions are discussed generally below.

3.3 External human exposures in the Arctic environment

The organohalogen content of food is the driver for the high human
concentrations of POPs in the Arctic environment. A few selected species are
important to the diet of people in these regions, and concentrations of POPs in
these species are discussed below. Data on PCBs and PBDEs in various human
foods are also shown in Table 3.2 and 3.3. 

Polar bears: The polar bear (Ursus maritimus) is one of the most highly
contaminated species of the Arctic biota: the highest PCB concentrations are
generally found in polar bears from the East Greenland, Svalbard and Arctic
Ocean regions; c.f. Table 3.2 [82]. Polar bears are the principal mammalian
predator at the top of the arctic marine food chain. Their diet is very lipid rich
consisting mainly of ringed seal. The bears are able to metabolize PCBs very 
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Table 3.2. Mean and min/max concentrations (ng/g l.w.) of ΣPCB are presented in fish, birds
and mammals. References to the authentic scientific reports are given in the table. 

ΣPCB
Species Location Year Lipid n mean range Ref.
Fish
Salmon (farmed) U.K 1999 ~15 5 300 260-380 [103]
Salmon (farmed) Canada 2000 13.5 2 – 140-400 [104]
Birds (egg)
Black legged kittiwake Canadian Arctic 1998 9 5 3100 – [90] a

Northern Fulmars Canadian Arctic 1998 11 5 2400 – [90] a

Thick billed murres Canadian Arctic 1998 13 5 1000 – [90] a

Fulmar Faroe Island 2000-01 10 19 6800 3300-18000 P IVb

Black guillemot East Greenland 2001 11 10 4900 980-34000 [91]
Black guillemot West Greenland 2001 10 7 1100 760-1400 [105]
Black guillemot East Greenland 1999 11 20 1900 1000-3000 [105]
Fulmar, muscle Faroe Island 2000-01 14 14 13000 10000-16000 P IVb

Mammals
(blubber/adipose)
Ringed Seal Canada, Arctic 1989-90 16 530 – [64]
Ringed Seal (F) Canada, Arctic 1993 30 300-540 – [106]
Ringed Seal (F/M) Greenland 1999 92 4/6 400/650 – [107]
Ringed Seal East Greenland 2001 96 5 980 510-1700 [91]
Harbour Seal Northern Norway 1989-90 92 7 4900 2200-11000 [108] b

Grey Seal Northern Norway 1989-90 93 23 5600 3000-10000 [108] b

Polar Bear (F/M) Svalbard 1989-91 8/6 13000/29000 6200-47000 [82] b

Polar Bear Canadian Arctic 1990 2600-7500 720-20000 [106] b

Polar Bear (S) East Greenland 1999-01 50 6500 – [81]
Polar Bear (F/M) East Greenland 1999-01 25/16 8200/9100 – [81]
Polar Bear East Greenland 1999-01 80 19 7000 2700-18000 [109]

Pilot whale (F/M) Faroe Islands 1986-88 79/80 69/6 13000/42000 – [14]
Pilot whale (Y) Faroe Islands 1997 86 173 16000 8700-20000 c [12] a

Pilot whale (F/M) Faroe Islands 1997 86/89 193/54 7200/17000 4700-24000 c [12] a

Beluga whale Canada, Arctic 1989-90 16 1000 – [64]
Beluga whale Greenland 2000 10 2400 – [107]

a pooled samples; b Geometric mean; c Calculated range
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efficiently, and the ΣPCB in this species is made up of only a few major
congeners [114]. POPs were first detected in polar bear fat in 1975 in samples
collected from the Hudson Bay region in Canada and Western Greenland [19].
From 1990 to 1999-2000, PCB concentrations have significantly decreased in
polar bears from Greenland [81,82]Similar decreasing trends are seen among
polar bears from Svalbard and Canada, and to a lesser extent among bears from
Canada [82,106,115]. The highest PBDE concentrations were found in Svalbard,
East Greenland, Southeast Baffin and Western Hudson Bay [19,116] c.f. Table
3.3. 

Seals: The decreasing trend of PCBs in seals during the last 25-30 years is not as
pronounced as the decreases seen in polar bears and seabirds from the Arctic. In
ringed seals (Phoca hispida) from the Canadian Arctic, the decline has been
most pronounced in the early 1970s - early 1990s, and has thereafter stabilised
[19]. In ringed seals from Greenland, no differences in PCB concentrations were
seen between 1994-2000 [85]. Trends in grey seals (Halichoerus grypus) from
Canada were similar, and concentrations started to decline in 1985-1991 [84].
PBDE concentrations in ringed seal from Northeast Greenland and Svalbard
were a magnitude higher than concentrations in seals from West Greenland and
the Canadian Arctic [116], PBDE concentrations have increased exponentially
in ringed seals from the Canadian Arctic [83]. PBDE concentrations in ringed
seals seem to vary between males and females [83]. 

Whales: In beluga (Delphinapterus leucas) and pilot whales (Globicephala
melas), PCB levels are declining [12-14,19]. From 1987-1997, PCBs in pilot
whales have decreased significantly [12-14]. Marine mammals in the western
North Atlantic have shown to be more highly contaminated than marine
mammals from the eastern North Pacific [117]. PCB concentrations in pilot
whales range from 4700-24000 ng/g l.w. [12] c.f. Table 3.2. PCB and PBDE
concentrations vary between adult and juvenile, and males and females. The
highest concentrations are in juveniles, somewhat lower or similar in males, and
lowest in adult females. The gender difference arises from the transfer of PCBs
and PBDEs from the female to her offspring via either in utero or lactational
exposures [12,86,87]. A similar gender difference in residue concentrations has
been seen in beluga whales [110].

PBDE concentrations in pilot whales range from 130 - 3200 ng/g l.w., and are
among the highest reported for biological samples taken from the Arctic region
[86-88] c.f. Table 3.3. Pilot whales migrate long distances to and from
industrialised areas, which may explain the higher PCB and PBDE
concentrations. Pilot whales are top predators, feeding mainly on squid but also
on a variety of fish species [14]. PBDE concentrations in beluga whales have
increased exponentially (1982-1997) from ~2 ng/g l.w. to ~15 ng/g l.w. [89].
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Table 3.3. Mean and min/max concentrations (ng/g l.w.) of BDE-47 and ΣPBDE are presented
in fish, birds and mammals. References to the authentic scientific reports are given in the
table. 

BDE-47 ∑PBDE

Species Location year Lipid
% n mean/

median min-max mean/
median min-max ref.

Fish
Salmon, farmed U.K. 1999 15 5 28 15-30 50 27-54 [103]
Salmon, farmed Canada 13 2 4.9-20 8.4-32
Bird
Black guillemot 
(egg)

East
Greenland 2001 11 10 – – 80 43-150 [91]

Black guillemot 
(egg)

West
Greenland 2001 10 7 24/– 1.8-3.1 [91]

Fulmar (egg) Faroe
Island 2000-01 10 19 4.3 1.2-14 21 P IV a

Fulmar (F/M),
subcutaneous fat

Faroe
Island 1998-99 8/6 8.2/29 – 21/74 – [88]b

Fulmar
subcutaneous fat

Faroe
Island 2000-01 88 9 8.4 4.8-36 19 11-78 P IV a

Mammals
(blubber)
Ringed seal
(F/M) 

Canadian
Arctic – – – – 26/50 – [110]

Ringed seal,
adult

East
Greenland 2001 96 5 – – 36 21-74 [91]

Ringed seal East
Greenland 1998 2 25 – 32 – [88]c

Ringed seal West
Greenland 1998 2 3.7 – 4.5 – [88]c

Ringed seal Baltic Sea 1981-88 91 260 – – – [111]

Pilot whale
(F/M)

Faroe
Island 1996 79/66 19/8 530/860 – 1050/1600 – [86]

Pilot whale,
F/M young  

Faroe
Island 1996 72/76 4/13 1700/1800 – 3040/3200 – [86]

Pilot whale Faroe
Island 1997 76 12 380 66-860 570 120-1200 [87]

Beluga whale, 
(F/M)

Canadian
Arctic – – – – 81/160 – [110]

Beluga whale Svalbard 1998 10 – – – 41-332 [112]
Beluga whale
F/M, Canada 1997-99 92/89 14/15 – – 540/430 170-1060 [113]

Minke whale 1998 2 22 – 39 – [88]c

Polar bear Svalbard, 1998 20 – – – 14-144 [112]
Polar bear Greenland 1999-02 2 30 – 52 – [88]c

a) Geomteric mean b) pooled sample c) pooled samples n=5 in each pool

PBDE levels in pilot whales may possibly be declining: the highest PBDE levels
were observed in 1994 and have decreased from 1992 -2000. However, the trend
is open to question due the large variation among individuals [112].
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Birds: PCB concentrations have slightly decreased in most seabirds in the Arctic
regions [19,90]. In a time-series study of biota from the eastern Canadian Arctic
(1975-1998), eggs from northern fulmar (Fulmarus glacialis), black-legged
kittiwake (Rissa tridactyla), and thick-billed murre (Uria lomvia) all showed
significantly deceasing PCB concentrations over time. In the northern fulmar,
the PCB levels decreased from 7100 ng/g l.w. to 2400 ng/g l.w. in 23 years [90].
During the same study period, PBDE concentrations appeared to increase, from
2-4 ng/g l.w. to 18-20 ng/g l.w. [116]. In guillemot (Uria algae) eggs from East
Greenland, ΣPCB are in a similar range as the fulmar, while ΣPBDE levels are
considerably higher, with a ΣPBDE of 80 ng/g l.w., c.f. Table 3.2 and 3.3.
[90,91]. 

The fulmars migrate along the Atlantic coastlines south of the Faroe Islands. As
is common among many seabirds, fulmars are having a diet mainly consisting of
fish, fish viscera and carrion. PCB concentrations in adult fulmar muscle (1998)
are quite variable, with CB-153 ranging between 2300-12000 ng/g l.w. [118].
These findings are further discussed in Papers IV-V and in Chapter 5. The
ΣPBDE in fulmars have been reported to show concentration difference between
sexes, with levels in females (22 ng/g l.w.) lower than in males (74 ng/g) [88].
Thus, ΣPBDE concentrations in male fulmars and guillemot from Greenland are
the same order of magnitude as levels in polar bears from Greenland [88,91] c.f.
Table 3.3. 

PCB and PBDE trends among Arctic wildlife: There is an overall declining trend
of PCB levels in whales, polar bears, and seabirds in the Arctic, while the trend
is less pronounced for seals. In ringed seals, PCB concentrations seem to be
constant over the years, while levels of PBDEs continue to increase. Based upon
this PBDE time-trend study for ringed seals, and if the PBDE levels in the
Arctic environment continue to increase at the current rate, PBDE
concentrations are calculated to exceed PCB values by 2050 [83].

The rates of increases among different PBDE congeners in the Canadian Arctic
differ, which will lead to significant changes in PBDE congener patterns in
biological samples in the future [83,89,113,119]. PBDE congener trends in the
beluga whale (1982 to 1997) and ringed seal (1981-2000) from the Canadian
Arctic indicate that, relative to ΣPBDEs, levels of tri- and tetraBDEs are
declining, while levels of the penta- and hexaBDEs are increasing [83,89]. In
ringed seals, the rate of increase of hexaBDEs (t1/2=4.3 years) is greater than the
rate for the tetraBDEs (t1/2=8.6 years) [83]. Similarly, in the beluga whale
blubber the contributions of the tri- and tetraBDEs to ΣPBDE have declined by
~50% and 7%, while the contributions of penta- and hexaBDEs have increased
by ~20% and 80% [89].
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Despite the relatively high POPs concentrations in the diet for Arctic
populations, there are major benefits conferred by a fish-rich diet. “The
international health group of AMAP have weighed the risks against the benefits
from traditional food and have decided to advise Arctic people to continue to eat
traditional foods and to breast feed their children, and to develop dietary advice
for girls and women of childbearing age and pregnant women that recommends
the use of less contaminated food items which maintain nutritional benefits”
[120].
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4 Analytical methodology

4.1 Matrix selection and sample collection 

In this thesis, human and wildlife samples from the Faroe Islands are analysed,
and results are discussed in relation to the OHS exposure situation in the Faroe
Islands. In Papers I-III human serum and milk samples are analysed and in
Papers IV-V fulmar muscle, subcutaneous fat and eggs are studied and analysed
for PCB, OH-PCBs and PBDEs. Additional results on pilot whale (meat,
blubber, and serum), and fulmar blood and guillemot eggs are presented in
Chapter 5.

Human serum and milk: To assess the occurrence and distribution of OHS in
humans, serum/blood, milk, liver and/or adipose tissue are frequently used.
Human serum and mother’s milk are the commonly used matrices, since both
are relatively easy to obtain and can be repeatedly sampled. The use of human
milk as a matrix, however, places limits on the number of potential study
subjects, the period of sampling, and the sex of the study population. 

Prenatal OHS exposure is assessed via analyses of maternal serum and cord
blood. Using data from these matrices, the direct transport of OHS contaminants
from the mother to the foetus can be estimated. An infant’s postnatal exposure to
OHS can be assessed through the analysis of contaminant levels in mother’s
milk. Since OHS concentrations in mother’s milk decrease over the period of
lactation, infant exposure during the whole breast-feeding period cannot be
assessed using data from only one time point during lactation [121]. Milk has
higher lipid content than serum, making the analysis of lipid-soluble compounds
easier with less amount of sample, as compared to serum. Serum/plasma has an
advantage in that it is possible to analyse substances that are rather easily
metabolised or are protein bound, such as the phenolic metabolites of PCBs and
PBDEs.

In Papers I-III human serum and milk samples were collected at the
Landssjukrahusiδ in Tórshavn, Faroe Islands. Mother-child pair cohorts were
generated in 1987, 1994-95 and 1998-99. Human serum samples were collected
from pregnant mothers as the cohort was formed in 1994-95, and milk samples
from these mothers were obtained 3-4 days postpartum. Milk samples were
analysed for the major PCB congeners [3]. Based on these results, serum and
milk samples were selected to represent the full range of PCB exposures.
Samples of maternal serum, serum from children born in the second cohort
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(1994-95) collected at year 7, and human milk were analysed for PCBs, OH-
PCBs and PBDEs (Papers I-III). 

Wildlife samples – pilot whale and fulmar: For analyses of environmental
contaminants in wildlife, one has a wide variety of suitable matrices to choose
from. Eggs, muscle, blubber/adipose, liver or blood are frequently used
matrices. Muscle tissues from bird, fish, or mammal are extensively used since
they are easily obtained and provide data on potential levels of human exposures
and of exposures to other top predators. Eggs are often used as a matrix to study
OHS exposures in embryos and female birds. Frequently the female bird
produces a replacement egg when an egg is picked from the nest, which reduces
the chances of affecting reproduction. Blood is also a commonly used matrix for
wildlife, as it provides the opportunity to examine levels of polar and protein-
bound compounds in the animal. 

In Papers IV and V, fulmar muscle, subcutaneous fat, and eggs are analysed for
PCBs, OH-PCBs, and PBDEs. The fulmar and the eggs from fulmars and
guillemots were collected in 2000 and 2001. The pilot whale blubber and meat
were collected in connection to a traditional whale drive in 1998. Serum samples
were collected from 17 pilot whales, whose sex and length were determined by
local authorities. The serum samples were randomly collected during the whale
drive in 1996 at Mitvág, Vagur at the Faroe Islands.

Sample preparation: The fulmar, fulmar eggs and blood samples were prepared
in collaboration with the Contaminant Research group at the Swedish Museum
of Natural History. Whole blood from the fulmars was collected from the dead
fulmars during autopsy. All other organs, liver, kidney, and muscle, and the
skeleton were archived at the environmental specimen bank in the Swedish
Museum of Natural History, Stockholm. All samples were frozen in -20oC and
kept frozen until analysis. 

4.2 Work up procedure

Analysis of OHS in biological samples consisted of the general steps:
homogenisation, extraction, lipid determination, lipid removal, fractionation of
analytes, analysis and quantification. The overall method is outlined in Figure
4.1 [122,123].

Extraction: The neutral substances analysed in Papers I-V were almost all
associated with the lipids in the study matrix. In contrast, the acidic OH-PCB
metabolites analysed in Papers I-III and V, were protein bound and related to
specific proteins. 
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The extraction methods used in this thesis were adopted after slight
modifications [122,123]. By using these methods, it was possible to provide
analysis of many different chemical families (e.g., pesticides, PBDEs, PCBs and
their metabolites) from the same sample, since they are all extracted
simultaneously. This is a significant advantage when handling samples that are
difficult to obtain or have limited volumes available, as was the case with serum
from the children (Paper II). Although a drawback might be that the overall
method would seem longer and more complicated compared to other methods,
this is not the case. Solid phase extraction (SPE) or supercritical fluid extraction
(SFE) are both fast extraction methods, but they usually only extract PBDEs
and/or PCBs and not their metabolites [87,124,125]. Other extraction techniques
(Soxhlet with recycling solvent, or Blight and Dyer liquid – liquid, or lipidex
extraction are less discriminating, but are more time-consuming and require
greater amounts of solvent than the other methods cited above [46,126,127].

The extraction method used for the serum and blood samples (Papers I-III) has
been described in detail elsewhere, and is outlined in Figure 4.1 [122]. Briefly,

Figure 4.1 General scheme of extraction and cleanup procedure for all matrices
analysed in Paper I-V in this thesis.

Sample

Lipid determination
(Gravimetrically or enzymatically)

Neutral compounds Phenol-type compounds

Lipid removal
H2SO4 (conc)

Cleanup
SiO2:H2SO4 (conc) column

SiO2-column

GC/ECD
PCB

GC/MS ECNI (SIM)
PBDE

Derivatization

Lipid removal
H2SO4 (conc)

Cleanup
SiO2:H2SO4 (conc) column

GC/ECD
OH-PCB

Homogenisation/Extraction (Denaturation)

Separation of neutral and phenol-type compounds

GC/MS ECNI (SIM)
OH-PCB
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serum samples (5 g) were denatured with hydrochloric acid and 2-propanol, and
thereafter liquid-liquid extracted with n-hexane:methyl tert-butyl ether (MTBE).
In Paper II, only 1-3 ml of serum was used, since it was impossible to get more
serum from children. To obtain 5 g serum for analysis, twice the amount of
blood needs to be collected.

The human milk samples were extracted with a slightly modified version of the
human serum method described above (Jensen S, pers. commun.). In the
extraction, formic acid and diethyl ether was used instead of hydrochloric acid
and MTBE. 

The muscle, subcutaneous fat, and blubber from the fulmar (Paper IV) and pilot
whale were homogenized (0.5-1.0 g) and extracted according to a scaled-down
version of a method develop by Jensen et al. [123]. The tissue was homogenised
in a mixture of n-hexane:acetone, and the mixture is solvent extracted with n-
hexane:MTBE. Both steps were performed in small test tubes to simplify the
method and limit amounts of solvents used (Papers IV and V). Fulmar eggs (1 g)
were extracted following the same procedures, except that the homogenization
step was not required (Paper V). To analyze OH-PCBs in the egg, the method
was scaled-down and slightly modified by adding 0.5 ml of 2 M hydrochloric
acid to the n-hexane:acetone (2:5) phase prior to the liquid-liquid extraction
step. This ensured that all expected phenols were protonated and extracted with
the other substances. To identify the OH-PCBs, a 40 g egg sample was used and
the extraction method was scaled up to accommodate the larger sample size. 

In addition to lipids and the OHS, the sample extract also may contain co-
extractable, partly aqueous-soluble compounds. Therefore, a washing step is
included. A weak salt solution (~1%), is used to wash the organic phase free of
any co-extracted compounds [122].

Lipid determination: The lipids and the OHS of interest are isolated from the
sample matrix during extraction. The lipid extract consist of fatty acids,
triglycerides, phospholipids and cholesterol. Plasma lipoproteins consist mainly
of proteins, phospholipids, cholesterol and triglycerides. 

Concentrations of fat-soluble OHS, which are stored in lipids, are usually
reported on a lipid weight basis to allow comparisons between samples
independent of their water content. In Papers I and III-V, lipid content was
determined gravimetrically. In Paper II, lipid concentrations were determined
enzymatically. Other studies have shown that enzymatic and gravimetric lipid
determination in serum are in good agreement [61,128]. However, enzymatic
methods are advantageous with small sample volumes, as was the case with
serum samples in Paper II. It is difficult to obtain reproducible and reliable
results using the gravimetric method on small amounts of lipid. Finally, the
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enzymatic method requires only a small volume of serum and the sample
cleanup is simplified.

Separation of neutral and phenolic compounds: In Papers I-III and V, the
neutral and phenolic compounds were isolated by partitioning with an alkaline
solution (0.5 M potassium hydroxide in 50% EtOH) according to Hovander et al
[122]. Since some compounds analysed (e.g. DDT, DDD and hexachloro
cyclohexane (HCH) [129]) are unstable in basic solutions, only a weak alkaline
solution was used and the partitioning was carried out quickly. The phenolic
compounds were converted to their corresponding methyl ethers using
diazomethane to make them more stable, less polar and suitable for analysis by
gas chromatography. 

Cleanup and lipid removal: The cleanup step attempts to remove all lipids in a
sample, as even traces of lipid contaminants may interfere with the performance
of the chromatographic system. Therefore, lipid removal is one of the most
difficult challenges in the sample preparation/analysis procedure. Lipids can be
removed by destructive methods such as acid hydrolysis using a strong acid like
sulfuric acid, or saponification with a strong base like potassium hydroxide
[129]. However, non-destructive clean-up methods are required if we are
attempting to identify and characterize unknown environmental contaminants
which may be destroyed by treatment with strong acids or bases. Such methods
include gel permeation chromatography (GPC), Lipidex, or liquid/liquid
partitioning with acetonitril [46,130,131]. For smaller amounts of lipids
adsorbents such as Florisil, alumina and silica are used. 

In all of the papers in this thesis, concentrated sulfuric acid was used to remove
the bulk of lipids in the samples. Since it is a destructive method for removing
lipids, it limited our analysis to those OHS which are unaffected by treatment
with concentrated acid. Further sample cleanup was achieved using one or two
columns of silica gel impregnated with conc. sulfuric acid, (2:1, w/w), with 0.1 g
activated silica gel at the bottom [122]. For PBDE analysis, the columns were
pre-washed with a similar volume of the same solvent that was used to elute the
first sample. Different solvents and solvent volumes were used as mobile phases
depending upon the matrix, which analytes were of interest, and the fabric of the
silica gel, (Papers I-V). Although the lipid content of the serum samples was
lower than the content of other matrices, serum samples still required an
intensive and careful cleanup for reproducible and accurate analysis and to
obtain good gas chromatographic properties. 

Fractionation by column chromatography: For the PBDE analysis, an additional
cleanup step was performed using a column packed with activated silica gel.
PCBs and PBDEs were fractionated on the column [46]. Although PCBs are not
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completely separated from PBDEs using this method, the inclusion of this step
resulted in better chromatographic properties on the GC/MS and improved
PBDE analysis. 

The fulmar eggs and pilot whale serum contained high concentrations of PCBs
compared to OH-PCBs. Small amounts of PCBs remained in the OH-PCB
fraction after the partitioning with the alkaline solution (Figure 4.1). These were
removed by using an additional column of activated silica gel, where PCBs were
fractionated from the OH-PCBs, prior to analysis.

4.3 Gas chromatographic analysis

In this thesis, OHS were analyzed using gas chromatography (GC) in
combination with either electron capture detection (ECD) or mass spectrometry
(MS). Analysis of PCBs and OH-PCBs in Papers I-V were performed using
GC/ECD. Analyses of PBDEs are reported in Papers II-IV and were performed
by GC/MS.

Gas chromatography with electron capture detection: GC in combination with
ECD is a common analytical technique for environmental contaminants, with
polar/non-polar GC columns used for quantification purposes. In Papers I-V,
either a DB-5 or CP-SIL 8CB column (5% phenyl polysiloxane) were used for
analyse of pesticides, PCBs, and OH-PCBs. A CP-SIL 8CB column with smaller
i.d. (0.15 mm) and thinner film thickness (0.12 µm) than the DB-5 column (0.25
mm i.d. x 0.25 µm film thickness) was useful for OH-PCB analysis, as it
improved the separation [35]. It also shortened the running time for PCB
analysis compared to the DB-5 column. A polar column with a 80%
biscyanopropyl 20% cyanopropylphenyl, siloxane phase, SPTM-2331 (30m x
0.25 mm i.d. x 0.20 µm film thickness) was used to verify 4-OH-CB107 (Paper
II), identification that is further discussed in Chapter 5.

GC-MS analysis: Mass spectrometry is useful both as a detector of great
sensitivity when coupled with gas chromatography, and for unambiguous
structure elucidations. Both chlorine- and bromine-containing compounds give
rise to typical isotope distribution patterns, 35Cl/37Cl and 79Br/81Br respectively,
which display the number of chlorine or bromine atoms in the fragment ions.
Electron capture negative ionisation (ECNI) is a very sensitive detection method
for many halogenated compounds. The moderation gas (or buffer/reagent gas),
such as ammonia or methane (used here) is bombarded with electrons to create
thermal electrons. The gas also helps to stabilize the analytes formed by
collisions. Molecular ions capture the thermal electrons and negative ions are
generated. Ionisation is achieved by three mechanisms: associative resonance
capture, dissociative resonance capture, and ion-pair production. 
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PBDEs mainly undergo dissociative resonance capture ionisation, with bromine
ions acting as a leaving group. The fragmentation pathway and pattern that
occurs is determined by the chemical structure of the analyte, the ion source
temperature, and the type and pressure of the reagent gas. ECNI, operating in the
selective ion monitoring (SIM) mode, has been frequently used for detection and
quantification of PBDEs in environmental samples [59,132-134]. The method is
very sensitive for PBDE analysis, but it gives little structure information and has
poor selectivity. 

High resolution mass spectrometry (HRMS) and time-of-flight mass
spectrometry (TOF/MS) have been used for PBDE quantification [135]. The
advantages of electron ionisation (EI) are that it is robust, generating valuable
structure information on the analytes, but it has less-than-optimal sensitivity.
The HRMS has a high specificity and high accuracy for PBDE identification,
which makes the technique useful for structure identification work [133,134].

Phenolic compounds in Paper V were identified by GC/ECD and GC/MS. OH-
PCBs were identified by comparing relative retention times (RRT) of the OH-
PCB derivatives with those of authentic reference MeO-PCBs on a non-polar
GC column. These measurements were coordinated with the identification work
by Hovander and co-workers on analytes in human serum [35]. The structures
were further verified by comparing fragmentation patterns of standards with
those of sample analytes using full scan mode and ECNI [35]. In the fulmar
eggs, levels of OH-PCBs were quantified by GC/MS, ECNI (SIM).

Quantification: Levels of PCBs, OH-PCBs, and pesticides were quantified using
GC/ECD. The linear relationship of the GC/ECD system was investigated by
running a series of dilutions of standard compounds in parallel with the samples.
These calibration curves were not used for quantification of the samples, but to
control the chromatographic system. Quantifications were achieved using a
single point external standard in the concentration range of the linear
relationship. Samples exceeding the linear range were diluted or concentrated
and re-analysed before quantification. 

PBDE levels were quantified (Papers II-IV) using GC/MS ECNI (SIM). The
linear relationship of the GC/MS system was determined in each study, and
quantification was based upon a single point standard. Thus, analytes were
quantified using a single standard concentration where standard and sample runs
are performed using the same ion source. The response may differs between
different ion sources and changes over the lifetime of the ion source. 
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4.4 Quality control of the analysis

Recovery experiment: For PBDE analysis in human milk (Paper III), a recovery
study was performed at two different concentration levels since the method had
not been used for PBDE analysis before. In each study (Papers I-V), the analysis
has been evaluated by measuring the recovery of the internal standard, which
was different for each substance class analysed. These recovery/yield
calculations were made in relation to an injection standard added just before the
final analysis. 

Control of cleanup procedures: To control for any contamination of the samples
via solvents, chromatographic gels, ambient air or other steps that would interact
with all samples, solvent samples were analysed in parallel with the study
samples. It would be preferred to have a blank serum or milk matrix, like the
study sample to be analysed, but this was difficult to achieve. Instead, solvent
blanks and Laboratory Reference Material (LRM) were run in parallel to the
study samples. A summary of all attempts to manage to get good blank samples
is given in Table 4.1. Even with these procedures in place, it is difficult to obtain
blank samples free from PBDEs.

LOQ for PBDE analysis: When blank samples had PBDE interference, the
lowest quantifiable amount (LOQ) was defined in direct relation to the amount
of interference: in order to be considered “quantifiable”, the levels of PBDEs in
the study sample in Papers II-IV had to be three times greater than PBDE levels
measured in the blank. In all PBDE data reported in this thesis, the average
blank sample amount has been subtracted from the results (“background
subtracted”). On average, LOQs for the PBDEs were similar for all
determinations. 

For statistical analysis of analyte levels, missing data (“non-detects”) must be
provided with some arbitrary level. This is especially important when the data
set contains a considerable number of “non-detects”. When the data set contains
only a few “non-detects,” the problem can be avoided by using the median
value. However when a larger number of values are reported below the LOQ, it
is necessary to replace them with a “target” value, either by taking half the LOQ
value or using a regression-based method. The regression-based method fits a
linear regression to the detected concentrations, and uses this regression
relationship to predict a value (Papers II and IV). Although both methods are
extensively used, the regression-based method seems more sensitive and robust
especially in applications for trend studies [136], and was used in the work
presented in Papers II and IV. 
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Table 4.1 Methods and/or actions  to reduce PBDE background contamination
Glassware/materials

Materials: No plastic materials
Easily cleaned materials
 Stainless steal
 Teflon
 Glass

Cleaning of glassware: Handwash and machine wash
After washing, rinse with deionised water
Pasteur pipettes are only machine washed
All glass treated at 300oC over night 
Stored wrapped in aluminium foil in dust free
environment

Solvents/chromatography

New batches of solvents: The batch is tested for PBDEs 
MTBE and isopropanol are distilled before use

Water solutions: Partitioned with DCM before use
Silica gel: Heated at 300 oC over night before use 

Columns for clean up are pre-washed with solvent

Samples
During handling: Avoid exposure to light e.g. no light in the fume

hood
Storage: Kept in the dark, wrapped in aluminium foil

Intercalibration study: The AMAP Ring Test for PCBs and pesticides was
established in 2000. It is open to all laboratories, and 25-34 laboratories have
participated. We have participated on four different occasions (once in 2001,
twice in 2002 and the last one in 2003). Within the study the reported results are
compared to the target value, and participants are scored according to predefined
criteria. The scored system was based on the number of results that are within
±20% and ±40% of the assigned value, which generated two levels, good and
acceptable. From this a score system was generated with an optimal result of
100%. Our results varied from 77 % to 94%.

Within laboratory, analysis control: A Laboratory Reference Material (LRM)
was prepared from a homogenate of human plasma provided from a hospital in
Stockholm (Karolinska sjukhuset) in 2002. The LRM was stored as 5 g aliquots
in glass test tubes at -20oC. One LRM was analysed with each batch of 10-20
samples.
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5 Results and discussion

These studies confirm earlier evidence that at least part of the population in the
Faroe Islands is highly exposed to environmental contaminants. Our studies
provide new data on sources of exposure to POPs in this population, and on the
levels of hydroxylated PCB metabolites and PBDEs in human serum (Papers I
and II) and in Faroese mother’s milk (Paper III). In the first part of this chapter,
we discuss these data in relation to present knowledge of human exposures to
POPs and their metabolites in populations living at Northern latitudes. In the
second part of the chapter, we discuss POP concentrations in traditional foods
from the Faroe Islands (e.g. pilot whale and seabirds) PCBs, OH-PCBs, and
PBDEs were measured in fulmars, as presented in Papers IV and V. The sources
and pathways of human external exposures to POPs and their metabolites are
addressed.

5.1 Human exposure

The PCB and PBDE results presented in this thesis are compared to other Arctic
populations which have similar dietary habits as the Faroese, e.g. Inuits in
Greenland and Arctic Canada. Since the Faroese have a Western lifestyle, which
most other Arctic communities do not have to a similar degree, the results are
also compared with populations residing in the more industrialized regions (e.g.,
Europe and the US). These comparisons are summarised in Chapter 3 and in
Table 3.1 and Table 5.1, where the data focus on human serum and milk. 

PCBs and OH-PCBs in serum from mothers and children: Maternal serum,
sampled in 1994-95, were analysed for PCBs and OH-PCBs (Paper I).
Additional samples of maternal serum from the same cohort, as well as serum
from children born in the second cohort (1994-95) and collected in 2001-02,
were analysed for PCBs, OH-PCBs, and PBDEs. The PCB concentrations
(Papers I and II) were in a similar range as reported in earlier studies from the
Faroe Islands [3,5]. When results from Papers I and II are combined, CB-153
concentrations correlate well with ΣPCB (r = 0.998), with CB-153 accounting
for 24% (mean value) of the ΣPCB (ranging from 18% to 29%). CB-153 is a
good indicator for ΣPCB concentrations in humans, even though other PCB
congeners may give valuable information. When comparing PCB levels in
different populations, it is useful to make these comparisons using CB-153, as it
is one of the main congeners and since the numbers of PCB congeners added
together differ between studies. 
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The PCB results from the maternal serum analysis (Papers I and II) are
compared to the populations mentioned above by comparing the CB-153
concentrations in these populations (Table 3.1). It is obvious from these data that
the PCB concentrations in some Faroese are among the highest in the world,
excluding humans living at hot spots. 

The OH-PCB concentrations in the mothers and their children are at the higher
end of the concentration range when compared to other countries, e.g. Sweden,
The Netherlands, Slovakia and Canada (Paper II, Table 5). The relative OH-
PCB pattern in the mothers is notably different from what is seen in the children.
In the children, 4-OH-CB107 is the dominant congener, while 4-OH-CB187 is
the major congener in the mothers (Figure 5.1 and Paper II). To exclude the
possibility that the different OH-PCB pattern in the children with higher 4-OH-
CB107 concentrations was due to co-elution on the GC column, a subset of 12
samples (4 mothers and 8 children) were analysed on a polar column, SPTM-

Figure 5.1. Gas chromatogram demonstrating the presence of polychlorobiphenylols
(OH-PCBs) in maternal serum sampled in 1994/95 and her child at age 7, sampled in
2000/01 from the Faroe Islands. The concentrations of the five most abundant OH-
PCBs were determined as their methyl ether derivatives. The structures of the
quantified OH-PCB congeners are superimposed in the figure.
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2331, in which the elution order differs from that on the non-polar, column used
for quantification. There was no co-elution interference with the 4-OH-CB107
congener besides the already known co-elution with 4-OH-CB108, which has a
minor contribution (~10%) to the total amount of 4-OH-CB107 in both the
mother’s and children serum.

The different OH-PCB pattern in the mother and children, as mention above,
(Figure 5.1), may arise from differences in the enzymatic capabilities between
children and adults to transform the parent congeners (CB-105, CB-118 and CB-
187). Earlier studies have shown that OH-PCB is transferred from the maternal
to the foetal blood [95,137]. The OH-PCB pattern in the maternal blood may
reflect the pattern in the cord blood, since the relative distribution between
different congeners in maternal and cord blood seems to be similar [95,137].
However, these data do not reveal anything about the relative transportation
during the whole pregnancy. In a recent study, maternal blood was collected
from women living in Uppsala, Sweden, at different time points during their
pregnancies [138]. The study indicated that 4-OH-CB107 decrease over the
period of pregnancy, while 4-OH-CB146 and 4-OH-CB187 remained at a
similar concentration range. This decrease over time in the mother’s of 4-OH-
CB107 may indicate that the foetus is taking up 4-OH-CB107 to a greater extent
than the other two OH-PCB congeners [138]. However, since the half-life of this
OH-PCB is expected to be in the range of 2-4 weeks in humans, based on rat
experiments [139], this can not explain the higher concentrations of 4-OH-
CB107 in the children. It cannot be excluded that different OH-PCB patterns
seen in mothers and children might be due to the time difference between the
two sampling periods, (mothers 1994-95, and their children, age 7, 2001-02). 

The OH-PCB and PCB results from Papers I and II were combined and plotted
relative to each other in Figure 5.2. PCB correlates well with OH-PCB among
persons with low PCB concentrations this correlation is less pronounced for
persons with high PCB concentrations. This may indicate that humans with high
PCB levels eliminate OH-PCBs at a higher rate, perhaps by the induction of
phase II enzymes and conjugation reactions. The OH-PCB concentration and
patterns in humans are influenced by the metabolism and differences in
metabolic capacity between individuals. The ΣOH-PCB concentrations
correspond to about 18% (5-40%) of the ΣPCB concentrations. 
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PBDEs in serum from mothers and children and in mother’s milk: PBDEs
concentrations in serum from mothers and their children are presented in Paper
II. Median ΣPBDE concentrations (sum of BDE-47, BDE-99, BDE-100 and
BDE-153) are similar in mothers and children (7.6 and 8.8 ng/g l.w.
respectively). The lipid adjusted PBDE concentrations are affected to some
extent by the different serum lipid contents, as shown in Table 1, Paper II. The
range of ΣPBDE levels in children’s serum is considerably wider than compared
to the mothers’ serum (Table 5.1). These results are in accordance to what was
observed in an age-related study in Norway, where PBDE concentrations in
children 5-14 years of age were similar to those in adults [140]. 

The ΣPBDE in the serum from Faroese mother and children are similar or
slightly higher than what is seen in other study groups from Europe. This is
mainly due to the high contribution from BDE-153 in the serum. BDE-47
concentrations in the Faroese serum are in a similar range as has been reported
in human serum from e.g. Germany, but considerably lower than in plasma or
serum from U.S.A. citizens (c.f. Table 5.1). When comparing PBDE
concentrations between different countries and studies, the year of sampling is
important, since most time-trends are showing increasing PBDE concentrations. 

Figure 5.2. The CB-153 concentrations plotted against ΣOH-PCB (sum of 4-OH-
CB107, 3-OH-CB153, 4-OH-CB146, 3'-OH-CB138 and 4-OH-CB187) in
maternal serum and serum from children (7 years). Data from Papers I and II.
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Table 5.1. Median and min/max concentrations (ng/g l.w.) of four BDE congeners and ΣPBDE are presented in serum and milk from women around
the world. References to the autehentic scentific repports are given in the table. 

BDE-47 BDE-99 BDE-100 BDE-153 ΣPBDE
Location/year year n/p median min-max median min-max median min-max median min-max median min-max Ref

Human milk
Arctic/sub-Arctic
Faroe Islands 1998/99 9 1.3 0.90-4.5 0.73 0.33-1.8 0.58 0.30-2.8 2.1 1.5-3.8 5.8 4.7-13 5 P III
Canada, Northern 1996-00 10 3.4 – – – – – – – 6.2 – 7 [47]

Europe
Finland 1994-98 11 0.85 0.30-4.3 0.35 0.14-0.94 – – 0.29 0.19-0.72 – 0.88-5.9 4 [141]
Sweden 1996-99 93 1.8 0.20-16 0.43 0.11-4.5 0.27 0.05-5.1 0.50 0.20-4.3 3.2 0.91-28 5 [142]
Sweden 2000-01 15 1.2 0.26-4.0 0.21 0.07-2.2 0.14 <0.01-0.69 0.32 0.03-1.2 2.1 0.56-7.7 9 [95]
U.K. 2001-03 54 2.7 0.1-37 0.8 n.d.-13 0.5 n.d.-7 1.3 n.d.-4.9 6.3 0.3-69 15 [100]
Germany 2001-03 62 0.54 – 0.17 – 0.17 – 0.53 – 1.8 – 9 [143]
Germany 2002 8 2.4 1,6-4,7 2.0 1.3-3.2 0.55 0.4-1.0 1.1 0.4-2.4 6.6 4.3-12 7 [144]

North America
Canada 1992 10 1.8 0.31-19 0.65 0.10-5.6 0.21 0.07-2.1 0.29 0.14-1.3 3.1 0.79-28 6 [145]
Canada 2001-02 98 – – – – – – – – 22 0.8-960 ∼7 [146]
U.S.A. Texas 2002 47 18 2.9-270 5.7 0.7-110 2.9 0.5-47 2.0 0.4-22 34 6.2-420 ∼10 [147]
U.S.A. 2002-03 20 25 5.5-590 4.5 0.76-200 4.9 0.57-170 10 1.1-120 58 9.5-1100 35 [148]
U.S.A. West coast 2003 9 33 7-88 5.5 1.4-19 3.9 0.9-23 2.4 1.0-18 50 13-160 12 [149]

Serum/plasma
Arctic/sub-Arctic
Faroe Island 1994-95 57 3.2 0.76-27 0.81 0.18-11 1.2 0.26-5.7 2.4 0.62-17 9.5 1.4-48 5 P II
Canada, Northern 1994-99 p 10a 9.1 4.8-24 4.5 2.8-12 1.7 1.0-4.1 2.0 0.8-6.7 20 13-47 8 [150]

Europe
Germany 1999 10 2.8 2.5-4.1b – – – – – – 4.3 3.5-5.5 8 [151]
Sweden 2000-01 15 0.83 0.3-5.1 0.19 <0.01-1.4 0.17 <0.01-0.52 0.56 0.27-1.0 2.1 0.71-8.4 9 [95]
Sweden 2001 50 2.3 0.65-23 0.51 0.21-8.3 0.74 0.18-7.0 2.7 0.77-12 9.3 2.6-54 6 [152]
The Netherlands 2001-02 78 2.4 0.6-13 0.76 <0.12-4.3 0.54 0.11-2.9 4.5 0.79-39 9.3 1.9-66 5 [96]

North America
U.S.A. Indianapolis 2001 12 28 9.2-310 5.7 2.4-68 4.2 1.9-110 2.9 1.0-83 37 15-580 6 [153]

a) 10 different pools. b) 25% and 75% quartile limits.
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Figure 5.3. Chromatograms (GC/MS)
demonstrating the presence of poly-
brominated diphenyl ethers (PBDEs) in
maternal serum (1994/95) and serum
from children at age 7, 2000/01). The
PBDEs quantified and reported in Paper
II (BDE-47, BDE-99, BDE-100, BDE-153
and BB-153/BDE-154) are indicated in
the chromatogram. Illustration of the
relative PBDE distribution between
mothers and children. The median
concentrations are given in ng/g l.w. of
the six BDE congeners, BDE-47, BDE-
99, BDE-100, BDE-153, BB-153/BDE-
154 and BDE-209 (Paper II).
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The typical PBDE congener pattern previously documented for human serum
and milk has BDE-47 as the dominant congener, followed by either BDE-99 or
BDE-153 [46,48,52,147]. In the mother’s serum (1994-95) from the Faroese,
BDE-47 was the dominant congener, followed by BDE-153, BDE-209, BDE-
100 and BDE-99. In the serum from the children (2000-01), the relative PBDE
pattern is different: BDE-153 is the dominant congener, followed by BDE-209,
BDE-99, BDE-47 and BDE-100 (Figure 5.3). A similar congener pattern, with
BDE-153 as the dominant congener, was also observed in Faroese mother’s milk
sampled in 1998/99 (Paper III, c.f. below). For BDE-47, about 50% of the
analysed serum samples from the children were below the limit of
quantification, while for BDE-153 all were above LOQ. 

The differences in PBDE pattern between the mothers and the children are most
likely due to the time differences between the two sampling points (7 years
apart, 1994-95 and 2001-02) rather than to varying distributions between
children and adults. This conclusion is drawn from comparison with the milk
study (Paper III), where the BDE-153 concentrations double over the 4-year
period 1994-95 to 1998-99. For BDE-209, concentrations in the children are
slightly higher than in the mothers, a difference which most probably is due to
the difference between the sampling 1994-95 and 2001-02. 

Human milk - temporal trend of the analytes: Human milk from Faroese women
sampled at three different time points from 1987 to 1999 (pooled samples) and
nine individual samples from 1998-99 were analysed for PCBs, OH-PCBs, and
PBDEs (Paper III). The PCB concentrations seem rather constant over the years,
with may be a slightly decreasing trend between 1987 to 1994/95 (Figure 5.4).
PCB concentrations are higher than those reported in other studies in Sweden,
Germany and Canada (Table 3.1). In a time-trend study in human milk in
Sweden (1972-1997) and Germany (1986-1997), PCBs decrease 70% and 60%,
respectively [26,154]. 

The PBDE concentrations in the milk from the Faroe Islands showed increasing
concentrations for all individual congeners and ΣPBDE (Figure 5.4). PBDE
concentrations in Faroese human milk (1998-99) are in a similar range as
observed in human milk from U.K. (2002) and Germany (2002), but at higher
levels than the rest of Europe (Table 5.1). In Southern Canada and in the U.S.,
PBDE concentrations in human milk are up to 100 times higher (Table 5.1).

As mentioned above, the PBDE congener pattern in residents of Faroe Islands
differs from patterns observed in other populations. In human milk, BDE-153
concentrations are in a similar range as BDE-47 at the first two times points
(1987 and 1994-95). At the last point, (1989-99) BDE-153 is the dominating
congener (Paper III, Figure 1). The increasing PBDE concentrations between 
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1994-95 and 1989-99 are mainly due to BDE-153. In the individual milk
analyses, 6 of 9 samples had higher BDE-153 concentrations than BDE-47
(Paper III). The increasing influence on ΣPBDE by BDE-153 compared to
previous years are also seen in human milk from Germany (1992-2000) [155].
In a limited number of human milk samples in the U.S. and Canada, BDE-153
has been shown to be the dominant congener, mainly in highly contaminated
samples [147,156,157]. In serum from Japan and in maternal serum from the
Netherlands, BDE-153 was reported to be the major congener in almost all
samples [158,159]. All of these studies have the same shift in congener patterns
that has been seen in the Faroese samples, with BDE-153 as the dominant
congener instead of BDE-47. An indication worth mentioning is the doubling of
BDE-209 in mother’s milk 1987 to 1998/99 (Paper III). BDE-209 has only been
reported in a limited number of samples from the U.S.A. [147,148,157]. BDE-
209 concentrations reported in the US studies are similar to those seen in the
Faroese study (Paper III). 

Human exposure to OHS and their metabolites: The wide variance in
concentration for both the PBDEs and PCBs among humans is probably due to
differences in lifestyle and dietary habits. For humans, the main exposure route
to persistent organic pollutants like PCBs is most probably through the diet, e.g.
fatty fish and sea mammals. The PBDE exposure route for humans is not fully
investigated, but it is probably related to diet and inhalation, including exposure
via dust [59,60]. Differences in PBDE concentrations among populations are
most probably due to differences in where they are applied, different types of
goods, and due to different dietary habits between countries [46,147,160,145].
Available data on PCB and PBDE concentrations in different food stuffs are
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Figure 5.4. A) ∑PCB concentration in ng/g l.w. (sum of CB-105, CB-118, CB-128, CB-138, CB-
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A B



34

summarised in Table 3.2 and 3.3, which concentrates on fatty fish and
traditional foods like whales, seals, and birds.

The body burdens of “classical” POPs, such as PCBs, increase with age
[39,161]. Such age related trends have not been observed for PBDEs, either in
Norway, Sweden or Belgium [39,98,140,162]. This lack of age-related increase
might be explained by the fact that PBDEs, in contrast to PCBs, are a relatively
new environmental contaminant. Among women, PCB concentrations levels
decrease with the number of children they have breastfed [161]. With PBDEs,
women older than 25 had lower PBDE concentrations compared to men at a
similar age [140,151,161]. The explanation for this might be related to breast-
feeding, where PBDEs are transferred in a similar way as the PCBs. The infants
are exposed to PCBs and PBDEs via transfer through the placenta, as well as via
the breast milk [141]. In an age-related study, children between 0 and 4 years
old had 2.8 times higher concentrations of PBDEs than all other age groups from
5-60 years [140]. This is likely due to the differences in dietary intake between
infants and adults, where infants’ dietary intake of OHS compounds is suggested
to be twice as high as adults’ when breastfeeding is included in the calculations
[140,163].

5.2 External human exposure in the Faroese environment

The main human exposure source for PCBs in the Faroe Islands is the diet (fatty
fish and sea mammals). Most countries have restrictions or recommendations
regarding intake of these food sources for women in childbearing age and during
pregnancy; this is also the case in the Faroe Islands. 

Dietary exposure: The main PCB exposure for part of the population in the
Faroe Islands originate from their traditional food sources, like pilot whale (meat
and blubber) and seabirds, such as fulmar and guillemot. About 44% of all
dinner meals in the Faroe Islands are based on fish. Elevated concentrations of
PCBs and PBDEs are found in fatty fish (e.g. salmon: Table 3.2).

Samples of muscle tissue, subcutaneous fat, and eggs from fulmars were
analysed for PCB and PBDEs (Paper IV). Additional analyses were performed
regarding PCB concentrations in meat and blubber from pilot whales. In fulmar
blood and pilot whale serum, PCBs, OH-PCBs, and PBDEs were analysed and
are presented in this thesis. In fulmar eggs, 36 OH-PCB congeners were
identified, five of those were quantified (Paper V). This is, to my knowledge, the
first report of an external exposure source of OH-PCBs for humans.

Fulmars: To investigate PCB food sources in the Faroe Islands other than the
pilot whale blubber and muscle, fulmar (meat, subcutaneous fat and egg),
guillemot (eggs) and halibut were analysed. The guillemot eggs as well as the
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halibut (unpublished) had low PCB concentrations, in contrast to the fulmar that
showed PCB concentrations equal to those in the pilot whale (Figure 5.7 and
Paper IV). Therefore, fulmars must be considered as an additional important
source of PCB exposures to humans. In contrast, the PBDE concentrations in the
fulmar are 100 times lower than those in the pilot whale (Paper IV and Table
3.2). Hence, human exposures to PBDEs from the fulmar are limited. 

In the fulmar blood, hexabromocyclododecane (HBCDD) and one PBDE
congener (BDE-153) were detected and quantified. Notable is the presence of
HBCDD as another brominated flame retardant than those discussed so far in
this thesis. 

The relatively high OH-PCB concentrations in the fulmars arise mainly from 4-
OH-CB146 and 4-OH-CB187, which indicates that these congeners are
selectively retained (Figure 5.6). This picture is similar to that previously
reported in two Pacific Ocean albatross species and the white-tailed sea eagle
(Haliaeetus albicilla) nestlings from the Baltic coast [164,36]. The results
indicate that blood is a very useful matrix for OH-PCB assessment. 

Figure 5.5. The ΣPCB
concentrations in µg/g l.w. for nine
major PCB congeners in guillemot
egg (n=5), fulmar egg (n=19), adult
fulmar muscle (n=14), pilot whale
meat (n=6) and blubber (n=5) as
deter-mined in this thesis.
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Pilot whale: Blubber and meat from pilot whales have been shown in several
studies to be highly contaminated with PCBs. Blubber and meat constitutes one
of the main PCB exposure sources for the Faroese (Table 3.2). A limited number
of analyses are presented in this thesis, and the results are in accordance with
previous findings (Table 3.2 and Figure 5.5). Pilot whales were shown to have a
high proportion of the lower chlorinated PCB and low brominated PBDEs. In
general cetaceans appear to have limited ability to metabolize non-planar
contaminants, such as parent PCB congeners to PCB methyl sulfone- and OH-
PCB metabolites, compared to other marine mammals, such as pinnipeds and
polar bears [40,109,165,166]. The PCB metabolite data suggests that both the
bowhead and pilot whale have sufficient enzymatic activity to generate arene
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Figure 5.6. Gas chromatogram (GC/ECD) demonstrating the presence of OH-PCBs in fulmar
blood and pilot whale serum from the Faroe Islands. The most abundant OH-PCBs were
determined as their corresponding methyl ethers; their identities are superimposed in the
chromatogram.
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oxide intermediates and subsequent OH-PCBs [165], but at considerable lower
concentrations than what is seen in polar bears or birds [36,109,164,167]. 

The PBDE congener pattern in pilot whale serum is similar to that seen in
blubber, with BDE-47 as the dominant congener [88,168]. In the neutral
fraction, two MeO-PBDEs were identified: 6-MeO-BDE47 and 2-MeO-BDE68
(Figure 5.7), in accordance with recent results from sea-living mammals from
Japan (pers. comm. M. Athanasiadou). In an earlier study, the presence of MeO-
PBDEs were indicated, but not identified in blubber from pilot whale [112]. The
PBDE chromatogram also reveals a considerable number of unidentified
brominated compounds (Figure 5.7).
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6  Concluding remarks

This thesis reinforces previous evidence that part of the population in the Faroe
Islands is highly exposed to OHS. The CB-153 median concentrations are
among the highest in the world, with 430 ng/g l.w. in maternal serum (1994-95).
The children (7 years) had approximately 90% of the serum CB-153
concentrations found in the mothers when sampled seven years after their
mothers. Hence, it can be concluded that there still is a major problem with the
PCB contamination in the world and that we still need to monitor PCBs. 
The temporal decline in PCB concentrations, as observed among the Faroese in
the present study, is minor. In fact, people need to be cautious with their diet, to
avoid consumption of food that leads to extensive accumulation of PCBs in their
bodies.
New data are presented on OH-PCB concentrations in serum samples from
Faroese mothers and children. A wide concentration range is seen between
individual mothers and children (0.13-14 ng/g fresh weight (f.w.) and 0.19-8.4
ng/g f.w., respectively). OH-PCB concentrations were lower in children than in
mothers, except for one OH-PCB congener, 4-OH-CB107. A good correlation
between PCB and OH-PCB concentrations was observed (Table 4 in Paper II).
In human milk, the OH-PCB concentrations were very low, as these are poorly
transferred to milk. The occurrence of OH-PCBs in the blood has the potential to
lead to endocrine-related effects, since it is known that OH-PCBs have
hormone-related toxicity [169,170] This is another reason why actions should be
taken to prevent further leakage of PCBs into the environment.
The occurrence, levels, and trends of PBDEs are reported for the first time in the
Faroese population in this thesis. A retrospective time study assessed PCB and
PBDE in human milk from three different time points, 1986, 1994 and 1999.
The PBDE concentrations were shown to increase, mainly due to BDE-153. The
median ΣPBDE concentrations in maternal serum and serum from children (9.5
and 12 ng/g lw., respectively) were similar to those values reported for Europe,
but at the higher end of the range. However, the PBDE congener pattern was
different from what has been observed before. In maternal serum, BDE-47 was
the dominant congener, followed by BDE-153, while in serum from the
children, BDE-153 was the dominant congener, followed by BDE-209, BDE-99,
BDE-47 and BDE-100. The differences in PBDE pattern may be due to the two
sampling points, 7 years apart (maternal serum in 1994-95 and children’s serum
2000-01), rather than a variation in distribution. This conclusion is drawn from
comparison with the milk study where the BDE-153 is increasing, doubling
from 1994 to 1999. Accordingly, PBDEs are present in the Faroe Island
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environment and in the inhabitants, again showing that a remote area of living
does not prohibit contamination of the population.
The main exposure source for human in the Faroe Islands are related to their
intake of traditional food sources like pilot whale blubber and meat, that have
been shown to contain elevated levels of OHS. A dietary survey was performed
in connection to the maternal serum sampling to estimate recent blubber intake
in the cohort. Faroese with no blubber intake showed a wide variation in their
PCB concentrations: 130-1500 ng/g l.w. for CB-153. Therefore, food sources for
PCB exposure other than the pilot whale were investigated. Fulmar, fulmar egg,
guillemot egg, mussels and halibut were analysed for PCBs. It turned out that
the PCB exposure contributions from guillemot, mussel and halibut were
limited, while fulmars had PCB concentrations at similar orders of magnitude as
the pilot whale. The PBDEs concentrations in the fulmars showed to be limited,
about 100 times lower than in the pilot whale blubber. Hence Faroese are also
exposed to PCBs via intake of fulmar and fulmar egg. However, since only
minor parts of the population in the Faroese are consuming fulmars, this has
only a minor contribution to the total exposure profile. Interestingly, and for the
first time, OH-PCBs were found in fulmar eggs, and hence a source of these
PCB metabolites in humans.
The POPs exposure problem is not only related to the most contaminated
industrialized areas, it is a global problem linked to dietary habits. Populations,
like the Faroese living in a remote area far from OHS pollution sources, are
showing high body burdens of OHS linked to their dietary habits. This thesis
stresses the dietary recommendations given by the health authorities in the Faroe
Islands (1998). The intake of pilot whale meat and blubber should be limited,
and girls and women should not eat blubber and meat from pilot whale until
after their childbearing years. The results in this thesis shows that fulmar meat,
subcutaneous fat, and fulmar eggs are an additional source for PCB exposure
and it would be preferable if the fulmar and their eggs is included in the dietary
recommendations.
This thesis is a contribution to increase the knowledge of the exposure situation
in the Faroe Islands, an area vulnerable to ubiquitous pollution. The reason for
the high PCB concentrations seen in the Faroese needs further attention. This
thesis does only include data from a few selected species and it would be
interesting to make a food basket analysis that includes those fish species that
make up a large proportion of the diet. The temporal trends in PBDE and PCB
levels in the human milk samples need to be confirmed with additional analysis
from recent years. It is of high priority to verify if PBDE concentrations are still
increasing, and to confirm that there is a shift in PBDE congener patterns.
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Hopefully, in the future we will approach the time when these POPs are in fact
declining in the environment. 



41

7 Acknowledgement

Att skriva en avhandling är inte en männsikas verk, utan en process som sakta men säkert
växer fram med hjälp av skicklig handling, god vägledning, fina vänner, kamratskap och en
fantastisk familj. Jag vill rikta ett speciellt tack till:

Åke Bergman, min handledare, för att du alltid har trott på mig och fått mig att överträffa
mig själv. Tack för all inspiration, uppmuntran och din stora empati.

Pál, för att du visat mig ett av de mest fantastiska land i världen, den värme och godhet som
jag mötte på Färöarna är helt enastående. Philippe, du är alltid en källa till inspiration, tack
för allt du gjort för Anemone. Utan er hade det inte funnits något projekt –Tack!

Kim Hooper, thank you for going through my thesis carfully with a very short notice.

Alla mina övriga medförfattare, Anna, Anders B, Ioannis, Linda, Lotta och Maria, vilket
härlig grupp vi utgör tillsammans. 

Alla på miljökemi har en egen mycket speciell plats i mitt hjärta, som vänner, kamrater och
kollegor…

Maria, vad vore livet utan dig, vilken tur att jag gjorde rätt val! Tack för att du med
outtröttlig entusiasm alltid lyssnar på mina idéer och frågor. Den värme och kärlek som du
sprider omkring dig är fantastisk! 

Lotta, du är mig nära, både i med-och motgång.

Ulrika, tack för att du är du, för att du alltid lyssnar, uppmuntrar, och tror på att allt går
vägen.

Anita, det är tur att miljökemi har dig, med din stora värme och medmänsklighet.

Jana, i vått och torrt är du en vän –Tack!

Ioannis, det har blivit några diskussioner genom åren – alltid lika givande. Men även tack för
att du tar dig tid att klura oavsett vad det gäller.

Linda, hoppas detta bara är början och att vi även i framtiden kommer att jobba tillsammans –
vad är bunkern utan dig?

Karin, Charlotta, Johanna och Linda tack för allt roligt vi gjort tillsammans inom och utanför
jobbet.

Hrönn, Anna M, Anna S, Daniel, Patricia, Lisa, Johan, Anna C, Ronnie, Tati (bästa
årgången), Tina o Per (ni är en härlig duo), Kaj, Lillemor, Ulla (rumskompis med fötterna på
jorden), Birgit, Margareta, Anna V, Emelie, Jeanette, Rick, Virginia, Cristina och Hans.

... tillsammans är vi Miljökemi.

Maria U, Anna S och Emma S ni var mina "försökskaniner" när det gäller handlederi.

Sören, Carl-Axel och Lars, ni kära "gamla mysgubbar".

Tack alla ni ”gamla” miljökemister det är mycket tack vare er som jag blev kvar, Anna,
Anders, Andreas, Daiva, Eden, Eva J, Eva KW, Göran, Hasse, Karlis, Nick, Sara och Stina.



42

Mina vänner, Annelie & Martin, Cissi, Charlotta & Petter, Helene, Jana & Andreas och Karin
& Daniel, Anna-Karin, tur att jag har er som visar mig att det finns en annan värld...

Jag vill tacka min familj för att ni alltid finns där och ger mig extra kraft att orka.

Sina livsavgörande beslut gör man oftast utan att man är medveten om det, många gånger är
det först efteråt som man ser vilket betydelse/inflytande ett visst beslut har haft på en ens liv.
Att välja Miljökemi var ett sådant beslut.

This thesis was financially supported by grants from the EU R&D programme, Anemone
(QLK4-CT-2001-00186)



43

8 References
1. Weihe, P., Grandjean, P., Debes, F., and White, R., (1996), Health implications for Faroe islanders of

heavy metals and PCBs from pilot whales, Sci. Total Environ., 186, 141-148.
2. Grandjean, P., Weihe, P., Jorgensen, P.J., Clarkson, T., Cernichiari, E., and Videro, T., (1992), Impact

of Maternal Seafood Diet on Fetal Exposure to Mercury, Selenium and Lead, Arch. Environ. Health,
47, 185-195.

3. Steuerwald, U., Weihe, P., Jorgensen, P.J., Bjerve, K., Brock, J., Heinzow, B., Budtz-Jorgensen, E., and
Grandjean, P., (2000), Maternal seafood diet, methylmercury exposure, and neonatal neurologic
function, J. Pediatr., 136, 599-605.

4. Grandjean, P., Bjerve, K.S., Weihe, P., and Steuerwald, U., Birthweight in a fishing community:
significance of essential fatty acids and marine food contaminants, International Journal of
Epidemiology, 30, 1272-1278.

5. Weihe, P. and et al., (2003), Sustained high concentrations of PCBs in Faroese pregnant women despite
diatary intervention., Organohalogen Compounds, 63, Boston, MA, USA, 389-392.

6. AMAP, (2003), AMAP Assessment 2002: Human Health in the Arctic, Chaper 9.
7. Grandjean, P., Weihe, P., Needham, L.L., Burse, V.W., Patterson, D.G.Jr., Sampson, E.J., Jorgensen,

P.J., and Vahter, M., (1995), Relation of a seafood diet to Mercury, Selenium, Arsenic and
Polychlorinated Biphenyl and other organochlorine concentrations in human milk, Environ. Res., 71,
29-38.

8. Grandjean, P., Weihe, P., White, R.F., Debes, F., Araki, S., Yokoyama, K., Murata, K., Sorensen, N.,
Dahl, R., and Jorgensen, P.J., (1997), Cognitive deficit in 7-year-old children with prenatal exposure to
methylmercury, Neurotoxicol. Teratol., 19, 417-428.

9. Grandjean, P., Weihe, P., Burse, V.W., Needham, L.L., Storr-Hansen, E., Heinzow, B., Debes, F.,
Murata, K., Simonsen, H., Ellefsen, P., Budtz-Jorgensen, E., Keiding, N., and White, R.F., (2001),
Neurobehavioral deficits associated with PCB in 7-year-old children prenatally exposed to seafood
neurotoxicants, Neurotoxicol. Teratol., 21, 305-317.

10. Grandjean, P., White, R., Sullivan, K., Debes, F., Murata, K., Otto, D., and Weihe, P., (2001), Impact of
contrast sensitivity performance on visually  presented neurobehavioral tests in mercury-exposed
children, Neurotoxicol. Teratol., 23, 141-146.

11. Weihe, P., Grandjean, P., Debes, F., and White, R., (1996), Health implications for Faroe Islanders of
heavy metals and PCBs from pilot whales, Sci. Total Environ., 186, 141-148.

12. Dam, M. and Bloch, D., (2000), Screening of Mercury and Persistent Organochlorine Pollutants in
Long-Finned Pilot Whale (Globicephala melas) in the Faroe Islands, Mar. Pollut. Bull., 40, 1090-1099.

13. Borrell, A. and Aguilar, A., (1993), DDT and PCB pollution in blubber and muscle of long-finned pilot
whales from the Faroe Islands, Biology of northern hemisphere pilot whales, Eds.: Donovan, G.P.,
Lockyer, C.H., and Martin, A.R., International Whaling Commission, 351-358.

14. Borrell, A., Bloch, D., and Desportes, G., (1995), Age Trends and reproductive transfer of
organochlorine compounds in long-finned pilot whales from the Faroe Islands, Environ. Pollut., 88,
283-292.

15. Food and Environmental Agency, (1998), Dietary Recommendation Concerning Pilot Whale Meat and
Blubber., Department of Occupational Health, Torshavn, Faroe Islands.

16. Vestergaard, T. and Zachariassen, P., (1987), Dietary survey 1981-82, Fróðskaparrit, 33, 5-18.
17. AMAP, (2002), Arctic Pollution 2002, ISBN 82-7971-015-9, Ed.: Helgi Jensson, AMAP, Oslo.
18. AMAP, (2003), AMAP Assessment 2002: Human Health in the Arctic, ISBN 82-7971-016-7, Oslo.
19. AMAP, (2004), AMAP Assessment 2002: Persistent Organic Pollutants in the Arctic, ISBN 82-7971-

019-1, Oslo.
20. UNEP, (2001), Final act of the conference of plenipotentaries on the Stockholm convention on

persistent organic pollutants, United Nations Environment Programme, Stockholm, Sweden.
21. Public Health Statement for DDT, DDE and DDD, (2005), www.atsdr.cdc.gov/toxprofiles.
22. WHO, (1989), Environmental Health Criteria 83. DDT and its derivatives - Environmental aspects,

International Program on Chemical Safety, World Health Organization, Geneva, Switzerland.



44

23. Helander, B., Olsson, M., and Reutergårdh, L., (1982), Residue levels of organochlorine and mercury
compounds in unhatched eggs in the relationships to breeding success in white tailed sea eagles
Haliaeetus albicilla in Sweden, Holarc. Ecol. , 5, 349-366.

24. Olsson, A., (1999), Applications of various analytical chemical methods for exposure studies of
halogenated environmental contaminants in the Baltic environment, Department of Environmental
Chemistry, Stockholm University, Thesis/Dissertation.

25. de March, B.G.E., de Wit, C.A., and Muir, D.C.G., (1998), Persistent organic pollutants, AMAP,
Assessment report: Arctic pollution issues, Arctic monitoring and assessment programme (AMAP),
183-371.

26. Norén, K. and Meironyté, D., (2000), Certain organochlorine and organobromine contaminants in
Swedish human milk in perspective of past 20-30 years, Chemosphere, 40, 1111-1123.

27. Waid, S., (1986), PCBs and the Environment I-III, CRC Press.
28. WHO, (1993), Environmental Health Criteria 140. Polychlorinated biphenyls and terphenyls,

International Program on Chemical Safety, World Health Organization, Geneva, Switzerland.
29. WHO, (2002), Global assessment of the state-of-the-science of endocrine disruptors, Eds.: Damstra, T.

and others, International Programme on Chemical Safety, WHO.
30. Safe, S., (1990), Polychlorinated biphenyls (PCBs), dibenzo-p-dioxins (PCDDs), dibenzofurans

(PCDFs), and related compounds: Environmental and mechanistic considerations which support the
development of toxic equivalency factors (TEFs), Crit. Rev. Toxicol., 21, 51-88.

31. Safe, S., (1994), Polychlorinated biphenyls (PCBs): environmental impact, biochemical and toxic
responces, and implications for risk assessment, Crit. Rev. Toxicol., 24, 87-149.

32. Sundström, G., Hutzinger, O., and Safe, S., (1976), The metabolism of chlorobiphenyls - a review,
Chemosphere, 5, 267-298.

33. Jansson, B., Jensen, S., Olsson, M., Renberg, L., Sundström, G., and Vaz, R., (1975), Identification by
GC-MS of phenolic metabolites of PCB and p,p'-DDE isolated from Baltic guillemot and seal, Ambio,
4, 93-97.

34. Bergman, Å., Klasson Wehler, E., and Kuroki, H., (1994), Selective retention of hydroxylated PCB
metabolites in blood,  Environ. Health Perspect., 102, 464-469.

35. Hovander, L., Malmberg, T., Athanasiadou, M., Athanassiadis, I., Rahm, S., Bergman, Å., and Klasson
Wehler, E., (2002), Identification of hydroxylated PCB metabolites and other phenolic halogenated
pollutants in human blood plasma, Arch. Environ. Contam. Toxicol., 42, 105-117.

36. Olsson, A., Ceder, K., Bergman, Å., and Helander, B., (2000), Nestling blood of the white-tailed Sea
Eagle (Haliaeetus albicilla) as an indicator of territorial exposure to organohalogen compounds - An
evaluation, Environ. Sci. Technol., 34, 2733-2740.

37. Sandau, C.D., Ayotte, P., Dewailly, E., Duffe, J., and Norstrom, R.J., (2000), Analysis of hydroxylated
metabolites of PCBs (OH-PCBs) and other chlorinated phenolic compounds in whole blood from
Canadian Inuit, Environ. Health Perspect., 108, 611-616.

38. Sandau, C.D., Ramsay, M.A., and Norstrom, R.J., (2000), Implications of hydroxylated metabolites of
PCBs and other halogenated phenolic compounds as endocrine disruptors in polar bears., Proceedings
of the Third Biennial International Conference on Chemical Measurement and Monitoring of the
Environment, 247-252.

39. Sjödin, A., Hagmar, L., Klasson Wehler, E., Björk, J., and Bergman, Å., (2000), Influence of the
consumption of fatty Baltic Sea fish on plasma levels of halogenated environmental contaminants in
Latvian and Swedish men, Environ. Health Perspect., 108, 1035-1041.

40. Letcher, R.J., Klasson Wehler, E., and Bergman, Å., (2000), Methyl sulfone and hydroxylated
metabolites of polychlorinated biphenyls, New types of persistent halogenated compounds, Ed.:
Paasivirta, J., The Handbook of Environmental Chemistry, 3, Springer-Verlag, 315-359.

41. Alaee, M., Arias, P., Sjödin, A., and Bergman, Å., (2003), An overview of commercially used
brominated flame retardants (BFRs) and their applications, changes in their use pattern in different
countries/regions over time and possible modes of release, Environ. Int., 29, 683-689.

42. Sjödin, A., Jakobsson, E., Kierkegaard, A., Marsh, G., and Sellström, U., (1-1-1998), Gas
chromatographic identification and quantification of polybrominated diphenyl ethers in a commercial
product, Bromkal 70-5DE, J. Chromatogr. A, 822, 83-89.

43. Sjödin, A., (2000), Occupational and dietary exposure to organohalogen substances, with special
emphasis on polybrominated diphenyl ethers, Department of Environmental Chemistry, Stockholm
University, Thesis/Dissertation.



45

44. Andersson, Ö. and Blomkvist, G., (1981), Polybrominated aromatic pollutants found in fish in Sweden,
Chemosphere, 10, 1051-1060.

45. Meironyté Guvenius, D. and Norén, K., (2001), Polybrominared diphenyl ethers in Swedish human
milk. The follow-up study, The Second International Workshop on Brominated Flame Retardants, BFR
2001, 5-14-0010, Stockholm, Sweden, 303-305.

46. Meironyté, D., Norén, K., and Bergman, Å., (1999), Analysis of polybrominated diphenyl ethers in
Swedish human milk. A time-related trend study, 1972-1997, Journal of Toxicology and Environmental
Health, Part A, 58, 329-341.

47. Pereg, D., Ryan, J.J., Ayotte, P., Muckle, G., Patry, B., and Dewailly, E., (2003), Temporal and spatial
changes of brominated diphenyl ethers (BDEs) and other POPs in human milk from Nunavik (Arctic)
and Southern Quebec, Oraganohalogen Compounds, 60-65, Boston, USA.

48. Sjödin, A., Jones, R.S., Lapeza, C., Focant, J.-F., Wang, R., Turner, W.E., Needham, L.L., and
Patterson, D.G.Jr., (2003), Retroperspective time trend study of brominated flame retardants and
polychlorinated biphenyls in human serum from various regions of the United States, 1885-2002,
Organohalogen compounds, 61, Boston, MA, USA, 1-4.

49. Darnerud, P.O., (2003), Toxic effects of brominated flame retardants in man and in wildlife, Environ.
Int., 29, 841-853.

50. de Wit, C., (2002), An overview of brominated flame retardants in the environment, Chemosphere,  46,
583-624.

51. Gill, U., Chu, I., Ryan, J.J., and Feeley, M., (2004), Polybrominated diphenyl ethers: Human tissue
levels and toxicology, Rev. Environ. Contam. Toxicol., 182, 55-96.

52. Hites, R.A., (2004), Polybrominated Diphenyl Ethers in the Environment and in People: A Meta-
Analysis of Concentrations, Environ. Sci. Technol., 38, 945-956.

53. Law, R.J., Alaee, M., Allchin, C.R., Boon, J.P., Lebeuf, M., Lepom, P., and Stern, G.A., (2003), Levels
and trends of polybrominated diphenylethers and other brominated flame retardants in wildlife,
Environ. Int., 29, 757-770.

54. Sjödin, A., Patterson, D.G.Jr., and Bergman, Å., (2003), A review on human exposure to brominated
flame retardants (BFRs) - particularly polybrominated diphenyl ethers (PBDEs), Environ. Int., 29, 829-
839.

55. Thuresson, K., (2004), Occupational exposure to brominated flame retardants - with emphasis on
polybrominated diphenyl ethers, Stockholm University, Environmental Chemistry Department,
Thesis/Dissertation.

56. WHO and FAO, (2005), Joint FAO/WHO expert committee on food additives, WHO Technical Report
Series, World Health Organization, Rome.

57. Fries, G.F., (1985), The PBB episode in Michigan. an overall appraisal, Crit. Rev. Toxicol., 16, 105-
156.

58. WHO, (1994), Environmental Health Criteria 152. Polybrominated Biphenyls, International Program on
Chemical Safety, World Health Organization, Geneva, Switzerland.

59. Sjödin, A., Hagmar, L., Klasson Wehler, E., Kronholm-Diab, K., Jakobsson, E., and Bergman, Å.,
(1999), Flame retardant exposure: Polybrominated diphenyl ethers in blood from Swedish workers,
Environ. Health Perspect., 107, 643-648.

60. Thuresson, K., Bergman, Å., and Jakobsson, K., (2005), Occupational exposure to commercial
decabromodiphenyl ether in workers manufacturing or handling flame retarded rubber, Environ. Sci.
Technol., ASAP.

61. Grimvall, E., Rylander, L., Nilsson-Ehle, P., Nilsson, U., Strömberg, U., Hagmar, L., and Östman, C.,
(1997), Monitoring of polychlorinated biphenyls in human blood plasma: Metodological developments
and influence of age, lactation, and fish consumption, Arch. Environ. Contam. Toxicol., 32, 329-336.

62. Anderson, H.A., Falk, C., Hanrahan, L., Olson, J., Burse, V.W., Needham, L., Paschal, D., Patterson,
D.J., and Hill, R.H.J., (1998), Profiles of Great Lakes critical pollutants: a sentinel analysis of human
blood and urine. The Great Lakes Consortium, Environ. Health Perspect., 106, 279-289.

63. He, J.-P., Stein, A.D., Humphrey, H.E., Paneth, N., and Courval, J., (2001), Time Trends in Sport-
Caught Great Lakes Fish Consumption and Serum Polychlorinated Biphenyl Levels among Michigan
Anglers, 1973-1993, Environ. Sci. Technol., 35, 435-440.

64. Dewailly, E., Ayotte, P., Bruneau, S., Laliberté, C., Muir, D., and Norstrom, R., (1993), Inuit Exposure
to Organochlorines through the Aquatic Food Chain in Arctic Québec, Environ. Health Perspect., 101,
618-620.



46

65. van Oostdam, J., Dewailly, E., Gilman, A., Hansen, J.C., Odland, J.O., Chashchin, V., Berner, J.,
Butler-Walker, J., Lagerkvist, B.J., Olafsdottir, K., Soininen, L., Bjerregaard, P., Klopov, V., and
Weber, J.-P., (2004), Circumpolar maternal blood contaminant survey, 1994-1997 organochlorine
compounds, Sci. Total Environ., 330, 55-70.

66. Bjerregaard, P., Dewailly, E., Ayotte, P., Pars, T., Ferron, L., and Mulvad, G., (2001), Exposure of Inuit
in Greenland to organochlorines through the marine diet, Journal of Toxicology and Environmental
Health, Part A, 62, 69-81.

67. Carpenter, D., Morris, D., and Legator, M., (2003), Initial attempts to profile health effects with types
of exposures in Anniston, Alabama, Fresenius Envir. Bull., 12, 191-195.

68. Hansen, L.G., DeCaprio, A.P., and Nisbet, I.C.T., (2003), PCB congener comparisons reveal exposure
histories for residents of Anniston, Alabama, USA, Fresenius Envir. Bull., 12, 181-190.

69. Kocan, A., Petrik, J., Jursa, S., Chovancova, J., and Drobna, B., (2001), Environmental contamination
with polychlorinated biphenyls in the area of former manufacture in Slovakia, Chemosphere, 43, 595-
600.

70. Kocan, A., Drobna, B., Petrik, J., Jursa, S., Chovancova, J., Conka, K., Balla, B., Sovcikova, E., and
Trnovec, T., (2004), Human exposure to PCBs and some other persistent organochorines in eastern
Slovakia as a consequence of former PCB production, Organohalogen Compounds, 66, Berlin,
Germany, 3539-3546.

71. Pavuk, M., Cerhan, J.R., Lynch, C.F., Schecter, A., Petrik, J., Chovancova, J., and Kocan, A., (2004),
Environmental exposure to PCBs and cancer incidence in eastern Slovakia, Chemosphere, 54, 1509-
1520.

72. Wania, F., (2003), Assessing the Potential of Persistent Organic Chemicals for Long-Range Transport
and Accumulation in Polar Regions, Environ. Sci. Technol., 37, 1344-1351.

73. Iwata, H., Tanabe, S., Sakai, N., and Tatsukawa, R., (1993), Distribution of Persistent Organochlorines
in the Oceanic Air and Surface Seawater and the Role of Ocean on Their Global Transport and Fate,
Environ. Sci. Technol., 27, 1080-1098.

74. Public Health Statement for Polychlorinated Biphenyls (PCBs), (2005), www.atsdr.cdc.gov/toxprofiles.
75. Bocio, A., Llobet, J.M., Domingo, J.L., Corbella, J., Teixidó, A., and Casas, C., (2003), Polybrominated

diphenyl ethers (PBDEs) in foodstuffs: Human exposure through the diet, J. Agric. Food Chem., 51,
3191-3195.

76. Kiviranta, H., Ovaskainen, M.L., and Vartiainen, T., (2004), Market basket study on dietary intake of
PCDD/Fs, PCBs, and PBDEs in Finland, Environ. Int., 30, 923-932.

77. Lind, Y., Darnerud, P.O., Aune, M., and Becker, W., (2002), Exposure to organic environmental
pollutants via the food (in Swedish), National Food Administration, Sweden.

78. Ryan, J.J. and Patry, B., (2001), Body burden and food exposure in Canada for polybrominated
diphenyl ethers, Organohalogen Compounds, 51, Gyeongju, Korea, 226-229.

79. Schecter, A., Päpke, O., Tung, K.C., Staskal, D., and Birnbaum, L., (2004), Polybrominated diphenyl
ethers contamination of United States food, Environ. Sci. Technol., 38, 5306-5311.

80. Muir, D., Braune, B., DeMarch, B., Norstrom, R., Wagemann, R., Lockhart, L., Hargrave, B., Bright,
D.A., Addison, R.F., Payne, J., and Reimer, K.J., (1999), Spatial and temporal trends and effects of
contaminants in the Canadian Arctic marine ecosystem: a review, Sci. Total Environ., 230, 83-144.

81. Dietz, R., Rigert, F., Sonne, C., Letcher, R., Born, E.W., and Muir, D.C.G., (2004), Seasonal and
temporal trends in polychlorinated biphenyls and organochlorine pesticides in East Greenland polar
bears (Ursus maritimus), 1990-2001, Sci. Total Environ., 331, 107-124.

82. Norstrom, R.J., Belikov, S.E., Born, E.W., Garner, G.W., Malone, B., Olpinski, S., Ramsay, M.A.,
Schliebe, S., Stirling, I., Stishov, M.S., Taylor, M.K., and Wiig, Ö., (1998), Chlorinated Hydrocarbon
Contaminants in Polar Bears from Eastern Russia, North America, Greenland, and Svalbard:
Biomonitoring of Arctic Pollution, Arch. Environ. Contam. Toxicol., 35, 354-367.

83. Ikonomou, M.G., Rayne, S., and Addison, R.F., (2002), Exponential increases of the brominated flame
retardants, polybrominated diphenyl ethers, in the Canadian arctic from 1981 to 2000, Environ. Sci.
Technol., 36, 1886-1892.

84. Addison, R.F. and Stobo, W.T., (2001), Trends in organochlorine residue concentrations and burdens in
grey seals (Halichoerus grypus) from Sable Is., NS, Canada, between 197 and 1994, Environ. Pollut.,
112, 505-513.

85. Rigert, F., Dietz, R., Vorkamp, K., Johansen, P., and Muir, D., (2004), Levels and spatial and temporal
trends of contaminants in Greenland biota: an updated review, Sci. Total Environ., 331, 29-52.



47

86. Lindström, G., Wingfors, H., Dam, M., and van Bavel, B., (1999), Identification of 19 polybrominated
diphenyl ethers (PBDEs) in long-finned pilot whale (Globicephala melas) from the Atlantic, Arch.
Environ. Contam. Toxicol., 36, 355-363.

87. van Bavel, B., Sundelin, E., Lillbäck, J., Dam, M., and Lindström, G., (1999), Supercritical fluid
extraction of polybrominated diphenyl ethers, PBDEs, from long-finned pilot whale (Globicephala
melas) from the Atlantic, Organohalogen Compounds, 40, Venice, Italy, 359-362.

88. Vorkamp, K., Dam, M., Rigert, F., Fauser, P., Bossi, R., and Hansen, A.B., (2004), Screening of »new«
contaminants in the marine environment of Greenland adn the Faroe Islands, NERI Technical Report
No.525, Ministry of the Environment, National Environmental Research Institute.

89. Stern, G. and Ikonomou, M., (2000), Temporal trends of polybrominated diphenyl ethers in SE Baffin
Belunga: Increasing evidence of long range atmospheric transport, Organohalogen compounds, 47,
Dioxin, 2000, Monterey, USA, 81-84.

90. Braune, B.M., Donaldson, G.M., and Hobson, K.A., (2001), Contaminant residues in seabird eggs from
the Canadian Arctic. Part I. Temporal trends 1975-1998, Environ. Pollut., 114, 39-54.

91. Vorkamp, K., Christensen, J.H., and Riget, F., (2004), Polybrominated diphenyl ethers and
organochlorine compounds in biota from the marine environment of East Greenland, Sci. Total Environ.
, 331, 143-155.

92. Deutch, B., Pedersen, H.S., and Hansen, J.C., (2004), Dietary composition in Greenland 2000, plasma
fatty acids and persistent organic poullutants, Sci. Total Environ., 331, 177-188.

93. Muckle, G., Ayotte, P., Dewailly, E., Jacobson, S.W., and Jacobson, J.L., (2001), Determinants of
polychlorinated biphenyls and methylmercury exposure in Inuit women of childbearing age, Environ.
Health Perspect., 109, 957-963.

94. Koopman-Esseboom, C., Huisman, M., Weisglas-Kuperus, N., Boersma, E.R., de Ridder, M.A., and
van der Paauw, C.G., (1994), Dioxin and PCB levels in blood and human milk in relation to living areas
in The Netherlands, Chemosphere, 29, 2327-2338.

95. Meironyté Guvenius, D., Aronsson, A., Ekman-Ordeberg, G., Bergman, Å., and Norén, K., (2003),
Human prenatal and postnatal exposure to polybrominated diphenyl ethers, polychlorinated biphenyls,
polychlorobiphenylols and pentachlorophenol, Environ. Health Perspect., 111, 1235-1241.

96. Weiss, J., Meijer, L., Sauer, P., Linderholm, L., Athanassiadis, I., and Bergman, Å., (2004), PBDE and
HBCDD levels in blood from Dutch mothers and infants - Analysis of a Dutch Groningen infant cohort,
Organohalogen Compounds, 66, 9-6-2004, Berlin, Germany, 2682.

97. James, R.A., Hertz-Picciotto, I., Willman, E., Keller, J.A., and Charles, M.J., (2002), Determinants of
serum polychlorinated biphenyls and organochlorine pesticids measured in women from the Child
health and development study cohort, 1963-1967, Environ. Health Perspect., 110, 617-624.

98. Pirard, C., De Pauw, E., and Focant, J.-F., (2003), Levels of selected PBDEs and PCBs in belgian
human milk, Organohalogen Compounds, 64, Boston, USA, 158-161.

99. Weiss, J., Päpke, O., Bignert, A., Jensen, S., Greyerz, E., Agostoni, C., Besana, R., Riva, E.,
Giovannini, M., and Zetterström, R., (2003), Concentrations of dioxins and other organochlorines
(PCBs, DDTs, HCHs) in human milk from Seveso, Milan and a Lombardian rural area in Italy: a study
performed 25 years after the heavy dioxin exposure in Seveso, Acta Paediatr., 92, 467-472.

100. Kalantzi, O.I., Martin, F.L., Thomas, G.O., Alcock, R.E., Tang, H.R., Drury, S.C., Carmichael, P.L.,
Nicholson, J.K., and Jones, K.C., (2004), Different levels of polybrominated diphenyl ethers (PBDEs)
and chlorinated compounds in breast milk from two U.K. Regions, Environ. Health Perspect., 112,
1085-1091.

101. Dewailly, E., Tremblay-Rousseau, H., Carrier, G., Groulx, S., Gingras, S., Boggess, K., Stanley, J., and
Weber, J.-P., (1991), PCDDs, PCDFs and PCBs in human milk of women exposed to a PCB fire and of
women from the general population of the province of Québec, Chemosphere, 23, 1831-1835.

102. Dallaire, F., Dewailly, E., Muckle, G., and Ayotte, P., (2003), Time Trends of Persistent Organic
Pollutants and Heavy Metals in Umbilical Cord Blood of Inuit Infants Born in Nunavik (Québec,
Canada) between 1994 and 2001, Environ. Health Perspect., 111, 1660-1664.

103. Jacobs, M.N., Covaci, A., and Schepens, P., (2002), Investigation of selected persistent organic
pollutants in farmed Atlantic salmon (Salmo salar), salmon aquaculture feed, and fish oil components
in the feed, Environ. Sci. Technol., 36, 2797-2805.

104. Easton, M., Luszniak, D., and Von der Geest, E., (2002), Preliminary examination of contaminant
loadings in farmed salmon, wild salmon and commercial salmon feed, Chemosphere, 46, 1053-1074.



48

105. Vorkamp, K., Christensen, J.H., Glasius, M., and Rigert, F., (2004), Persistent halogenated compounds
in black guillemots (Cepphus grylle) from Greenland-levels, compound patterns and spatial trends,
Mar. Pollut. Bull., 48, 111-121.

106. Muir, D. and Norstrom, R., (2000), Geographical differences and time trends of persistent organic
pollutants in the Arctic, Toxicol. Lett., 112-113, 93-101.

107. Rigert, F., Johansen, P., Glasius, M., Vorkamp, K., Dahlgaard, H., Muir, D., Asmund, G., and Born,
E.W., (2003), AMAP greenland and the Faroe Islands 1997-2001. Vol. 2: The Environment of
Greenland, Danish Cooperation for Environment in the Arctic, Ministry of Environment, Denmark.

108. Ruus, A., Ugland, K.I., Espeland, O., and Skaare, J.U., (1999), Organochlorine contaminants in a local
marine food chain from Jarfjord, Northern Norway, Mar. Environ. Res., 48, 131-146.

109. Sandala, G.M., Sonne-Hansen, C., Dietz, R., Muir, D.C.G., Valters, K., Bennett, E.R., Born, E.W., and
Letcher, R.J., (2004), Hydroxylated and methyl sulfone PCB metabolites in adipose and whole blood of
polar bear (Ursus maritimus) from East Greenland, Sci. Total Environ., 331, 125-141.

110. Alaee, M., Luross, J., Sergeant, D.B., Muir, D., Whittle, D.M., and Solomon, K.R., (1999), Distribution
of polybrominated diphenyl ethers in the Canadian environment, Organohalogen compounds, 40,
Dioxin, 1999, Venice, Italy, 347-350.

111. Haglund, P.S., Zook, D.R., Buser, H.R., and Hu, J., (1997), Identification and quantification of
polybrominated diphenyl ethers and methoxy-polybrominated diphenyl ethers in Baltic biota, Environ.
Sci. Technol., 31, 3281-3287.

112. van Bavel, B., Dam, M., Tysklind, M., and Lindström, G., (2001), Levels of polybrominated diphenyl
ethers in marine mammals, Organohalogen Compounds, 52, Gyeongju, Korea, 99-103.

113. Lebeuf, M., Gouteux, B., Measures, L., and Trottier, S., (2004), Levels and Temporal Trends (1988-
1999) of Polybrominated Diphenyl Ethers in Beluga Whales (Delphinapterus leucas) from the St.
Lawrence Estuary, Canada, Environ. Sci. Technol., 38, 2971-2977.

114. Norstrom, R., Simon, M., Muir, D.C.G., and Schweinsburg, R., (1988), Organochlorine contaminantion
in Arctic marine food chains:  identification, geographical distribution and temporal trends in polar
bears, Environ. Sci. Technol., 22, 1063-1071.

115. Henriksen, E.O., Wiig, Ö., Skaare, J., Gabrielsen, G.W., and Derocher, A.E., (2001), Monitoring PCBs
in polar bears: lessons learned from Svalbard, J. Environ. Monit., 3, 493-498.

116. de Wit, C., Alaee, M., and Muir, D., (2004), Brominated flame retardants in the Arctic - an overview of
spatial and temporal trends, Organohalogen Compounds, 66, Berlin, Germany, 3811-3816.

117. Mössner, S. and Ballschmiter, K., (1997), Marine Mammals as Global pollution Indicators for
Ogranochlorines, Chemosphere, 34, 1285-1296.

118. Dam, M., Mikkelsen, B., Jensen, J.-K., and Reinert, J., (2002), Concentration of environmental
pollutants in fulmars (Fulmarus glacialis) from the Faroe Islands, The second AMAP International
Symposium on Environmental Pollution of the Arctic, Finland.

119. Norstrom, R.J., Simon, M., Moisey, J., Wakeford, B., and Weseloh, D.V.C., (2002), Geographic
distribution (2000) and temporal trends (1981-2000) of brominated diphenyl ethers in Great Lakes
herring gull eggs, Environ. Sci. Technol., 36, 4783-4789.

120. AMAP, (1998), AMAP Assessment Report: Arctic Pollution Issues, Oslo.
121. Lovelady, C.A., Dewey, K.G., Picciano, M.F., and Dermer, A., (2002), Guidelines for collection of

human milk samples for monitoring and research of environmental chemicals, Journal of Toxicology
and Environmental Health, Part A, 65, 1881-1891.

122. Hovander, L., Athanasiadou, M., Asplund, L., Jensen, S., and Klasson Wehler, E., (2000), Extraction
and cleanup methods for analysis of phenolic and neutral organohalogens in plasma, J. Anal. Toxicol.,
24, 696-703.

123. Jensen, S., Reutergårdh, L., and Jansson, B., (1983), Analytical methods for measuring organochlorines
and methyl mercury by gas chromatography, FAO Fish. Tech. Pap., 212, 21-33.

124. Thomsen, C., Janak, K., Lundanes, E., and Becher, G., (2001), Determination of phenolic flame-
retardants in human plasma using solid-phase extraction and gas chromatography-electron capture mass
spectrometry, J. Chromatogr. B, 750, 1-11.

125. Thomsen, C., Leknes, H., Lundanes, E., and Becher, G., (2002), A new method for determination of
halogenated flame retardants in human milk using solid-phase extraction, J. Anal. Toxicol., 26, 129-
137.

126. Bligh, E.G. and Dyer, W.J., (1959), A rapid method of total lipid extraction and purification, Can. J.
Biochem. and Physiol., 37, 911-917.



49

127. Norén, K. and Sjövall, J., (1993), Liquid-gel partitioning and enrichment in the analysis of
organochlorine contaminants, J. Chromatogr., 642, 243-251.

128. Rylander, L., Nilsson-Ehle, P., and Hagmar, L., (2004), A simplified but accurate and precise method
for adjusting serum levels of persistent organohalogen pollutants to total serum lipids, Chemosphere,
Submitted.

129. Reutergårdh, L., (1988), Identification and distribution of chlorinated organic pollutants in the
environment, Department of Analytical Chemistry, Stockholm University, Thesis/Dissertation.

130. Norstrom, R.J., Simon, M., and Mulvihill, M.J., (1986), A gel-permeation/column chromatography
cleanup method for the determination of CDD in animal tissue, Intern. J. Environ. Anal. Chem., 23,
267-287.

131. Haraguchi, K., Kuroki, H., and Masuda, Y., (1984), Analytical method for minute amounts of
polychlorinated biphenyl methylsulfones from fatty tissue, J. Anal. Toxicol., 8, 177-181.

132. Asplund, L., Athanasiadou, M., Sjödin, A., Bergman, Å., and Börjeson, H., (1999), Organohalogen
substances in muscle, egg and blood from healthy Baltic salmon (Salmo salar) and Baltic salmon that
produced offspring with the M74 syndrome, Ambio, 28, 67-76.

133. Covaci, A., Voorspoels, S., and de Boer, J., (2003), Determination of brominated flame retardants, with
emphasis on polybrominated diphenyl ethers (PBDEs) in environmental and human samples - a review,
Environ. Int., 29, 735-756.

134. Thomsen, C., Småstuen Haug, L., Leksnes, H., Lundanes, E., Becher, G., and Lindström, G., (2002),
Comparing electron ionization high-resolution and electron capture low-resolution mass spectrometric
determination of polybrominated diphenyl ethers in plasma, serum and milk, Chemosphere, 46, 641-
648.

135. Focant, J.-F., Sjödin, A., Turner, W.E., and Patterson Jr, D.G., (2004), Measurement of selected
polybrominated diphenyl ethers, polybrominated and polychlorinated biphenyls, and organochlorine
pesticides in human serum and milk using comprehensive two-dimensional gas chromatography isotope
dilution time of flight mass spectrometry, Anal. Chem. , 76, 6313-6320.

136. Bignert, A., (2003), Biological aspects and statistical methods to improve assessments in environmental
monitoring, Department of zoology, Stockholm University, Thesis/Dissertation.

137. Soechitram, S.D., Athanasiadou, M., Hovander, L., Bergman, Å., and Sauer, P.J.J., (2004), Fetal
exposure to PCBs and their hydroxylated metabolites in a dutch cohort, Environ. Health Perspect., 112,
1208-1212.

138. Larsdotter, M., Darnerud, P.O., Aune, M., Glynn, A., and Bjerselius, R., (2004), Serum concentrations
of pentachlorophenol (PCP), polychlorinated biphenyls (PCBs), and hydroxylated metabolites of PCB
during pregnancy and lactation (in Swedish), National Food Administration, Sweden.

139. Malmberg, T., Hoogstraate, J., Bergman, Å., and Klasson Wehler, E., (2004), Pharmacokinetics of two
major hydroxylated polychlorinated biphenyl metabolites with specific retention in rat blood,
Xenobiotica, 34, 581-589.

140. Thomsen, C., Lundanes, E., and Becher, G., (2002), Brominated flame retardants in archived serum
samples from Norway: a study on temporal trends and the role of age., Environ. Sci. Technol. , 36,
1414-1418.

141. Strandman, T., Koistinen, J., and Vartiainen, T., (2000), Polybrominated diphenyl ethers (PBDEs) in
placenta and human milk, Organohalogen Compounds, 47, 61-64.

142. Lind, Y., Darnerud, P.O., Atuma, S., Aune, M., Becker, W., Bjerselius, R., Cnattingius, S., and Glynn,
A., (2003), Polybrominated diphenyl ethers in breast milk from Uppsala county, Sweden, Environ. Res.,
93, 186-194.

143. Vieth, B., Herrmann, T., Mielke, H., Ostermann, B., Päpke, O., and Rudiger, T., (2004), PBDE levels in
human milk: The situation in Germany and potential influencing factors - A controlled study,
Organohalogen Compounds, 66, Berlin, Germany, 2643-2648.

144. Weber, H. and Heseker, H., (2004), Analysis of Polybrominated diphenyl ethers in breast milk of
German mothers - results of a pilotstudy, Fresenius Envir. Bull., 13, 356-360.

145. Ryan, J.J. and Patry, B., (2000), Determination of brominated diphenyl ethers (BDEs) and levels in
Canadian human milk, Organohalogen Compounds, 47, 57-60.

146. Ryan, J.J., (2004), Polybrominated diphenyl ethers (PBDEs) in human milk; occurrence worldwide, The
Third International Workshop on Brominated Flame Retardants, BFR 2004, Toronto, Canada, 17-21.

147. Schecter, A., Pavuk, M., Päpke, O., Ryan, J.J., Birnbaum, L., and Rosen, R., (2003), Polybrominated
diphenyl ethers (PBDEs) in U.S. mothers' milk, Environ. Health Perspect., 111, 1723-1729.



50

148. Lunder, S. and Sharp, R., (2004), Mothers' milk. Record levels of toxic fire retardants found in
American mothers' breast milk, www.ewg.org, Environmental working group.

149. Williams-Derry, C., (2004), Flame Retardants in Puget Sound Residents.
150. Ryan, J.J. and van Oostdam, J., (2004), Polybrominated diphenyl ethers (PBDEs) in maternal and cord

blood plasma of several Northern Canadian Populations, Organohalogen Compounds, 66, Berlin,
Germany, 2579-2585.

151. Schröter-Kermani, C., Helm, D., Herrmann, T., and Päpke, O., (2000), The German environmental
specimen bank - application in trend monitoring of polybrominated diphenyl ethers in human blood,
Organohalogen Compounds, 47, 49-52.

152. Weiss, J., Wallin, E., Rylander, L., Thuresson, K., Athanassiadis, I., and Bergman, A., (2004),
Brominated flame retardants in human serum in the fishermans wife's cohort – additional analysis,
Manuscript.

153. Mazdai, A., Dodder, N.G., Abernathy, M.P., Hites, R.A., and Bigsby, R.M., (2003), Polybrominated
diphenyl ethers in maternal and fetal blood samples, Environ. Health Perspect., 111, 1249-1252.

154. Schade, G. and Heinzow, B., (1998), Organochlorine pesticides and polychlorinated biphenyls in
human milk of mothers living in northern Germany: Current extent of contamination, time trend from
1986 to 1997 and factors that influence the levels of contamination, Sci. Total Environ., 215, 31-39.

155. Fürst, P., (2001), Organochlorine pesticides, dioxins, PCB and polybrominated biphenylethers in human
milk from Germany in the course of time, Organohalogen Compounds, 52, Gyeongju, Korea, 185-188.

156. Ryan, J.J., Patry, B., Mills, P., and Beaudoin, N., (2002), Recent trends in levels of brominated
diphenyls ethers (BDEs) in human milks from Canada, Organohalogen Compounds,  58, 173-176.

157. She, J., Holden, A., Sharp, M., Tanner, M., Williams-Derry, C., and Hooper, K., (2004), Unusual
Pattern of Polybrominated Diphenyl Ethers (PBDEs) in US Breast Milk, Organohalogen Compounds,
66, Berlin, Germany, 3945-3950.

158. Weiss, J., Meijer, L., Sauer, P., Linderholm, L., Athanassiadis, I., and Bergman, Å., (2004), PBDE and
HBCDD levels in blood from Dutch mothers and infants - Analysis project within the Dutch Groningen
Infant Cohort, The Third International Workshop on Brominated Flame Retardants, BFR 2004,
Toronto, Canada, 71-74.

159. Nagayama, J., Takasuga, T., and Tsuji, A., (2001), Contamination levels of brominated flame
retardants, dioxins and organochlorine compounds in the blood of Japanese adults, The Second
International Workshop on Brominated Flame Retardants, Stockholm, Sweden, 113-116.

160. Hites, R., Foran, J., Schwager, S., Knuth, B., Hamilton, C., and Carpenter, D., (2004), Global
assessment of polybrominated diphenyl ethers in farmed and wild salmon, Organohalogen Compounds,
66, Berlin, Germany, 3873-3876.

161. Rylander, L., Dyremark, E., Strömberg, U., Östman, C., and Hagmar, L., (1997), The impact of age,
lactation and dietary habits on PCB in plasma in Swedish women, Sci. Total Environ., 207, 55-61.

162. Strandman, T., Koistinen, J., Kiviranta, H., Vuorinen, P.J., Tuomisto, J., Tuomisto, J., and Vartiainen,
T., (1999), Levels of some polybrominated diphenyl ethers (PBDEs) in fish and human adipose tissue
in Finland, Organohalogen Compounds, Venice, Italy, 355-358.

163. Wenning, R.J., (2001), Risk Assessment of Three Commercial PBDEs: Probabilistic Analysis of
Chronic Daily Intakes from Different Sources and Comparison with European Commission Resutls,
The Second International Workshop on Brominated Flame Retardants, Stockholm, Sweden, 397-400.

164. Klasson Wehler, E., Bergman, Å., Athanasiadou, M., Ludwig, J.P., Auman, H.J., Kannan, K., van den
Berg, M., Murk, A., Feyk, L.A., and Giesy, J.P., (1998), Hydroxylated and methylsulfonyl
polychlorinated biphenyl metabolites in albatrosses from Midway atoll, North Pacific Ocean, Environ.
Toxicol. Chem., 17, 1620-1625.

165. Hoekstra, P.F., Letcher, R.J., O'Hara, T.M., Backus, S.M., Solomon, K.R., and Muir, D.C.G., (2003),
Hydroxylated and methyl sulfonyl-containing metabolites of PCBs in the blood-plasma and blubber of
bowhead whale (Balaena mysticetus), Environ. Toxicol. Chem., 22, 2650-2658.

166. White, R.D., Shea, D., Schlezinger, J.J., Hahn, M.E., and Stegeman, J.J., (2000), In vitro metabolism of
polychlorinated biphenyl congeners by Belunga whale (Delphinapterus leucas) and Pilot whale
(Globicephala melas) and relationship to cytochrome P450 expression., Comp. Biochem. Physiol., 126,
267-284.

167. Sandau, C.D., Meerts, I.A.T.M., Letcher, R.J., McAlees, A., Chittim, B., Brouwer, A., and Norstrom,
R.J., (2000), Identification of 4-hydroxyheptachlorostyrene in polar bear plasma and its binding affinity
to transthyretin: a metabolite of octachlorostyrene?, Environ. Sci. Technol., 34, 3871-3877.



51

168. Lindström, G., Dam, M., Sundelin, E., and van Bavel, B., (1999), Postnatal transfer of polybrominated
diphenyl ether, PBDE, in juvenile long-finned pilot whale (Globicephala melas) in the Atlantic - a fatal
legacy, Organohalogen Compounds, 43, Venice, Italy, 77-80.

169. Brouwer, A., Morse, D.C., Lans, M.C., Schuur, A.G., Murk, A.J., Klasson Wehler, E., Bergman, Å.,
and Visser, T.J., (1998), Interactions of persistent environmental organohalogens with the Thyroid
hormone system: Mechanisms and possible consequences for animal and human health., Toxicol. Ind.
Health, 14, 59-84.

170. Meerts, I.A.T.M., Hoving, S., van den Berg, J.H.J., Weijers, B.M., Swarts, H.J., van der Beek, E.M.,
Bergman, A., Koeman, J.H., and Brouwer, A., (2004), Effects of In Utero Exposure to 4-hydroxy-
2,3,3',4',5-pentachlorobiphenyl (4-OH-CB107) on Developmental Landmarks, Steroid Hormone Levels,
and Female Estrous Cyclicity in Rats, Toxicol. Sci., 82, 259-267.


	The Faroe Islands and the Faroese
	The Faroe Islands and Environmental Contaminants
	The thesis objectives
	Human exposures in general
	Human exposures in the Arctic and sub-Arctic regions
	External human exposures in the Arctic environment
	Matrix selection and sample collection
	Work up procedure
	Gas chromatographic analysis
	Quality control of the analysis
	Human exposure
	External human exposure in the Faroese environment

