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Abstract 

An extensive use of chemicals in countless consumer products has resulted in 
human exposure to several persistent organic pollutants (POPs). History teaches us 
to be aware of these chemicals adverse effects. To be able to be proactive sufficient 
knowledge about their chemical composition properties and environmental faith is 
required. Significant data gaps exist regarding knowledge of actual exposure to 
humans and toxicological effect data. The new chemical legislation within EU, 
REACH is one step forward to gather the necessary information needed for risk 
assessments.  

The objective of this thesis was to add human exposure data of a few POPs from 
four case studies. The analytes discussed in this thesis are polychlorinated dibenzo-
p-dioxins and furans (PCDD/PCDFs), polychlorinated biphenyls (PCBs), 
polybrominated diphenyl ethers (PBDEs) and hexabromocyclododecane (HBCDD).  

Three European populations were studied. Milk was analysed from a group of 
women, who were accidentally exposed to high levels of 2,3,7,8-TetraCDD (TCDD) in 
Seveso, 1976. Still today, twice as high TCDD levels were recorded in the milk, 
compared to European background concentrations. Serum was analysed from 
mothers and their infants from The Netherlands. The cord blood contained equal 
amounts of POPs as in mother’s blood, indicating non-hindered placental transfer. 
Serum analysed from Swedish men and women with a high fish intake had elevated 
PCB and PCB metabolite (OH-PCB) levels. Additionally, butter was collected 
worldwide and shown to be a suitable matrix for dairy product survey of POPs. 

The human exposure levels in the four papers were summarised and compared to 
recently reported exposure levels in Europe. The tolerable weekly intake of 
PCDDs/PCDFs and PCBs toxic equivalency (TEQ), estimated by the European 
commission, is exceeded by a significant large group of Europeans.  

It is indicated in the thesis that the TEQ levels are of concern, i.e. the ratio between 
threshold levels for adverse health effects and TEQ exposure levels is lower than 
requested margin of safety. 

Average levels of PBDE/HBCDD in the European population are estimated to be of 
no concern today, but for individuals with intakes at the 95th percentile are the 
current margins of safety small. 
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1 Introduction 
We are all surrounded by chemicals in everyday life, in everything we 
handle, eat and breathe. Chemicals are incorporated into countless 
consumer products, e.g., pharmaceuticals, personal care products, food 
additives, plasticisers, flame retardants and much more. These are 
released into the environment during their lifecycle, depending on use and 
chemical reactivity. They may, depending on their persistent organic 
pollutant (POP) properties, travel long distances over land and water. 
Some of the chemical substances are particularly persistent and will 
bioaccumulate throughout the food webs. It is therefore obvious that some 
of these substances will end up in human bodies and in animals at all 
trophic levels. 

The extensive use of chemicals have brought along many benefits, relating 
to for instance the economy and improving quality of life, but there is a 
reverse of the medal. There are some major groups of organohalogen 
compounds which have caused severe damage to our environment and to 
human health the last century, e.g., industrial chemicals such as 
polychlorinated biphenyls (PCBs) [1] and hexachlorobensen [2], pesticides 
such as 1,1,1-trichloro-2,2-bis (4-chlorophenyl) ethane (p,p’-DDT) [3], 
hexachloro-cyclohexanes [4], pentachlorophenol [5], 2,4,5-trichloro-
phenoxyacetic acid (2,4,5-T) [3] and industrial by-products such as 
polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated 
dibenzofurans (PCDFs) [6]. The enlightenment that the environment is 
vulnerable to our rough treatments was first put forward to the general 
public by Rachel Carson in the book “Silent Spring” [7] in 1962. She 
brought forward the hazards of the pesticide DDT and questioned 
humanity's faith in technological progress which consequently initiated 
the environmental movement. As a result, DDT was revised under U.S. 
Government supervision and was finally banned in U.S., among other 
countries. The debate shifted from “whether pesticides were dangerous” to 
“which pesticides were dangerous”. 

PCBs are complex mixtures of many chemical species which, as the 
technical mixture, were extensively used in closed and open systems. 
PCBs were highly appreciated due to their isolating, thermostable 
properties and low reactivity. PCDDs and PCDFs are not intentionally 
produced but formed via photochemical and thermal processes or as by-
products in e.g., municipal waste incineration [8], pesticide manufacturing 
[9] as well as chlorine bleaching of pulp and paper [10].  
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Already from the very beginning of the PCB production in the 1930s, 
workers at the Halowax Corporation factory, New York City, were exposed 
to PCBs and related chemicals i.e. polychlorinated naphtalenes (PCN). 
Some of them became sick, with symptoms such as loss of energy, 
appetite, libido, chloracne1 as well as other skin ailments [11]. In 1956, 
responsible staff at a Monsanto PCB producing facility, knew that PCB 
products could be contaminated with PCDFs and to a minor extent with 
PCDDs — a piece of information that was not revealed to the public until 
the late 1960s. The concentrations of PCDFs becomes considerably higher 
as the PCB oil ages, according to documents from Monsanto [11]. 

In 1957 chloracne was observed in 31 workers involved in the production 
of 2,4,5-trichlorophenol and further to 2,4,5-T (the main substance in a 
defoliant also called Agent Orange). A German dermatology group showed 
that the toxic effects were not caused by 2,4,5-T itself but 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), identified as by-product [12]. TCDD is 
one of the most toxic man made chemicals known and a potent carcinogen 
[13].  

PCBs were first detected in the environment in 1964, by the researcher 
Sören Jensen. It was while studying DDT in human samples that the 
chromatography was disturbed by some pervasive compounds that were 
reoccurring in all his samples. Two years later, the pervasive compound 
was identified as the industry chemical PCB [14,15]. 

In 1968 a large group of Japanese citizens were intoxicated by rice oil 
contaminated with PCBs [16-19]. The incident is named “Yusho” (“Yu” 
means oil and “sho” means disease in Japanese). Chloracne and related 
skin disorders together with ocular manifestations were the most 
dominant effects, but also irregular menstrual cycles of the exposed 
women and lower birth weight of newborns were observed [16,17].  

Soon after the discovery of PCBs in humans and wildlife, researchers 
began to report toxic effects in marine mammals, which were suffering 
from reproductive problems associated with high organochlorine residue 
concentrations [20-22].  

                                       

1 Chloracne is an acne-like eruption of blackheads, cysts, and pustules associated with 
over-exposure to certain halogenated aromatic hydrocarbons, such as PCDDs/PCDFs. 
The lesions are most frequently found on the cheeks, behind the ears, in the armpits 
and groin region. 
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During the 1970s a series of accidents occurred where animals and 
humans were exposed to large amount of PCBs and PCDDs/PCDFs 
(together referred to as “dioxins”), e.g., the distribution of dioxin-tainted 
waste oil as dust-suppressant on horse arenas, unpaved roads, truck 
terminals and parking lots in Missouri, U.S.A in 1971 [23]; burst of a 
2,4,5-trichlorophenol manufacturing plant near the town of Seveso in Italy 
in 1976 [24,25]; a new rice oil (Yu-Cheng) contamination in Taiwan 1979 
[26].  

The discovery of PCBs in the environment and the intoxication of humans 
soon led to PCB bans in many industrialised countries in the early part of 
the 1970s. But still today high levels of PCBs are detected in the 
environment.  

These accidents above described together with an incident of PCB 
contaminated animal feed in Belgium in 1999, which subsequently lead to 
high exposure to the general population [27], are examples illustrating the 
risks of POPs. Due to the fact that the general populations are mainly 
exposed via food [28,29], the European Commission established maximum 
levels of dioxins in food within EU, in 2001 [30].  

Switching to brominated chemicals: It is difficult to find the actual starting 
point for the production of brominated flame retardants (BFRs), but 
already in 1971 the U.S. market consumed 9 000 tons of BFRs which 
redoubled in two years [31]. In 2001 was the total demand of BFRs 
200 000 tons [32]. The chemical composition of several technical 
brominated flame retardants were indicated in 1976 and it was claimed 
that the new brominated compounds may become new environmental 
contaminants due to their structural similarities to e.g., PCB [31].  

A large number of chemicals have been recognised as BFRs, but several of 
those are no longer produced, and others were never put on the market. A 
recent survey on the present number of commercial BFR products on the 
market reported around 20 mixtures and/or single BFRs in use [33].  

Polybrominated biphenyl (PBB) was banned due to a poisoning accident in 
Michigan in 1973 [34]. The Michigan Chemical Corporation produced both 
Firemaster FF-1 (one commercial name for PBB) and magnesium oxide for 
animal feed. They were both packaged in paper bags with colour-coded 
labelling and stored in the same warehouse. But, due to paper shortage, 
both products were packed in plain bags with black stencilled labelling. 
An unknown number of bags with Firemaster FF-1 were mistakenly 
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delivered as magnesium oxide and mixed into animal feed. The mix-up led 
to extensive PBB exposure to farm animals with symptoms such as 
decreased milk production, loss of weight and development of abnormal 
hooves with lameness [17]. A large number of farm animals had to be 
slaughtered and over 10 000 Michigan residents were exposed to PBBs 
through the consumption of milk, meat and dairy products. The incident 
caused health effects and economic loss for the farmers in the area.  

At present the dominating flame retardants are tetrabromobisphenol A 
(TBBPA), polybrominated diphenylethers (PBDEs) and hexabromo-
cyclododecane (HBCDD) (www.bsef.com). The active substance is either 
incorporated in the product (e.g., TBBPA) or simply blended with the 
product (PBDEs and HBCDD). 

Among the BFRs, PBDEs have been detected ubiquitously in the 
environment [35-37]. Recent reports have demonstrated that BFRs can be 
found in environments remote from production or application areas [38-
42]. 

Except for the PBB accident in Michigan, there has fortunately not 
occured any other serious accidents and due to that there is still little 
toxicity information available for existing BFRs.  

To be able to handle human health as well as environmental risks 
associated to chemical exposure, risk assessments are conducted. Risk 
assessments attempt to identify the potential adverse health effect that a 
substance may cause, as well as estimate the probability that exposure 
may occur. Risk assessments serve as the foundation of regulatory 
decision making on whether to take actions to reduce (or otherwise 
manage) a risk or not. Many of the commercial BFR mixtures are being 
risk assessed. The Swedish Chemical Inspectorate is currently risk 
assessing HBCDD [43,44]. United Kingdom followed up a risk assessment 
of the perbrominated diphenyl ether (BDE-209) from 2002 [45] and in May 
2004 a final draft was published, but still the human health risk 
assessment part is missing [46]. 
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1.1 Aim of thesis 
The main aim of this thesis is to contribute to the process of human 
health risk assessment by reporting four case studies which provide 
information about human exposure of several environmental pollutants. 
Without claiming to be a professional risk assessor the author will put this 
reported information into a larger context and try to give an overview of 
the chemical situation, above all within the EU. An attempt will be 
performed to estimate the risks that the POP exposure levels constitute to 
people at present.  

A brief description of the four case-studies (Papers I-IV) is presented here.  

The first manuscript (Paper I) is focused on a chemical accident that 
occurred in Italy (Seveso) in 1976 and the effects on people up to 30 years 
later. This is a case-control study based on the accident, which has given 
researchers major input in the epidemiological effects caused by TCDD. In 
the second project (Paper II) butter from 37 countries worldwide was 
analysed for several POPs. Butter is a good matrix for assessing dairy 
product exposure and the study intends to illustrate how the levels of 
different POPs fluctuate in butter worldwide. Paper III and IV are both 
epidemiological cohort studies where the levels of investigated pollutants 
are correlated to different marker effects. Paper III aims to investigate the 
transport over the placenta and exposure to the foetus, as well as survey 
the background levels in mothers’ serum in one central European country, 
The Netherlands. The fourth study (Paper IV) is part of a previously 
established cohort of wives to professional fishermen from the Swedish 
east coast of the Baltic Sea. One aim of this study was to assess POP 
levels in serum from an elderly population assumed to be more exposed to 
environmental pollutants via lifestyle, and additionally to establish 
whether bone mineral density and other biomarkers of osteoporosis were 
associated to levels of analysed POPs in serum. 
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2 Background 

2.1 Chemicals and regulations in the European Community 
The last century the chemical industry has expanded conspicuously and 
around 100 000 chemicals are today commercial (Table 2.1), out of which 
around 30 000 are used on the market to an extent over 1 ton/producer 
(or importer) annually. The use of chemicals has in many ways improved 
our standard of living but it has its price. Diseases caused by chemicals 
are assumed to account for some 1% of the overall burden of all types of 
diseases in the EU [47]. There are around 3 000 chemicals listed as 
dangerous substances including 850 Carcinogenic, Mutagenic or 
Reprotoxic chemicals (CMR) which are regulated in EU (Table 2.1). Council 
Regulation (EEC) 793/93 states that the member states shall regularly 
draw up lists of priority substances or groups of substances requiring 
immediate attention because of their potential effects on man or the 
environment and today there are 141 chemicals on this priority list.  

Table 2.1. Number of chemicals in some described categories in Europe* 
Description Chemicals 
Existing chemicals 2  100 204 
New chemicals 3  3 827 
Chemicals >1 ton/year and producer (or importer) on the 
European market 30 000 
Annex 1 4, Directive 67/548/EEC on Classification and 
Labelling of Dangerous Substances  3 366 
Classified as CMR under Council  
Directive 67/548/EEC 850 
High Production Volume Chemicals (HPVC) >1000 ton/year 
and producer (or importer) 2 747 
Low Production Volume Chemicals (LPVC) 10-1000 ton/year 
and producer (or importer) 7 829 
Priority list under Council regulation No 793/93 141 
Priority list chemicals evaluated since 1994 70 
*information extracted from http://ecb.jrc.it/ January 2006 

                                       

2  Existing chemicals are those chemicals identified on the European market between 1st 
of January 1971 and 18th of September 1981 and listed in EINECS (European 
Inventory of Existing Commercial Chemical Substances) 

3 New chemicals are all notified after the 18th of September 1981 and listed in ELINCS 
(European List of Notified Chemical Substances) 

4 Annex I of Directive 67/548/EEC contains a list of harmonised classifications and 
labellings for substances or groups of substances, which are legally binding within the 
EU 
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It has also been estimated that up to 40% of the chemicals used on the 
market today can be of concern to human health but only 5 000 of the 
chemicals have been risk assessed [48], which means there is a serious 
information gap according chemicals used in everyday life. 

With today’s EU chemical legislation it is only new chemicals  that are 
produced >10 kg/year that needs to undergo testing, but the proposed 
new EU legislation, Registration, Evaluation and Authorisation of 
Chemicals, abbreviated REACH, recommends that all chemicals (new and 
existing chemicals) with an annual production volume over 10 ton needs 
to be evaluated according to a technical guidance document (TGD), and all 
chemicals produced annually over 1 ton needs to be registered in a 
chemical database, International Uniform Chemical Information Database 
(IUCLID) (Table 2.2). This will in general be a decreased demand on risk 
assessment for new chemicals, which intends to stimulate innovation of 
new effective and less dangerous chemicals. But it is an improvement for 
all untested existing chemicals on the market today, some of which have 
been used for decades without appropriate information of their properties.  

A study  reported that 14% of the high production volume chemicals have 
data at the level of the base-set (Table 2.2), 65% have less than the base-
set and 21% have no data, which shows that there are considerable data 
gaps [49]. 

Table 2.2. Testing requirements at different production/import volumes 
(ton/year and producer or importer) proposed by REACH * 
Produced/imported  Testing Requirements 
1 - 10 ton Data on the physicochemical, toxicological, and 

ecotoxicological properties of the substance; 
testing should be limited to in vitro methods. 

10 - 100 ton Base set' testing according to Annex VII A of 
Directive 67/548/EEC. 

100 – 1 000 ton  Level 1' testing (substance-tailored testing for 
long-term effects). 

1 000 ton Level 2' testing (further substance-tailored 
testing for long-term effects). 

*information extracted from http://ecb.jrc.it/ January 2006 
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All details around the new legislation are yet not ready. In 2001 the 
Commission issued the White Paper on a Strategy for a Future Chemicals 
Policy [50] and after it had been extensively discussed with major 
stakeholders it resulted in release of the Commission's proposal (REACH) 
in 2003 [51]. In December 2005 the parliament voted to accept the 
proposal with several compromises. Hopefully the draft will be ready 
within 2006 and come into force in 2007.  

According to the proposed White Paper the European Commission aims at 
ensuring a high level of protection of human health and the environment 
and it is stated that the application of the precautionary principle is 
fundamental to achieving this objective.  

The precautionary principle states: “Whenever reliable scientific evidence is 
available that a substance may have an adverse impact on human health 
and the environment but there is still scientific uncertainty about the precise 
nature or the magnitude of the potential damage, decision-making must be 
based on precaution in order to prevent damage to human health and the 
environment” [50,52]. 

Chemicals are linked to health effects such as cancers, mesothelioma, 
skin disorders, respiratory diseases, eye disorders, asthma and endocrine 
disruption among others effects [47]. Increased information on chemical 
hazards together with a sufficient regulatory tool to increase exposure 
controls can improve the public health and consequently save money for 
the society. A great example of this is the environmental impact study 
“Cost of Late Action – the Case of PCB “ [53] where it was stated that early 
action gives considerable environmental benefits to society. It was 
assumed that if the REACH regulation was adopted and one medium 
missteps (=half the size of the PCB misstep) could be avoided, society 
would save at least 7 billion €. This can be compared to the Commissions 
estimation that the implementation of REACH will cost EU 3.5 – 4 billion € 
through a period of eleven years [54]. Then these calculations do not 
include the savings from avoiding health damages and irreversible effects 
on biodiversity and ecosystems. These calculations indicate that REACH 
will save more than it costs. 
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2.2 Risk assessment in general 
REACH is designed to complement and replace some 40 existing EU 
regulations [47]. But some chemicals, such as pharmaceuticals, food 
additives and pesticides are already rigorously regulated on the EU market 
and many of the existing regulations will remain.  

Today the competent authorities have the responsibility to conduct risk 
assessment for chemicals suspected to be of concern. With REACH, this 
responsibility will be handed over to the producer or the importer of the 
substance, before the chemical is released on the EU market.  

Health risk assessments can have different aims but they always attempt 
to identify the potential adverse health effect that a substance may cause. 
Risk assessments serve as the foundation of regulatory decision making 
on whether to take actions to reduce (or otherwise manage) a risk or not. 
It is common that different risk assessors frequently come to divergent 
conclusions, such as the estimates of the magnitude and even the nature 
of health risks [55]. In order to ensure quality and reliability of risk 
assessments a guidance document was established in 1996. This 
guidance have been further refined in 2003 taking into account the 
experience gained and is extended to the needs of biocides [56]. An 
extensive guidance draft on human risk characterisation is currently 
under way [57]. 

The TGD is dealing with both human health and environmental risk 
assessments for New and Existing Substances and is supported by the 
Commission Directive 93/67/EEC on Risk Assessment for new notified 
substances, Commission Regulation (EC) No 1488/94 on Risk Assessment 
for existing substances and Directive 98/8/EC of the European 
Parliament and of the Council concerning the placing of biocidal products 
on the market. More than 1 000 notifications have been submitted 
together with a risk assessment report completed by the Competent 
Authority in question. Most substances, about 52%, were of no immediate 
concern. In about 11% of the cases, the Competent Authorities considered 
the substance of concern and risk reduction measures were required [58]. 
The proposed measures covered a wide range of different actions, from 
simple risk reduction measures (e.g., classification and labelling of the 
substance) to recommend precaution steps.  
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The process of risk assessment is usually divided into four steps (outlined 
in Figure 2.1), in which first step consists of hazard identification. This 
part of the process aims at determining the inherent properties of a 
substance, i.e. a substance’s potential to cause harm in an experimental 
animal or in the human body.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Margin of safety, b No observed adverse effect level, 
c Predicted environment concentration, d Predicted no effect concentration 
 
Figure 2.1. Risk assessment of new substances, existing substances and 
biocidal active substances and substances of concern present in a biocidal 
product: general principles. Derived from TGD 2003 [56]. 

Effects Assessment 
• Hazard identification 
• Dose-response/effect 

assessment 

Information gathering 

Exposure Assessment 
• Human exposure 
• Environmental 

exposure 

Risk characterisation 

Human health 

Evaluation of effects data 
and comparison with 
exposure data 
MOSa = NOAELb/Exposure 

Environment 
Evaluation of effects data 
and comparison with 
exposure data 
PECc/PNECd 

Outcome of risk assessment 
 

New substances 
i) No immediate concern. 
No need to consider again 
before next tonnage trigger. 
ii) Concern. Define further 
information needs and 
requests at next tonnage 
trigger. 
iii) Concern. Define further 
information needs and 
seek immediately. 
iv) Concern. Immediately 
make recommendations for 
risk reduction. 

Existing 
substances 

i) Need for further 
information and/or 
testing. 
ii) At present no need 
for further 
information and/or 
testing and no need 
or risk reduction 
measures. 
iii) Need for limiting 
the risks. 

Biocides 
 
Recommendation of 
an inclusion of the 
active substance in 
Annex I, IA or IB. 
 
Recommendation of 
a noninclusion of the 
active substance in 
Annex I, IA or IB. 
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The next step is the dose-response assessment. It describes the 
relationship between the administered dose and the response of the 
experimental animals (Figure 2.2). This assessment can either be reported 
in the form of a dose-response relationship, which is the relationship 
between the administered dose and the percentage of experimental 
animals that exhibits a toxic effect of concern. Or it could be reported as a 
dose-effect relationship, which is the relation between the administered 
dose and the severity of an effect of concern (e.g., the average weight loss 
in a group of experimental animals).  

In a risk assessment the no observed adverse effect level (NOAEL) is 
preferred to be used. Due to difficulties to identify toxic effects below a 
statistical significance level, NOAEL can be considerable higher than 
threshold level5. This especially occurs when there are few animals 
included in the study. When it is not possible to establish a NOAEL a 
lowest observed adverse effect level (LOAEL) can be used. The N(L)OAEL 
levels can also be derived from model calculations. For some effects, such 
as genotoxic effects, it is assumed that a threshold dose cannot be 
identified (B. in Figure 2.2).  

 

 

 

 

 

 

 

 

Figure 2.2. Illustration of the theoretical dose-response curve of non-genotoxic 
(A.) and genotoxic (B.) chemicals and no observed adverse effect level (NOAEL) 
and lowest observed adverse effect level (LOAEL). 
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The third step of the risk assessment process is the exposure assessment, 
which initially aims at determining the likelihood of exposure to humans 
in different situations, in the workplace, via consumer products, and via 
the environment (direct or indirectly). The magnitude and duration needs 
to be estimated, as well as the potential exposure routes. The exposure 
assessment is either based on measured data and/or on theoretical 
exposure models.  

Finally the risk characterisation takes place, which involves comparing the 
information on human exposure to the toxicological effect levels 
(N(L)OAEL) and also evaluate and identify the critical effect and the 
likelihood that an exposure will occur.  

If the result of the fourth step reveals that human exposure is estimated to 
be higher than the N(L)OAEL, the substance is considered “of concern”. If 
exposure is estimated to be less than the animal derived N(L)OAEL value, 
then the margin of safety (MOS) must be assessed (i.e. the magnitude by 
which the N(L)OAEL exceeds the estimated exposure. MOS=N(L)OAEL/ 
Exposure). The same thing is done with the environmental risk 
assessment where the magnitude of quota of predicted no effect level 
(PNEC) and predicted environmental concentration (PEC) is evaluated. If 
the PEC/PNEC ratio is greater than one the substance is “of concern” and 
further action has to be taken. 

The next step in human risk characterisation is to derive and apply a 
reference MOS (MOSref) [57]. The MOSref is an overall assessment factor 
addressing differences between experimental effect assessment data and 
the real human exposure situation. Assessments factors are for example 
interspecies and inter-individual differences, uncertainty in route-route 
extrapolation, severity of effects etc. A detailed description of the MOS 
procedure is given in the TGD on human health risk characterisation 
(revised chapter final draft, unpublished). If MOS values clearly exceed 
MOSref the substance is considered of no concern, whereas a MOS value 
below MOSref is cause for concern.  

The final outcome of the risk assessment differs between the three groups 
evaluated with TGD (Figure 2.1). New chemicals can be considered to be of 
concern with three different action steps demanded or of no immediate 
concern. The existing chemicals on the priority list can be evaluated to 
possess no risk, need for more information/testing or need of risk 
reduction steps before usage of the chemical. The biocides can either be 
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included in the annex 1 (Directive 67/548/EEC on Classification and 
Labelling of Dangerous Substances) or not included.  

There are several uncertainty factors that need to be addressed in the risk 
evaluation of toxicity data. It can be related to the study methods (e.g., to 
the quality of the planning, performing, and reporting), lack of knowledge 
about the relevance of the individual study results (i.e. uncertainty about 
whether the effects seen in the study is causally connected to the 
exposure of interest or not), or statistical uncertainty. Also during the risk 
assessment itself there are uncertainties added, e.g., due to 
extrapolations, the choice of relevant data to be incorporated in the risk 
assessment and lack of important data.  
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3 PCDDs, PCDFs and PCBs 

3.1 Characteristics of PCDDs, PCDFs and PCBs 
Only the most essential information of polychlorinated dibenzo-p-dioxins 
(PCDDs, 75 possible congeners), dibenzofurans (PCDFs, 135 possible 
congeners) and biphenyls (PCBs, 209 possible congeners) are summarised 
below. More extensive information on PCDDs, PCDFs and PCBs can be 
gathered in several review articles and books [1,6,59-63]. The general 
molecular structures of PCDDs, PCDFs and PCBs are illustrated in Figure 
3.1. 

The industrial PCB production started in 1929 and PCB products were 
highly appreciated due to their good insulating and plasticizing ability and 
their high temperature resistance. The fields of applications were many, 
e.g., in hydraulic oil (open system), as transformer- and heat transfer-oils, 
in capacitors (closed system), in sealants and in paint [64].  

PCDDs/PCDFs are by-products from industrial production of chemicals 
such as PCBs [65], chlorinated phenols and pesticides [66]. 
PCDDs/PCDFs are formed in thermal processes where chloride and 
hydrocarbons are present at elevated temperatures below 800ºC. This has 
been and still is a problem at waste combustion (poorly managed 
incinerators and backyard burning), accidental fires or even forest fires 
[67-69]. Thermal decomposition of dioxins only takes place after adequate 
residence time at temperatures above 800ºC [61]. 

Only 17 of the theoretical 210 PCDDs/PCDFs (7 PCDDs and 10 PCDFs) 
are considered to be highly toxic. These are also the 17 found in 
environmental samples and in biota confirming their high persistency. 
These congeners have in common a total of four to eight chlorines, with 
the 2,3,7,8- positions always occupied (Figure 3.1). The octanol-water 
partitioning coefficient (log Kow), for both PCBs and PCDDs/PCDFs are 
between 5 to 8, and the lipophilicity increases with increasing number of 
chlorine substituents [61]. The fully chlorinated DecaCB (CB-209) has a 
log Kow as high as 9.6 [66]. 
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Figure 3.1. General molecular structures of PCDDs, PCDFs and PCBs (x+y=1-8; 
n+m=1-10). 

Risk assessors are using a toxicity equivalency factor (TEF) approach to 
express the total dioxin-like toxicity of PCDDs/PCDFs and PCBs, for food 
and human milk in particular. That is, all 17 congeners have been given a 
factor that are related to the congeners toxicity to that of TCDD (TEF=1). 
The concept is based on two fundamental assumptions. First, that all 
dioxin congeners share a common toxic mechanism, and second, that the 
toxicity of PCDD/PCDF congeners are additive. A number of studies have 
confirmed that the toxicity of mixtures of PCDDs and PCDFs are indeed 
additive [59].  

PCBs with no chlorines in ortho position (Figure 3.1) can easily form co-
planarity of the two phenyl rings. These PCBs have dioxin-like effects. Also 
the mono-ortho substituted PCBs have been attributed to have dioxin-like 
effects and accordingly both coplanar and mono-ortho PCBs have been 
assigned TEF values. Further, when PCBs and PCDDs/PCDFs have been 
studied as mixtures, both antagonistic and synergistic effects have been 
observed as reviewed elsewhere [59]. These interactions are considered to 
be of minor concern since they mainly occur at high concentrations and 
do not exceed the magnitude of uncertainty of the TEF values. To express 
the total toxicity the concentration of each congener should be multiplied 
with corresponding TEF value and summarised to get the toxic 
equivalency (TEQ). 
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The TEQ concept has been developed over time leading to more and more 
refined TEFs. Several TEF models have been proposed over the years, for 
example EADON (1983, cited in [59]), which is specialised on combustion-
related releases and does not contain TEFs for the hepta- and 
octachlorinated PCDDs and PCDFs. The Nordic (N-TEF), and the 
International (I-TEF) TEF schemes were presented around 1990 [70,71]. 
They were based on all available toxicological data at the time and are 
almost identical, except for the 1,2,3,7,8-PeCDF. In 1998, the World 
Health Organization (WHO) developed a TEF-scheme that has a higher 
value for 1,2,3,7,8-PeCDD, and a lower value for OCDD and OCDF than 
previously suggested [72]. The TEFs proposed by WHO 1998 were applied 
in Paper I and II.  

Various expert groups have performed risk assessments of human 
exposure to dioxin-like compounds, with the aim to establish tolerable 
daily intakes (TDIs). WHO has established a TDI to 1-4 pg TEQ/kg body 
weight (bw) [73], and the EU commission has proposed a limit of a 
tolerable weekly intake (TWI) to 14 pg TEQ/kg bw [30]. 

3.2 Toxicology of PCDDs, PCDFs and PCBs 
Lipophilic compounds that lack functional groups are commonly known to 
undergo cytochrome P-450 (CYP450) catalysed oxidations to form more 
hydrophilic metabolites that are conjugated and excreted. The interactions 
of these hydroxylated metabolites with hormonal systems are of special 
interest.  

PCDD/PCDF and PCB congeners are efficiently absorbed from the 
gastrointestinal tract and distributed to lipid rich tissues. The half life in 
humans has been estimated to vary from a couple of years to more than 
10 years [74]. Their fate in vivo is complex and beyond the scoop of this 
thesis, still some toxicity of these compounds is discussed below. 

3.2.1 Acute toxicity of PCDDs, PCDFs and PCBs 

The acute effects of PCDDs/PCDFs and PCBs have been studied in several 
case-studies after chemical accidents mainly including mixtures of these 
substances. The most frequent acute effects are chloracne and related 
skin disorders. 

Death is not an acute effect in humans. At the accident in Seveso in 1976, 
many animals died soon after the factory explosion but no humans [25]. 
TCDD has been reported to be extremely toxic in animal studies. The 
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lethal dose (LD) vary for different species, e.g., oral LD50  for female guinea 
pig is 0.6 µg/kg bw, while most rat strains are about ten times, and mice 
and rabbits up to hundred times less sensitive [61]. Characteristic for the 
lethality of TCDD is that death does not occur immediately after exposure 
and that higher doses do not effect this time before death. Before death is 
often a drastic decrease of body weight to be seen, known as Wasting 
syndrome [61]. 

3.2.2 Ah-receptor affinity and expression 

PCDDs/PCDFs and other dioxin-like compounds bind to the aryl 
hydrocarbon receptor (Ah-receptor). The high affinity of TCDD is related to 
the presence of a 2,3,7,8-substitution pattern of chlorine atoms and to a 
planar molecular structure. The most dioxin-like PCBs have no chlorine 
atoms in their ortho-positions. PCBs with one ortho-chlorine substituent 
have weaker dioxin-like properties. The Ah-receptor is found in many 
tissue types and has a resemblance with steroid hormone receptors [59]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. The proposed mechanism of action of PCDDs/PCDFs and dioxin-
like substances in a cell [59]. 
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The cellular mechanism for dioxin like toxicity is described in Figure 3.2. 
The dioxin like compound binds reversibly to the Ah-receptor, creating a 
ligand-receptor complex in the cytosol and the complex undergoes a 
transformation when the 90 kDa “heat shock proteins” (Hsp90) dissociates 
from the Ah-receptor. The activated complex is transported into the 
nucleus and forms together with an Ah-receptor nuclear translocator 
protein (ARNT) a complex. This complex binds to specific regions of the 
DNA chain, designated as dioxin-responsive elements (DREs), where it 
activates nearby genes. Binding to the DRE leads e.g., to the induction of 
CYP1A1 mRNA, which is responsible for CYP4501A1 synthesis. Altered 
levels of this protein have different effects on the cells. Some of which are 
manifested as the many toxic responses to dioxins and dioxin-like 
substances, for example increased production of hepatic enzymes such as 
aryl hydrocarbon hydroxylase and 7-etoxyresorufin-O-deetylas (EROD).  

The level of EROD in the blood, after exposure to dioxins, is an indicator 
thereof. Usually 7-etoxyresorufin is used for assessing induction, which 
looses an ethyl group when 7-etoxyresorufin-O-deetylas is present. The 
remaining molecule, resorufin, is strongly fluorescent and can be 
measured at very low doses. The level of resorufin becomes a 
measurement of the so-called 7-etoxyresorufin-O-deetylas-activity or 
EROD-activity in the sample. That means that the higher exposure of 
dioxins, the higher the EROD-activity gets. 

In 1997, the International Agency for Research on Cancer (IARC) found 
evidence from epidemiological studies in humans that exposure to TCDD 
produces increased risks for all cancers combined, rather than for any 
specific type of cancer, suggesting that TCDD is an unprecedented multi-
site carcinogen with no single site predominating , i.e. it is a tumour 
promoter and not a mutagen itself [13]. It has been suggested that the Ah-
receptor binding is involved in the cancer tumour promoting mechanism 
reported for TCDD [61].  

Several other enzymes of the CYP450 family are induced by dioxin 
exposure but not all mechanisms are known. CYP450 is a group of hepatic 
enzymes which are essential for oxidative detoxification of many 
xenobiotic chemicals, as well as for metabolisation of endogenous 
compounds such as steroid hormones [61]. 
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3.2.3 Thyroid hormone depletion by PCDDs, PCDFs and PCBs 

Tetraiodothyronine (Thyroxine, T4, see Figure 3.3) and triiodothyronine (T3) 
are important hormones in the regulation of metabolism. The exact 
mechanisms are not understood, but it is known that T4 increases the 
concentrations of numerous enzymes involved in the production of energy 
in the body. T4 is also essential as a sex hormone at the development of 
gender and brain at early stages of life development [75,76]. 

Thyroxine binding globulin (TBG) is the most important T4 and T3 plasma 
transport proteins in humans, followed by transthyretin (TTR, a 
prealbumin) [77]. TBG is not present in rats and mice except during the 
period of thyroid development which occurs postnatal and until 3 weeks 
after birth [78]. TTR is the primary carrier for T4 in cerebrospinal fluid [78]. 
It is the only thyroid binding plasma protein that is synthesised in both 
liver and brain [79,80]. It is also suggested that TTR is involved in the 
transport of T4 across the blood-brain barrier and the maternal to foetal 
transport across the placenta [79,80]. 

 

 

 

 

 

Figure 3.3. Structure of the thyroid hormone Thyroxine (T4). 

There are three known mechanisms for thyroid depletion effects. Firstly, a 
direct effect on the thyroid gland can lead to a decreased synthesis of 
thyroid hormones. Either by inhibition of the transport of the iodine 
needed for synthesis or by inhibition of the thyroid peroxidase, which 
results in disruption both of the iodination of thyrosyl residues in 
thyroglobulin and also in the coupling reaction of iodotyrosines [77]. As a 
result of sustained iodine deficiency and low levels of T4 in the 
bloodstream, a continuous signal is sent to the thyroid gland to speed up 
the production of the follicular epithelial cells, responsible for T4 synthesis. 
Thyroid hyperplasia, also referred to as goitre, is an enlargement of the 
thyroid glands, caused by abnormal rapid growth of the epithelial cells 
lining the follicles [81]. 
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Secondly, PCB and PCDD/PCDF exposure can affect the excretion of 
thyroid hormones. PCB induces hepatic microsomal enzymes uridine 
diphosphate glucuronyl transferase (UDPGT), which conjugate T3 and T4 

before biliary excretion, and therefore the excretion of the hormones is 
increased with faeces [82-84]. Type II thyroxine 5’-deiodinase (5’D-II) 
deiodinates T4 to biological active T3 and at a “normal” range of PCB 
exposure the T3 concentration in plasma and brain are maintained by an 
up regulation of the 5’D-II [83,84]. Excretion can be decreased by 
inhibition of the enzyme sulfotransferase. Sulfation by sulfotransferase is 
the rate limiting step for excretion of T3 and an important inactivation 
pathway for thyroid hormones [77]. Hydroxylated metabolites of PCBs with 
the OH-group in meta or para position and hydroxylated metabolites of 
PCDDs/PCDFs are potent inhibitors of the phenol sulfotransferase family 
in vitro [85]. 

The third mechanism is a competitive binding to the transport protein TTR 
by hydroxylated metabolites of PCBs and PCDDs/PCDFs [86,87], which 
have structural properties similar to T4 and T3 (OH-group in meta or para 
position with adjacent chlorines, Figure 3.1 and 3.3). Some hydroxylated 
metabolites have an affinity 10 times higher than T4 to TTR and this leads 
to a displacement of the natural ligand [87]. For rats exposed to technical 
PCB mixture, T4 levels were reported to decrease. The findings suggested 
that the PCB-mediated decrease in serum T4 level might occur (at least in 
part) through formation of hydroxylated PCB metabolites [88]. 
Methylsulfonyl metabolites of tetra- to hexa-chlorinated biphenyls, the 
major methylsulfonyl metabolites found in human tissue and milk [89,90], 
have been shown to decrease T4 and T3 serum levels in adult rats [91]. 

Since thyroid hormones play an important role in the mammal 
development of foetus and PCB and PCDD/PCDF metabolites are known 
to accumulate in foetal tissue after maternal exposure, these effects may 
cause adverse health effects. 

3.2.4 Behavioural effects of PCDDs, PCDFs and PCBs in animal 
studies 

Behavioural effects after PCDD/PCDF and PCB exposure can be divided 
into three main categories. The first one is learning and memory. In utero 
and lactational exposure to ortho-substituted PCB congeners resulted in a 
learning deficit on a delayed spatial alternation (DSA) task in female rats, 
while males were not affected [92]. Neonatal exposure to ortho-substituted 
PCBs also affected learning and memory functions in the adult mice [93].  
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The second behavioural effect is on motor activity. It has been shown that 
reduction of T4 and T3 plasma levels at prenatal and pre weaning 
development leads to decreased or delayed motor activity and to persistent 
post weaning hyperactivity in rats [94]. It was found that neonatal 
exposure to low (tri-tetra) chlorinated ortho-substituted PCBs can induce 
persistent aberrations in spontaneous behaviour where the adult mice 
were initially hypoactive and at later time periods of the test, hyperactive, 
since there was little or no decrease in their adaptation to their 
environment [93].  

The third behavioural effect is related to the gender dimorphic. During 
brain development sexual hormones induce gender-specific differentiation 
in different brain regions of males and females. Sweet preference is a 
sexual dimorphic behaviour that has been used to study sex-specific 
development in the brains of PCB exposed rats. Females usually have a 
higher preference for sweetened water than males, but after CB-77, CB-
126 (coplanar PCBs) and TCDD exposure it was decreased for females, 
whereas males where unaffected [95]. 
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4 Brominated flame retardants (BFRs) 

4.1 Market demand and characteristics of BFRs 
Every year fire is likely to cause the dead of >4000 Europeans [96] which 
is comparable with deaths from fires in the U.S. Still, the Bromine Science 
and Environmental Forum (BSEF) claim that it is safer to watch TV in the 
U.S. than in Europe because of higher fire safety levels for TV sets in the 
U.S. (www.bsef.com). This is well reflected by 10 times higher levels of 
brominated flame retardants in human serum from U.S. citizens than 
Europeans [97,98]. These flame retardants slow down or prevent the 
ignition process and limit the development of a fire in materials. The 
addition of BFRs to the product is claimed to give up to 15 times longer 
escaping time at a fire (www.bsef.com). 

Flame retardants are used in a wide variety of flammable materials, such 
as plastics in electrical or electronic appliances, fabric coverings and foam 
filled furniture, wood products in construction, insulation materials, cars 
and aircraft, and even as heat-resistant coatings to protect structural steel 
elements from deformation in fires (www.cefic-efra.org). In response to this 
wide variety of requirements, manufacturers offer an immense range of 
different flame retardant products. In many cases, several different types 
of flame retardants are combined to achieve optimal material performance 
(maintained strength, flexibility, electrical resistance) and product safety. 
The major groups of chemical classes of flame retardants are: inorganic 
chemicals (including antimony, aluminium and tin compounds), bromine, 
chlorine and phosphorus based flame retardants (Figure 4.1).  

 

 

 

 

 

 

Figure 4.1. Percentage of the total global consumption of the major groups of 
flame retardants [32]. 
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The three classes of BFRs that represent the highest global production 
volumes are TBBPA, PBDEs (three commercial mixtures, Penta-, Octa and 
DecaBDE mixtures) and HBCDD. There are different demand of the BFRs 
in the U.S., Europe and Asia (Figure 4.2). Asia has 86% of the world 
consumption of TBBPA, Europe on the other hand use 57% of the HBCDD 
market. In the U.S. it is mainly DecaBDE (U.S. 44% of the world market, 
Asia 42% and Europe 14%) incorporated in products together with 
PentaBDE (7 100 tons) (www.bsef.com). There was a voluntary phase out 
of some PentaBDE from European products as early as in the 1990s [99], 
and a voluntary phase-out of these chemicals by Great Lakes Chemical 
Corp. in 2004, the only U.S. manufacturer of PentaBDE and OctaBDE. 
The U.S. Environmental Protection Agency (EPA, www.epa.gov) proposed a 
Significant New Use Rule (SNUR) for notification, i.e. ninety days prior to 
U.S. manufacture or import, and use, of PentaBDE and OctaBDE after 
January 1, 2005 [100]. OctaBDE is only used to a minor extent, whereas 
DecaBDE is the major PBDE used worldwide.  

The EU Directive to restrict hazardous substances from electrical and 
electronic equipment (RoHS, [101]), will ban PBB, PentaBDE, and 
OctaBDE, from the production of new electrical and electronic equipment 
from July 1, 2006. DecaBDE was exempted from this directive but there 
will be a review of the exemption [102], which should be undertaken 
before 2010 (www.bsef.com). 

 

 

 

 

 

 

 

 

Figure 4.2. Percentage and the total consumption demand of TBBPA (2002), 
HBCDD (2001) and DecaBDE (2001) in U.S., Europe and Asia (www.bsef.com). 
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The following text will focus on PBDEs and HBCDD due to the analyses 
performed in two of the four case studies (Papers III-IV). The 
environmental fate of PBDEs and HBCDD can be predicted by their 
physicochemical properties, which show obvious similarities with PCBs. 
They are persistent but with lower thermal and photochemical stability 
than the PCBs, have low water solubility and high bioconcentration 
factors. Log Kow are increasing with the number of bromine substituents. 
PBDE log Kow are between 6 and 10 [103-105] and log Kow of HBCDD is 
5.6 [106]. The general molecular structure of PBDEs and HBCDD is 
illustrated in Figure 4.3. 

HBCDD is produced by bromination of cis, trans, trans-cyclododeca-1,5,9-
triene. The resulting technical mixture consists of three enantiomer pairs 
of diastereomers of 1,2,5,6,9,10-hexabromocyclododecane, recognised as 
α-, β- and γ-HBCDD. Even though HBCD as abbreviation is more 
frequently used, the author prefers to use HBCDD for hexabromo-
cyclododecane. This is the abbreviation adopted by the Swedish Chemicals 
Inspectorate (www.kemi.se) and by the European Chemicals Bureau 
(http://ecb.jrc.it/). 

 

 

 

 

 

 

 

Figure 4.3. General molecular structure of PBDEs (n+m=1-10) and HBCDD. 
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4.2 Toxicology of PBDE and HBCDD 
Just as PCDDs/PCDFs and PCBs, PBDEs are lipophilic compounds which 
lack functional groups. The PBDEs undergo CYP450 catalysed oxidation 
to form hydrophilic metabolites that can be conjugated and excreted. Less 
is known about HBCDD metabolism. Hydroxylated PBDE metabolites 
seem to interact with hormonal systems similarly as PCDD/PCDF and 
PCB metabolites. Several hydroxylated and methoxylated PBDE 
metabolites have been reported in biota [107-115]. Debromination has 
also been indicated experimentally and epidemiologically for BDE-99 and 
BDE-209 [110,112,116-119]. 

Administration, distribution, metabolism and excretion (ADME) of BDE-47 
has been studied in rats and mice after oral, intratracheal and dermal 

dosing [107,120,121]. Over 80% of the dose was absorbed after oral and 
intratracheal administration to mice, whereas ~62% was absorbed after 
dermal exposure [120]. In rats, 14% of an administered dose was excreted 
via faeces and less than 0.5% in urine during 5 days, with 21% 
corresponding to metabolites. In mice 20% of the dose was excreted in 
faeces and 33% in urine, with 85% excreted as metabolites and only 15% 
as parent compound [107]. From this study it was concluded that BDE-47 
is well absorbed by both rat and mouse, but there is a considerable 
variation between species regarding metabolism and excretion.  

Early studies suggested a low uptake of BDE-209 due to its high 
molecular weight (959.2 g/mol), since the gastrointestinal tract only 
readily absorbs lipophilic compounds up to approximately 500-1 000 
g/mol by passive diffusion [122]. As much as 99% of BDE-209 oral 
administered to rats was excreted via faeces [123]. Intravenous injection of 
14C-labelled BDE-209 showed that 74% of the dose was found in faeces 
72h after administration, and 63% of the excreted material was 
metabolites [123]. The same amount of metabolites, 65%, was found in 
faeces in a recent study where 14C-labelled BDE-209 was administered 
orally to rats [112]. Almost 10% of the dose was excreted in the bile of rats 
after 72h, indicating that at least 10% of the dose was absorbed [112,124]. 
But it can not be excluded that a larger proportion of the excreted 
metabolites had been absorbed. Two explanations were suggested to this 
higher uptake: first, a better dose formulation was used optimizing 
uptake, since BDE-209 has extremely low water solubility, and secondly, 
that a lower dose was used. El Dareer and co-workers [123] observed that 
a lower dose BDE-209 seemed to result in higher absorbation. Another 
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study with rats dosed orally with BDE-209 for 21 days (low dose, 3 
µg/day) showed a bioconcentration factor of 0.16 in the liver, a 
concentration factor in the same range as other PBDEs (0.11-0.33) [117]. 
Considerably higher absorption, >80% of BDE-209, was recently reported 
for grey seals fed BDE-209 dosed herring for several months [125].  

Lower brominated PBDEs, such as BDE-47 are mainly distributed as 
parent compound to adipose tissue, but are also found in liver, kidney, 
brain and plasma [107,120,121]. The highest amount of metabolites were 
identified in the lungs [107].  

BDE-209 on the other hand is mainly found associated to blood lipids and 
blood rich tissue in administered mice and rats [112]. After administration 
of 14C-labelled BDE-209 to mice heart, liver and brain tissue were 
analysed [126]. Approximately 10% of the dose was detected in liver after 
24h and the levels had decreased after 7 days. Around 2-3‰ of the dose 
was present in the mouse heart 24h after exposure, and shown to be 
constant or had decreased 7 days after exposure. In contrast, brain levels 
increased after 7 days compared to levels measured at 24h, i.e. exposure 
PND 3 increased from 4.8 to 7.4‰, exposure PND 10 from 4‰ to 10.5‰, 
while exposure PND 19 was constant 0.6‰ [126]. A similar study 
regarding BDE-99 distribution showed a decreasing trend over time (7 
days) in the brain [127]. 

Recently apparent half lives of several PBDE have been estimated in 
humans and in animal experimental studies. It has been shown that half 
lives of PBDEs in humans increase with decreasing number of bromine 
substituents going from BDE-209 to BDE-183 [128]. BDE-209 have been 
observed to be rapidly eliminated both in humans (t½=15 days, [128]), rats 
(t½=2.4 days, [129]) and grey seal (t½=8-13 days, [125]). The half lives, as 
determined in humans with work related exposure to BDE-209, of 
nonaBDEs was 18-39 days, octaBDEs, 37-91 days, and for heptaBDE 
(BDE-183), 94 days [128]. Tetra- to hexaBDEs were suggested to have very 
slow elimination rates, i.e. 1.6-6.5 years [130]. 

ADME of HBCDD is yet poorly studied. It is rapidly absorbed from the 
gastrointestinal tract, distributed primarily to the body fat, and eliminated 
rapidly (2h in rat), primarily in the faeces [35,131]. Four metabolites were 
found in rats but no information on their structure was given (Cited in 
[35]). Toxicological effects of PBDEs have been investigated, though data 
gaps still exist for many PBDE congeners and HBCDD. 
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4.2.1 Acute toxicity of PBDE and HBCDD 

The single PBDE congeners or technical mixtures has not been reported to 
have any high acute toxicity (oral LD50 is >5 000 mg/kg). Dermal exposure 
to PBDEs did not result in any irritation or chloracne-like responses [132]. 
No effects were seen after dermal exposure of HBCDD, except at extreme 
high doses were diarrhoea and slight weight loss was observed in one of 
two animals (shaved white rabbits) [131]. 

Rats have been exposed via inhalation at concentration between 2 and 
200 mg PBDE/ml for 1h [36]. Test animals exposed of PentaBDE 
displayed first increasing, and then decreasing motor activity. Exposure of 
DecaBDE at a level of 48 mg/ml showed some signs of increasing motor 
activity whereas a decreased motor activity was registered after exposure 
to 2 and 60 mg/ml of DecaBDE. Those animals exposed to 200 mg/ml 
also displayed salivation, increased respiration rates and excessive tearing 
[36]. 

4.2.2 Endocrine effects of PBDE and HBCDD 

PBDEs with different grade of bromination have been studied for 
endocrine related effects both in vivo and in vitro. Only a few central 
effects studied will be mentioned below. The author recommends the 
following review articles for further information [35,36,99,111,133-135].  

Decrease of free circulating T4 and T3 levels in serum after oral exposure 
to commercial PBDE and HBCDD have been observed in rats and mice 
[79,82,99,136-141]. The decreased level of thyroid hormones might be due 
to elevated UDPGT which enhance the T4 and T3 biliary excretion (see 
chapter 3.1.3.). An increase of UDPGT activity has been reported in rats 
and mice of different ages and strains after exposure to single PBDE 
congeners and PBDE technical mixtures [82,139,141,142]. NOAEL around 
10-20 mg/kg/day have been reported [82,139]. Rats seemed to be more 
sensitive than mice to this treatment, since no statistical significant 
difference were observed for UDPGT activity in mice [82].  

The lowered level of free thyroid hormones might also be due to a 
competitive binding to the thyroid hormone transport protein, TTR. The 
potency of 17 PBDE congeners (di- to hepta-BDE) for competitive binding 
to human TTR has been investigated in an in vitro assay [143]. None of the 
parent PBDEs was able to compete with T4-TTR binding, whereas 
competition was observed after metabolic conversion of the PBDEs by 
induced rat liver microsomes.  
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PBDE exposed animals have been reported to have induced EROD activity 
though not to the same extent as PCBs [35,36,82,138,139,141,142, 
144,145]. The cause of this increase is questioned. Another study found 
no induction of EROD activity due to PBDE exposure, and it was proposed 
that preceding studies increased EROD activity expression, was caused by 
impurities of polybrominated dibenzo-p-dioxins (PBDD) and poly-
brominated dibenzofurans (PBDF) [146].  

DecaBDE had no effect on serum T4 and T3 levels, hepatic EROD or 
UDPGT activities after oral administration [139,147]. BDE-209 seems to 
have low enzyme-inducing potency. In repeated dose studies with 
exposure of BDE-209 administrated with the diet (0.1 mmol/kg/day), liver 
enlargement was reported in rats (14 days study) [147], and no observed 
effect level (NOEL) for rats was reported in another study to 8 mg/kg diet 
(30 days study) [132]. NOAEL for thyroid hyperplasia was 8 mg/kg diet 
after administered BDE-209 (~77% purity) [132]. 

A three and a 13-weeks feeding study of HBCDD exposed rats of ≥900 
mg/kg/day (LOAEL) resulted in thyroid hyperplasia and increased liver 
weight. Since increased liver weight is not considered to be an adverse 
health effect a NOAEL value was set to 450 mg/kg/day [131]. 

4.2.3 Neurobehavioural effects of PBDE and HBCDD 

Several neurobehavioural tests with BDE-47, -99, -153 -209 and HBCDD 
have been conducted in mice and rat of different strains, which 
demonstrated that the developing nervous system is a potential target of 
PBDE and HBCDD toxicity [126,127,131,133,136,148-157].  

Using a paradigm developed by Eriksson and co-workers for PCB 
developmental neurotoxicity, it was possible to define a critical window of 
sensitivity for PBDE exposure in neonatal mice [127]. Exposure to 
congeners occurred during a critical period of neonatal brain development. 
In mice and rats the brain growth spurt (BGS) is identified to peak around 
PND 10 whereas human BGS begins during the third trimester of 
pregnancy, peaks a few weeks before birth and continues during the first 
2 years after birth [154]. 

Neonatal mice were administered test compounds between 0.5-20.1 
mg/kg on post natal days (PND) 3, 10 or 19. Spontaneous behaviour (60 
min rearing and locomotion measurement) and learning and memory 
ability (Swim maze) was tested at age 2, 4, 6 and/or 8 months. The results 
are reported in several papers and there are some differences in how the 
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studies are designed. The reader is referred to the cited papers for details. 
An overview of the studies is presented in Table 4.1. Exposure at PND 10 
resulted in an effect of the spontaneous behaviour for the adult mouse (2-
8 months) with a hypoactivity in the beginning of the behaviour test 
resulting in hyperactivity, the last 20 min. This was the result for all 
substances except mice exposed to BDE-209. Only exposure at PND 3, but 
not PND 10 or 19, resulted in deviation from the normal habituation [126]. 
This was suggested to be due to a transport time of the parent compound 
or its metabolite. The developmental neurotoxic effect were reported to be 
dose-response dependent and seem to get worse with age (2-6 months) 
[126,148,153,155].  

In a repeated dose study mice were exposed to a daily dose of 10 mg BDE-
99 /kg via dams, between gestational day 6 (GD 6) to PND 21. A similar 
hyperactivity was recorded during adolescences (PND 34) but not in 
adulthood (PND 90 and 120) [136,158]. The discrepancy in the effects 
induced has been suggested to be due to different mechanism of 
neurotoxicity induced by acute versus chronic exposure. In the latter 
study the pups are administered through the mother and exposure to 
metabolites may play a role [136,158]. A similar study on mice with low 
dose exposure of BDE-99 on GD 6, gave hyperactive offspring PND 36 and 
71. The doses used were relevant to human exposure levels (60 and 300 
µg/kg bw) [150].  

Hypoactivity was also observed in adult rats exposed to one single dose of 
10 g HBCDD/kg bw. A dose of 5 g/kg bw was set as NOAEL [131]. These 
observed changes in spontaneous behaviour are very similar to the results 
reported earlier for several PCBs [93,160-162]. Also these effects were 
dose-response and time-response dependent, and dose used in all PCB 
studies were approximately the same as used for the PBDE studies. This 
indicates that some PBDEs have the same ability to cause developmental 
neurotoxic effects as the PCBs. 

Table 4.1. Effect observed (+) or not observed (-) on spontaneous behaviour test 
after administered dose (mg/kg bw) at postnatal day 3, 10 or 19.  
  Postnatal day Dose NOAEL LOAEL Reference 
  3 10 19 mg/kg bw  

BDE-47 n.t. + n.t. 0.7-10.5 0.7 10.5 [149] 
BDE-99 + + - 0.4-16 0.4 0.8 [149] 
BDE-153 n.t. + n.t. 0.45-9   0.45 [153] 
BDE-209 + - - 1.34-20 2 20 [126] 
HBCDD n.t. + n.t. 0.9-13.5   0.9 [159] 
n.t.=not tested         
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5 Methodology 

5.1 Extraction and clean up methodology of PCDDs, PCDFs, 
OH-PCBs and PCBs 

The present thesis is mainly related to exposure to environmental 
contaminants and their metabolites. Accordingly methodological issues 
are of central importance. A selection of methodological tasks is therefore 
discussed below. In Paper I, PCDDs/PCDFs and PCBs were analysed in 
human milk from three Italian regions and in Paper II, butter samples 
collected worldwide were analysed for these analytes. PCBs and 
hydroxylated metabolites were analysed in serum from pregnant women 
and their infants cord blood at birth (Paper III) and in human serum from 
elderly women from the Swedish east coast (Paper IV). The method applied 
for PCDD/PCDF and PCB analysis is described in detail in Paper II. The 
method is well established and schematically visualised in Figure 5.1, as 
applied by ERGO Forschungsgesellschaft, where the analysis were 
performed by the author.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Schematic illustration of the analytical method used for extraction 
and clean up of butter samples for PCDD/PCDF and PCB determination. 

Partitioning
(Active carbon column)

Clean up
(H2SO4 /SiO2 – Al2O3 column)

Sample
(5 gram butter)

Water removing column
(Na2SO4)

Dissolved
(Hexane)

PCDD/F and 
planar PCB analysis

(HRGC/HRMS)

Forward phase
non-planar PCBs

(Cyclohexane:dichloromethane)

Reversed phase
PCDD/Fs and planar PCBs

(Toluene)

Clean up
(H2SO4 /SiO2 (1.5:1) column)

Lipid determination
On separate sample

Clean up
(Multilayered column)

Non-planar PCB analysis
(HRGC/HRMS)

Clean up
(H2SO4 /SiO2:SiO2 treatment)

Partitioning
(Active carbon column)

Clean up
(H2SO4 /SiO2 – Al2O3 column)

Sample
(5 gram butter)

Water removing column
(Na2SO4)

Dissolved
(Hexane)

PCDD/F and 
planar PCB analysis

(HRGC/HRMS)

Forward phase
non-planar PCBs

(Cyclohexane:dichloromethane)

Reversed phase
PCDD/Fs and planar PCBs

(Toluene)

Clean up
(H2SO4 /SiO2 (1.5:1) column)

Lipid determination
On separate sample

Clean up
(Multilayered column)

Non-planar PCB analysis
(HRGC/HRMS)

Clean up
(H2SO4 /SiO2:SiO2 treatment)



Methodology 

- 31 - 

The PCDD/PCDF analyses of mothers’ milk in Paper I was performed on 
extracts delivered after PCB analyses (performed at the Special Analytical 
Laboratory (RSL), the Swedish Museum of Natural History, Stockholm). In 
this case only a partitioning step on an active carbon column was required 
prior to analyses. The PCB analyses were based on a slightly modified 
extraction method developed for plasma analysis outlined in its original 
form in Figure 5.2 [163]. The modifications made were replacement of 
hydrochloric acid for concentrated formic acid, and MTBE/hexane for 
diethyl ether/hexane as extraction solvents. This modification was made 
to decrease the risk of emulsion formed when the milk was extracted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Schematic illustration of the original analytical method described 
by Hovander and co-workers, used for extraction and clean up of different 
matrices for PCB and OH-PCB determination [163], and an modified extraction 
method [164,165]. 
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PCB and OH-PCB analysis in Paper III was performed at Institute for 
Environmental Studies, Vrije Universiteit, Amsterdam, The Netherlands, 
and in Paper IV at the Division of Occupational and Environmental 
Medicine and Psychiatric Epidemiology, University Hospital Lund. In both 
cases the methodology was part of a knowledge transfer to the laboratories 
under the author’s guidance. The method applied for the analysis is 
described in Figure 5.2, particularly addressing extraction of phenolic 
substances. Also the PCB congener, CB-153, was accordingly analysed in 
Paper III. In Paper IV another method, previously described for PCB 
analysis was applied for CB-153 determination [166]. 

5.1.1 Miscellaneous additional analysis 

5.1.1.1 OH-PCB in egg, cow-blood and liver 

A pilot project was performed to establish whether food is a source of OH-
PCBs [167]. OH-PCBs are not associated to lipid rich tissues, but to 
proteins and blood rich tissues [168]. Therefore, cow blood, cow liver and 
hen egg, were chosen as food matrices. The egg samples originated from 
Sweden, Germany and England. Both whole eggs and separate yolks and 
whites were analysed, to investigate possible association in different egg 
compartments. Lipid content was around 30% in yolk (pH=6.8) and in 
whites only around 0.1% (pH=9). The cow blood and liver were from 
Sweden.  

Parallel to the OH-PCB analysis, also 14 PCB congeners and p,p’-DDE 
were analysed. The method used was based on the method developed for 
plasma analysis [163]. An alternative extraction was applied for these 
particular matrices (Figure 5.2). The extraction is based on a recently 
updated method adopted for better lipid extraction in lean matrices [164]. 
A lipid reducing step using acetonitrile was included, as previously 
described by Jensen and co-worker [165]. This is an effective, non-
destructive lipid reduction step. Almost 100% of the analytes were 
recovered in the acetonitrile, whereas only 8-10% of the lipids were 
transferred (3 repeated extractions). The result of this additional study is 
discussed in chapter 6. 

5.1.1.2 Validation of serum and plasma as sample matrices 

OH-PCBs have been analysed in whole blood, plasma or serum [169-171]. 
Whole blood consists of 45% blood cells and 55% plasma [76]. Each red 
blood cell contains 250 million molecules of haemoglobin. Organohalogen 
compounds are not associated to blood cells (personal communication, 
Maria Athanasiadou, Department of Environmemntal Chemistry, 
Stockholm University, Stockholm) and can thus be separated from plasma 
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by centrifugation. An anticoagulant (e.g., heparin) is added to blood 
samples that prevent fibrinogen to coagulate. Without an anticoagulant, 
fibrinogen is removed upon centrifugation of the blood to gain serum. 

To the best of the author’s knowledge no previous study has compared 
serum and plasma as a matrix for analysis. Thus, it was of interest to 
investigate any potential differences in the analytical results of OH-PCBs 
when using serum and plasma for extraction and clean up. It was also of 
interest to study the behaviour of serum and plasma after frozen for two 
months and twenty months, respectively. 

A detailed description of the study is given elsewhere [172]. The analyses 
were performed according to Hovander and co-workers (Figure 5.2, [163]). 
A total of 60 samples were analysed, i.e. two matrices (serum and plasma) 
at three occasions (unfrozen, frozen at -20ºC for 2 and 20 months), each 
containing 10 samples from a pool. The samples were analysed for 4-OH-
CB107, 4-OH-CB146 and 4-OH-CB187, the three major OH-PCB 
congeners found in human plasma (Paper III and IV, [173]). 

It was early revealed that there was a problem with the standard 
concentrations added to the samples and therefore a second analysis was 
performed, where the analytes concentrations were calculated using a new 
volumetric surrogate standard (VS). Accordingly there was no 
compensation for recovery loss in each sample. This increased the 
variation and weakened the statistical analysis. At the first time of 
analysis (t=0) the coefficient of variation varied between 1 and 10% and at 
the second time point of analysis were coefficient of variation rather large 
for some of the analysed batches (3-22%). Unfortunately, this study had 
sources of errors from the beginning and the results must be understood 
as indications. The results are illustrated from the second analyses run in 
Figure 5.3. It was indicated that 4-OH-CB107 and 4-OH-CB146 
concentrations decreases in both serum and plasma over time in the 
freezer, but this needs to be further investigated. On the other hand, 4-
OH-CB187 seems to be more stable over time, or is easier to extract and 
therefore have a better reproducibility. 

The extraction of OH-PCBs in plasma seemed to have a lower recovery 
than serum samples. This is most likely due to plasma being more protein 
rich (1.5-4 g fibrinogen/litre plasma) with clotting as a potential risk. 
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Figure 5.3. OH-PCB concentrations (ng/g fresh weight (fw)) found in serum and 
plasma, analysed as unfrozen (t=0), after 2 months (t=2) and after 20 months 
frozen (t=20). The error bars indicate the maximum and minimum levels 
determined. The star indicates p<0.05. 

It is important to emphasise that the decrease of OH-PCB concentration is 
within an accepted variation, 20 percent. That means that the decrease 
indicated might be due to a normal analytical variance. The results can be 
interpreted accordingly that OH-PCBs in serum and plasma are stable 
after frozen 20 months. It is clear that the study can be optimised but 
must then be repeated. 
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The cholesterol and triglyceride contents were also measured enzymatic at 
t=0, 2 and 20 months. The measurements were repeated 5 times at each 
occasion showing a variation of 2%. It was indicated that the triglyceride 
was increasing and the cholesterol decreasing but this was not 
statistically evaluated. This might be due to a variance of the 
measurement method and/or instability of the instruments used. 
Triglycerides and cholesterol are presumed to be stable in -20°C (personal 
communication Åke Norström, Clinical Pharmacology, Umeå University 
Umeå, Sweden).  

5.2 Extraction and clean up methodology of PBDEs and 
HBCDD 

PBDEs and HBCDD have been analysed in human serum of pregnant 
women and their infants cord blood at birth (Paper III) and in serum from 
elderly women from the Swedish east coast (Paper IV). The method applied 
for the analysis of PBDEs and HBCDD is a slightly modified version of the 
method outlined in Figure 5.2 [163]. 

The modification consists of a removal of the alkaline fractionation step 
applied to separate phenolic compounds from neutral, due to the risk of 
HBCDD eliminating HBr [174]. An additional step consisting of a silica gel 
column (0.7 g) was introduced to the clean up. This silica gel column also 
separates a major fraction of PCBs to prevent disturbance of the 
chromatography for determination of the PBDEs and HBCDD. The first 
fraction of hexane (3 ml) was discarded, and the next fraction of 
dichloromethane (5 ml) was collected.  

5.3 Instrumental analyses of PCDDs, PCDFs, PCBs, OH-
PCBs, PBDEs and HBCDDs 

PCDD/PCDF and mono-ortho PCB analyses in Paper I and II (including all 
other analytes) were performed by high resolution gas chromatography - 
high resolution mass spectrometer (HRGC/HRMS) operating in electron 
ionisation mode (EI) and selected ion monitoring (SIM) with [M]+ and 
[M+2]+ isotope ratios.  

In Paper IV, OH-PCBs and CB-153 were analysed by GC/MS with 
ammonia as buffer gas and in electron capture negative ionisation (ECNI) 
and SIM mode on the most abundant fragment in the chloride isotope 
cluster. The analyses of OH-PCBs and CB-153 concentrations presented 
in Paper III, and in the two pilot projects (described above), were 
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performed by a GC equipped with an electron capture detector (ECD), with 
hydrogen as carrier gas and nitrogen as make-up gas. Identification of the 
analytes was performed by comparing relative retention times with an 
external authentic standard mixture. 

PBDEs and HBCDD total concentration (α- β- and γ-HBCDD) were 
determined on GC/MS in Paper III and IV. ECNI in SIM mode was carried 
out for the bromide isotopes m/z 79 and 81. Helium was used as carrier 
gas and methane as electron thermalisation buffer gas. 

Stereoisomers of HBCDD can not yet be separated by GC, and LC is 
preferred. It has been reported that γ-HBCDD can isomerise to the α-
HBCDD diastereomer at temperatures above 160ºC, but do not decompose 
until temperatures above 220ºC [175]. GC/MS is therefore a questionable 
tool for quantification of the separate isomers. However, it has been 
reported that HBCDD quantification performed on GC and LC are in good 
agreement [176,177]. LC/MS-MS analysis of HBCDD stereoisomers in 
pooled serum samples in Paper IV was performed as described by Janak 
and co-workers [178].  

HBCDD diastereomers were separated on a Symmetry C18 (2.1 x 150 mm, 
5 µm) LC-column. HBCDD enantiomers were separated on a chiral LC 
column (4.0 x 200 mm, 5 µm) containing permethylated β-cyclodextrin 
[179] stationary phase. Both diastereomers and enantiomers were 
detected on a triple stage quadropole MS, operating in electro spray 
ionisation negative ion mode, using multiple reaction monitoring for [M-H]- 
(m/z 640.4) → Br- (m/z 79 and 81). This is the first time diastereomers as 
well as enantiomers are identified in human samples. 

5.4 Quality assurance/quality control 
In Papers I-IV, intra- and interlaboratory reference materials were 
analysed together with every batch of samples for quality control. This was 
done to establish the accuracy between clean up batches. The method of 
PCDD/PCDF and PCB analyses (Paper I and II) had earlier been 
successfully used in an international assurance exercise [180]. Together 
with analyses in Paper III and IV, was a minor intercalibration study (n=9) 
performed regarding OH-PCB analysis. This was an exercise between three 
laboratories, since it was of special importance to be able to compare the 
result data between laboratories within an EU project that the author was 
participating in (Life Science program, QLK4-CT-2000-0261 “Compare”). 
Analysis of reference material prepared from a homogenate of human 
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plasma was used as intra-laboratory quality control of PBDE and HBCDD 
analysis in Paper III and IV. All results of reference material analyses and 
intercalibration exercises were satisfying, with coefficient of variation 
between 2-28%.  

Solvent blank samples were continuously analysed during the clean up 
period. This is of special importance for the PBDE and HBCDD clean up 
since background contamination is a major disturbance in BFR analysis. 
Therefore, measurements were performed to decrease the background 
influence of such compounds. The analyses were performed in a clean-
room and solvents and glassware were controlled before sample analysis. 
Test tubes were wrapped in aluminium foil throughout clean up, to 
protect samples from debromination induced from UV-light. In Paper III 
and IV, low levels of BDE-47, BDE-99, BDE-209 and HBCDD were 
detected in clean up solvent blank samples and these levels were 
subtracted from the sample concentrations reported. In Paper I and II 
were blank levels of PCDDs/PCDFs and PCBs not considered to influence 
the reported TEQ levels and were not subtracted from reported 
concentrations.  

When reporting exposure levels in the environment it is important to state 
what the limit of detection (LOD) and limit of quantification (LOQ) 
represents in the report. It can be expressed in several ways. Either it is 
an expression of the analytical performance, reported on the same unit as 
the reported samples values (Papers I-IV), or it is a way to supply 
information of the instrumental performances, per injection (Paper IV). 
The analytical LOD/LOQ does not include information about the sample 
volume of demand, which is dependent on the end-volume (volume in vial 
before injection) and injection volume of the sample. The reported absolute 
amount per injection, that represents the minimum mass that can be 
detected chromatographically, is a convenient measure for comparing 
instrumental limits [181]. A comparison of instrumental LOD/LOQ used 
in Papers I-IV is given in Table 5.1. There are different approaches to 
establish LOD and LOQ between the papers, e.g., establishing minimum 
quota between signal/noise (s/n). Most commonly used is s/n=3 and 
s/n=10 for LOD and LOQ, respectively. If background level influences the 
results it is common to determine LOQ as three times the blank 
concentration. 



 

  

Table 5.1. Specification of parameters influencing the instrumental limit of detection (LOD, pg/injection) and limit of quantification 
(LOQ, pg/injection) reported in Papers I-IV.  

Analyte Analytical 
instrument 

Sample 
volume 

Lipid 
content 

End 
volume 

Injection 
volume. LOD LOQ References 

    g % ul ul s/n  
or (xbl) pg/inj s/n  

or (xbl) pg/inj   

PCDD/PCDF GC/HRMS 5a 80 10 2 3 0.08 (x2) 0.3 Paper I & II 
non-ortho PCB GC/HRMS 5a 80 10 2 3 0.08 (x2) 1.5 Paper I & II 
mono-ortho 
PCB GC/HRMS 5a 80 200 1 3 0.1 (x2) 10 Paper I & II 
ortho PCB GC/HRMS 5a 80 200 1 3 0.6 (x2) 50 Paper I & II 
CB-153 GC/ECD 5b 0.7 500 2 (x3) 0.4 3.3xLOD 1.4 Paper III 
CB-153 GC/MS 5b 0.7 100 2 3 5.0 5 8.3 Paper IV 
OH-PCB GC/ECD 5b 0.7 400 2 (x3) 0.2 3.3xLOD 0.7 Paper III 
OH-PCB GC/MS 5b 0.7 100 2 3 2.0 5 3.3 Paper IV 
PBDE (47-154) GC/MS 5b 0.7 100 1 5 0.01 10 (x3) 0.02 Paper III & IV 
BDE-209 GC/MS 5b 0.7 100 1 5 0.04 10 (x3) 0.08 Paper IV 
HBCDD GC/MS 5b 0.7 100 1 5 0.04 10 (x3) 0.08 Paper III & IV 
HBCDD 
diastereomer LC/MS 125b 0.7 500 20 3 1 -- -- Paper IV 
HBCDD 
enantiomer LC/MS 250b 0.7 500 20 3 50 -- -- Paper IV 
xbl=times the background blank contamination, a butter, b serum 
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5.5 Enzymatic/gravimetric determination of lipids  
Lipid content can be determined both gravimetrically (Paper I and II) or 
enzymatically (Paper III and IV). Enzymatic determination is performed by 
measuring phospholipids, triglycerides and cholesterols (free and 
esterified) concentration in the serum sample. Gravimetric lipid 
determination is a time consuming process with high demands on 
laboratory skills, whereas analysis of triglycerides and cholesterol is fast 
procedure routinely performed at hospitals. Though, phospholipid 
determinations are not commonly performed and are thus less accessible. 

The cholesterol and triglycerides are determined by enzymatic hydrolysis, 
resulting in the production of a quinone imine dye (measurable at 540 
nm), which is directly proportional to triglycerides and cholesterol in the 
sample [182]. The average molecular weights of triglycerides are assumed 
to be 807 g/mol. The proportion of free and esterified cholesterol is 
assumed to be 1:2, which give an average molecular weight of 571 g/mol. 
It has been shown that the phospholipids correlate to triglycerides and 
cholesterol levels in human serum. Thus, the total lipids (g/l) can be 
calculated from triglycerides and cholesterol levels only, by the following 
equation for serum lipids in general population [183]: 

 

Total lipids = 0.9 + 1.3 x (Ctriglycerides + Ccholesterol) 

 

It has repeatedly been shown that gravimetric and enzymatic 
determination of lipids are comparable [171,184,185], though reports 
indicates that gravimetrical determined lipids results in either slightly 
higher [185] or lower yields [171,184]. This might be due to the extraction 
solvent used. The choice of solvents is crucial to be able to extract lipids 
quantitatively from different matrices [164]. For examples, serum contains 
~20% phospholipids, 60% cholesterol and 15% triglycerides, whereas milk 
contain mainly tri- and diglycerides (90%) [186].  
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Figure 5.4. Comparison between lipid determination as performed gravimetric 
and enzymatic (Paper III and IV)  

The PBDE and HBCDD concentrations analysed in Paper III and IV were 
reported on enzymatic determined lipids based on the calculation above. 
The lipid content in these samples was also determined gravimetrically; 
comparison shown in Figure 5.4. The gravimetric determination gave a 
slightly higher yield than if the enzymatic method was used. The 
coefficients of determination (R2) are around 70-80%, which is  
comparable as gained in other studies 60-97% [171,183-185].  
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6 Exposure 
One of the key issues in risk assessment is evaluation of exposure 
pathways and to which extent the actual exposure is a risk to humans. 
Exposure pathways, particularly for humans, are complicated and 
accordingly difficult to investigate and consequently to assess. In this 
chapter the major exposure pathways, i.e. airborne, via diet and transport 
from mother to the child, are discussed and related to the results in 
Papers I-IV.  

6.1 Airborne exposure 
Airborne pollutants may be volatile substances readily inhaled with the 
gas phase, whereas larger non- or semi-volatile substances are inhaled 
particle bound or ingested with dust. Dermal exposure is considered 
insignificant. Table 6.1 summarises some typical levels of outdoor, indoor 
and dust concentrations of PCDD/PCDF, PCB, PBDE, BDE-209 and 
HBCDD, measured in Europe since year 2000. 

6.1.1 Outdoor air exposure 

Outdoor PCB and PBDE concentrations have been reported in several 
European countries from samples taken by passive and active air 
sampling [187,188]. Levels varied by over two orders of magnitude (Table 
6.1) with the highest concentrations linked to urbanised areas [187,189]. 
Typical urban air levels in Europe are ~0.1-10s’ pg ΣPBDE/m3 and 100 to 
1 000 pg ΣPCB/m3. 

HBCDD air concentrations have been measured in Sweden, both near 
point sources, such as textile and an extended polystyrene (XPS) foam 
factory, as well as in rural areas, indicating long-range transport [41]. 
Typical levels of HBCDD in background rural areas are ~1-10s’ pg/m3 and 
up to low hundreds in urban environment and at point source locations 
(Table 6.1). 

It seems that lower halogenated congeners are limited to undergo long 
range atmospheric transport, by their efficient degradation in the 
atmosphere. Whereas atmospheric transport of highly halogenated 
congeners are limited primarily to particle bound deposition and low 
revolatilisation from the surface media. Congeners of intermediate 
halogenations appear persistent and volatile enough to remain airborne 
long enough to undergo long range atmospheric transport [190]. 



 

   

Table 6.1. Range of representative air and dust concentrations (ng/m3) reported in Europe year 2000-2004. 
Range (ng/m3) PCDD/PCDF PCB PBDEa BDE-209 HBCDD References 

Outdoor air        

Close to industry 0.06-0.07b    0.019-1 000 [41,191] 

Urban areas  0.066-1.7 0.009-0.25  0.076-0.61 [192] 

Rural areas  0.007-0.85 0.0005-0.19  <0.001-0.025 [41,187,188,190] 

Indoor air       

Work environment  740-4 200 0.01-110 <0.04-70  [192-196] 

Domestic   0.13-2.4   [192,196] 

Dust       

Work environment   15-21 14-17  [197] 

Domestic   <4-5 500c <5-19 000c 77-6 900c [198-201] 
a BDE-209 excluded, b pg TEQ/m3, c ng/g  
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Vegetation has a propensity to retain gas-phase, as well as particle bound, 
volatile and semi volatile organic contaminants and thus introduce these 
contaminants to natural and agricultural food chains [202,203]. A study 
conducted in the U.K. reported that pasture typically retained amounts of 
PCB (per gram dry weight) equivalent to that in ~7-64 m3 of air, depending 
on the compound studied, regardless of whether the pasture exposure 
time had been 2, 6 or 12 weeks [203]. Dairy products such as cow milk 
and butter should thus mirror terrestrial contamination of these POPs, 
after metabolism in the cow. With a typical air concentration of 100 pg 
ΣPCB/m3 a transfer between air and pasture of 700-6 400 pg ΣPCB/g dry 
weight of grass will occur. Cows are on average eating 25-30 kg feed per 
day (hay, corn silage, corn) and produces ~20 litre of milk per day 
(www.umpquadairy.com). Thus, it can be estimated that the daily intake 
of e.g., PCB in a cow is ~20-200 µg ΣPCB/day. Typical cow milk in the EU 
contains ~3 ng ΣPCB/g fat [204,205] (3% fat gives 0.09 ng ΣPCB/ml). That 
means that 1.8 µg of ΣPCB is daily excreted via cow milk. The rest of the 
body burden are either excreted or accumulated in the cow’s tissue. Cow 
meat contains ~10 ng ΣPCB /g fat [205].  

PCDDs/PCDFs are formed in gaseous emissions during incineration of 
chlorine containing waste, such as municipal solid waste (MSW). The 
PCDD/PCDF congener distributions are similar for MSW combustion 
systems [206]. The ratio of PCDDs to PCDFs is generally <0.3. OCDD is 
the most abundant congener in most samples from incinerators but 
1,2,3,7,8-PeCDD and 2,3,4,7,8-PeCDF contributes most to the TEQs 
[207,208]. This is illustrated in the three analysed butter samples from 
Korea (Paper II). The contribution to total TEQ was larger from PCDFs 
than PCDDs which is taken as an indication of cow exposure to 
PCDDs/PCDFs via MSW incinerator (MSWI) emissions. A comparison is 
presented between the three butter samples and TEQ pattern from a 
Korean MSWI emission (ng TEQ/N (=normalised) m3) in Figure 6.1. The 
mean of all samples analysed in Paper II, where PCDDs are the largest 
contributor to total TEQ, is also included in the comparison shown in 
Figure 6.1. 
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Figure 6.1. PCDD/PCDF congener pattern in butter samples from Korea (n=3) 
compared to mean values (pg TEQ/g fat) from all butter samples analysed in 
Paper II (n=64) and compared to a emission pattern of PCDD/PCDF congeners 
(ng TEQ/Nm3) at stacks of municipal solid waste incinerators located in Korea 
[208]. 

Today, PCDD/PCDF emissions via MSWIs are not considered to be a 
major source to human dioxin exposure [209]. High amounts of 
PCDDs/PCDFs were earlier formed and exhausted through MSWI 
emissions, and efforts to decrease the emissions have been successful in 
countries implementing the best available technology [206]. Accordingly, 
dioxin emissions may still be significant from other incineration processes, 
e.g., uncontrolled backyard burning [69]. 

6.1.2 Indoor air exposure 

Airborne exposure is not considered to be the major human exposure 
pathway of concern to PCBs and PCDDs/PCDFs [210,211]. In a school in 
Germany high levels of PCBs were detected in air, influenced by PCB 
containing sealants in construction joints in the building [212]. Blood 
samples from teachers did not show elevated PCB concentrations 
compared to a control group. 

Recent studies have suggested inhalation of BFRs to be a significant 
exposure source, both in domestic air and household dust [198,213-218] 
as well as in occupational situations [118,128,195,219-222].  
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The result of chamber measurements to illustrate emission of flame 
retardants from consumer products (i.e. insulating materials, assembly 
foams, upholstery/mattresses, electronic equipments) suggest that use of 
flame retardant treated products may affect indoor air quality and could 
be a possible route of exposure for humans [223]. PBDEs exhibited an 
area-specific emission rate of between 0.2 and 6.6 ng/m2 per hour and 
HBCDD between 0.1 and 29 ng/m2 per hour.  

Young children have been estimated to ingest 0.02-0.2 g of dust daily 
[217], which makes them likely to be exposed to environmental pollutants. 
Young children are, due to their immaturity and their rapid development, 
considered to be more susceptible to environmental pollutants than adults 
[224].  

PBDE exposure to toddlers (6 months to 2 years of age) via ingestion of 
household dust is the largest contributor to exposure. Dust accounts for 
80-90% of their estimated daily intake (EDI) [213,218] which is a factor 
likely explaining the elevated PBDE concentrations reported in young 
children [225-227]. 

However, blood PCB concentrations are not reported to correlate with PCB 
concentrations in soil or house dust samples from homes and low levels of 
PCBs have been detected in children [211]. 

6.1.3 Accidental air exposure 

A historical important accident occurred in Italy 1976. Information 
presented below is extracted from the chronically written “Seveso: a 
teaching story” [25]. More information about the accident and the 
situation of the area today can be gained at www.boscodellequerce.it. 

At noon, the 10th of July 1976, a safety valve ruptured at the chemical 
plant Industry Chimiche Meda Societa Azionaria (ICMESA) in Seveso 
(Figure 6.2). No people were present in the factory at the time of this 
incident, and the surrounding population, used to the stinking facility, did 
not react to the dense vapour cloud that was released. The ruptured valve 
was a part of the 2,4,5-trichlorophenol production vessel and contained 
2 000 kg of 1,2,4,5-tetrachlorobensen. It has been estimated that more 
than 1 500 kg of the chemical was released to the atmosphere, possibly 
including up to 30 kg of TCDD. This resulted in an immediate 
contamination of some 2 600 hectares of land. Three days later tree leaves 
turned yellow and in another day small animals, e.g., rabbits and birds 
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started to die. Early signs of chloracne burns on the face of children were 
observed one week after the explosion.  

Still, the surrounding population had no information of what had really 
happened, and was only recommended not to eat local fruit and 
vegetables. More than two weeks after the accident 227 people in the most 
contaminated area (zone A1-A5) was evacuated and medical examined. 
Another week later, 506 people were evacuated from zone A6-A7.  

About 37 000 people were thought to have been exposed to the chemical 
cloud. Approximately 80 000 local farm animals were slaughtered to 
prevent contamination of food. Zones of exclusion were set up, with the 
most contaminated area, zone A, covering 110 hectares. This zone was 
completely evacuated and later became a park - Seveso Oak Forest. In the 
two next most contaminated zones, B and R, farming and the 
consumption of local agricultural goods and meats were strictly forbidden. 

A follow-up study on the exposed 
population revealed, among 
others, that 15 years after the 
accident mortality among men 
increased from rectal and lung 
cancer, and an increase in 
diabetes was reported, notably 
among women [228]. 

Figure 6.2. Map over Italy. 

Still, 20-25 years after the accident there are two to ten times higher 
TCDD concentrations found in human milk and serum samples from 
exposed people (Table 6.2.), compared to people living in the 
surroundings, whereas non-TCDD congeners were comparable between 
populations (Paper I and [229-231]). 
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Table 6.2. Median PCDDs/PCDFs (pg/g fat) and CB-153 (ng/g fat) in humans 
accidentally exposed to TCDD and unexposed in the Seveso area. 

Year  Area TCDD 
PCDD/ 
PCDF CB-153 References 

  (pg/g fat) (pg/g fat) (ng/g fat)  

00-01 Exposed, zone ABR 4.1a 11a 86b Paper II 
00-01 Unexposed, urban 1.6a 12a 130b Paper II 
00-01 Unexposed, rural  1.5a 12a 100b Paper II 
92-94 Exposed, zone A 53c   [231] 
92-94 Exposed, zone B 11d   [231] 
92-94 Unexposed  5e   [231] 
76-85 Women, zone A 300f   [230] 
76-85 Women, zone B 50g   [230] 
a n=2 (pooled milk sampled month 0 and 3) 
b n=36 (12 mothers milk sampled at month 0, 1 and 3) 
c n=7 plasma, d n=55 plasma, e n=59 plasma, f n=167 plasma , g n=814 plasma 
 

Colostrum milk had significantly higher lipid content in the Seveso region 
than at the other locations (Paper I). Consequently, the TCDD content in 
the colostrum milk will be considerably higher on a fresh weight basis 
compared to milk from Milan and the rural area. Studies conducted on 
another accidentally exposed population, i.e. Yusho patients, have been 
reported to have elevated serum triglyceride levels [18,19]. The lipid 
content was comparable at all three locations three months after birth 
(Paper I). 

Other effects reported in the exposed Seveso population are among others, 
negatively association between serum TCDD levels and immunoglobulin 
[232], developmental dental aberration associated with childhood 
exposure to TCDD [233], and increasing risk of early menopause [234]. 
The TCDD exposure of men is linked to a lower male/female sex ratio in 
their offspring [235]. 

In Europe, it was the Seveso accident that awoke the need for a legislation 
to prevent and control such accidents. In 1982, the so-called Seveso 
Directive (EU Directive 82/501/EEC) was adopted. The Seveso Directive 
was replaced by Council Directive 96/82/EC, the so-called Seveso II 
Directive in 1997 [236]. In 2003 this directive was extended by the 
Directive 2003/105/EC [237]. The Seveso II Directive applies to some 
thousands industrial establishments where dangerous substances are 
present in quantities exceeding the thresholds in the directive. 
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6.2 Intake via food 
Most pollutants are incorporated in food products via the environment. 
Milk and dairy products are good indicators for air contamination of 
chemicals (see more under “outdoor exposure”, chapter 6.1.1.). 
Assumptions are made that the cows’ are grazing outdoor and that 
exposure from industrial processing is irrelevant. Thus, butter as a 
marker for dairy products, has been used for comparison of the 
PCDD/PCDF and PCB contamination in several countries (Paper II, [238-
240]). 

Except the actual process of the product growth, before food processing, 
there are several areas within food processing where it is necessary to 
supervise the handling. Food control can be applied to the primary 
production, food processing and the consumer products. In these steps 
products can be exposed to several unwanted substances. Food products 
are routinely analysed for residues such as pesticides, heavy metals, 
plastic additives from packaging and traces of drugs. In addition to food 
product monitoring for contaminants, dietary habits are routinely 
investigated in the general population of several countries 
(www.elintarvikevirasto.fi, www.fda.gov, www.slv.se, www.food.gov.uk, 
www.bvl.bund.de). The dietary habits differ between populations. The 
daily intake is calculated based on the typical food basket consumed in 
the country. Typical levels of PCDDs/PCDFs, PCBs, PBDEs and HBCDD 
in European food products as well as a range of reported estimated daily 
intakes, are given in Table 6.3.  

 



 

   

Table 6.3. Representative food concentrations of PCDD/PCDF and PCB TEQs (pg TEQ/g fat) and of PBDEs and HBCDD (ng/g fat) 
and estimated daily intake via food (average and range) reported in Europe year 1997-2004 

Average (range) PCDD/PCDF PCB PBDE HBCDD References 
 (pg TEQ/g fat) (pg TEQ/g fat) (ng/g fat) (ng/g fat)  

Fish 1.1a (0-6.2) 5.3a (0-14) 1800 (2-10 800) 45 (2.7-84) [41,204,205,241-248] 

Meat 0.5 (0-3.9) 0.9 (0-3.3) 200 (0.4-600) 2.2 [41,204,205,239,243-
246,248,249] 

Chicken 0.7 (0-2.5) 0.8 (0-3.8) (0-0.7) 6.5 [41,204,205,243,244, 
246,248] 

Dairy 0.9 (0-28) 1.0 (0.1-4.6) 300 (0.2-680) 1.8 [41,204,205,238-
240,243-246,248,250] 

Egg 2.8 (0-17) 0.6 (0-1.8) (0.4-530) 9.4 [41,204,205,243,244, 
247,248,250] 

EDIb 2 (0.9-3) 1.1c/0.9d (0.2-3.2) 2.3c/1.5d (1.5-2.9) [191,192,205,243,245,
246,248,249,251] 

a pg TEQ/g fw, b Estimated Daily Intake/kg bw (range 65-80 kg), c <LOD=½ xLOD, d <LOD=0 
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More than 90% of human exposure to PCBs and PCDDs/PCDFs derives 
from food [30,61]. The levels of PCDD/PCDF exposure to the European 
population via food has declined considerably the last decades [252,253]. 
The last years estimated average dietary intake by the European 
population of PCDDs/PCDFs and non-ortho PCBs is 1-3 pg TEQ/kg bw 
and day (Table 6.3 [59,191,245,248,254,255]). A TWI for PCDDs/PCDFs 
and non-ortho PCBs corresponding to 14 pg WHO-TEQ/kg bw was set by 
the Scientific Committee on Food (SCF) of the European Commission 
[254]. Since the tolerable level is so close to the estimated intake, a 
considerable number of individuals within EU are expected to be exposed 
to levels being of concern. These people are, among others, those living in 
hot-spot areas (i.e. Michalovce district in eastern Slovakia [256]) or having 
dietary habits that increases the exposure (i.e. heavy fish eaters around 
the Baltic Sea [171,184,257] or in the Faroe Islands [258]). In Sweden it 
has been estimated that 12% of the Swedish population exceeds the TWI 
of 14 pg WHO-TEQ/kg bw [246,259].  

The Council regulation EC 2375/2001 sets maximum levels of 
PCDD/PCDF (non-ortho PCBs not included) allowed in consumer food 
products on the European market to reduce the overall exposure to the 
general population [30]. The limit values are given in Table 6.4. According 
to EC No 2375/2001 TEQ contributing non- and mono-ortho PCBs are 
indented to be included in a new revised version of limit values for food 
products within the European market, in the near future. 

There are no limit values established for PBDEs and HBCDD in consumer 
products. Based on levels in market basket samples, the EDI of PBDEs in 
Europe have been reported to be 40-210 ng/day (upper bound, i.e. 
<LOD=½xLOD) [192,205,243,245,249,251] and HBCDD 140-170 ng/day 
(upper bound) [205,251]. This can be compared to the estimated mean 
daily intake of PBDE by U.S. women which range from 860 to 3400 
ng/day, which was calculated based on human body burden [260]. 

Table 6.4. Limit values of PCDD/PCDF in consumer food established by EC No 
2375/2001 [30]. 

Matrix Limit values Unit 
Meat 0.6-2 pg WHO TEQ/g fat 
Fish 3 pg WHO TEQ/g fresh weight 
Dairy  2 pg WHO TEQ/g fat 
Egg 2 pg WHO TEQ/g fat 
Fruits/ vegetables 0.4 pg WHO TEQ/g product 
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6.2.1 Exposure via fish intake 

The Baltic Sea is a heavily POP contaminated marine area. The pollutants 
enter the Baltic Sea via wet and dry precipitation and runoff from its 
drainage basin. Some of the contaminants are degraded and some are 
buried in sediments, while another aliquot cycles in the sea and its food 
webs, including man [259]. Continuous high levels of PCDDs/PCDFs and 
PCBs are measured in fatty Baltic fish, even though levels have declined 
since the concentrations peaked in the 1970s [259,261]. The decreasing 
temporal trend seems to have levelled off the last 10 years for 
PCDDs/PCDFs [261]. PBDE concentrations peaked around 1990s, 
whereas the increasing trend of HBCDD has not yet indicated to level off 
[261]. 

The intake of fish and seafood differ significantly depending on where and 
how people are living. It has been estimated that the dietary intake of 
PCDDs/PCDFs and PCBs exposure via fish is around 10% for the general 
population in the U.K. [252] and around 40% in Belgium [248]. The 
relative contribution from fish is >40% in Sweden [59], and in Finland as 
much as 70-90% [245]. Lifetime exposure in a population consuming 
much Baltic fatty fish can potentially reach the TEQ levels seen in Seveso, 
1976 [257]. 

Table 6.5 contains human exposure levels reported in Europe between 
1998 and 2004, including data from Paper III and IV. An additional 50 
blood samples from fishermen’s cohort (Paper IV) are analysed for CB-153 
and OH-PCBs and reported in Table 6.5 (unpublished). The reported 
concentrations for the fishermen’s wives (Paper IV) and the fishermen 
(unpublished) had one of the highest OH-PCB levels in serum measured in 
Europe, comparable to levels in people living in the hot-spot area in 
Slovakia [256] and in the Faroe Islands [226], where a high intake of 
indigenous food is consumed from the marine side. The fishermen cohort 
concentrations is explained by high intake of fatty Baltic fish, combined 
with high age. 

Human PCB levels have been reported to correlate to fish intake in several 
studies (Paper IV [171]), whereas reports according PBDE correlation to 
fish intake have been inconclusive. No correlation between PBDEs in 
human milk and dietary fish intake was reported by Lind and co-worker 
[262] whereas a significant increase (13%) of BDE-47 plasma levels, was 
reported per additional fish meal per month, among Swedish and Latvian 
fishermen [171]. No correlation was determined between serum levels of 
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PBDEs in the fishermen’s wives and reported fish intake (Paper IV). No 
statistical evaluation has been performed on the serum samples (n=50) 
from the fishermen reported in Table 6.5. In an Italian study, the human 
milk content of PBDEs decreased with increased intake of fish, except for 
BDE-153, resulting in a similar PBDE congener pattern as reported in 
Paper III and IV [263].  

6.2.2 Pilot on OH-PCB in egg, cow-blood and liver 

The aim of this pilot study, described in chapter 5, was to examine the 
presence of OH-PCBs in hens’ eggs and cows’ blood and liver, to identify 
possible sources of direct human exposure of OH-PCBs. Cow blood is used 
in certain food items in percentages of up to 50% (e.g., black pudding). 
Focus was on indicating the presence of those OH-PCB congeners shown 
to be retained selectively in human blood; 4-OH-CB107, 4-OH-CB146 and 
4-OH-CB187 [173]. The blood, liver and the eggs were also analysed for 
PCBs and DDE. So far no information on OH-PCB levels in commercial 
food products has been published. Whereas, OH-PCB levels have been 
found in eggs from Fulmar birds (Fulmaris glacialis) at the Faroe Island, 
which are consumed by the Faroese [264].  

OH-PCBs were detected in cows’ blood and liver, and in one sample of 
pooled English egg (n=6). The concentration of the single OH-PCB 
congener detected in egg, 4-OH-CB107, was 0.004 ng/g fw, which on a 
lipid basis, corresponding to 0.9% of the Σ6PCB concentration. The fulmar 
eggs were reported to contain 0.3% OH-PCB compared to the Σ9PCB 
concentration [264]. In the cows’ blood and liver the ΣOH-PCB, 
represented by 4-OH-CB187 and 4-OH-CB146 was 0.5 ng/g fw and 0.1 
ng/g fw, which was 53% and 2% of quantified Σ6PCB level. Accordingly, 
OH-PCBs are present in food in low levels, and their uptake by the 
consumers should be investigated. 

Generally, the levels of PCB and DDE were low in hens’ eggs and cows’ 
blood. The Σ6PCB ranged between 5 and 90 ng/g fat in eggs, the highest 
value being in Swedish ecological eggs. This trend that ecological eggs 
contain higher levels of environmental pollutants has been reported in 
another study [265]. The source was established to be fodder that 
contained fish meal that had elevated PCDD/PCDF and PCB levels.  
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6.2.3 Transport mother-child 

Accumulated persistent environmental pollutants in adipose tissues of 
pregnant women, as well as current exposure via inhalation and oral 
ingestion, may be transferred to foetus and postnatal to breastfed infants. 
This is an excretion pathway for women to eliminate some of their body 
burden of pollutants accumulated. It has been shown that serum 
concentrations decreases as their number of previous delivered children 
(parity) increases [266-270]. Prenatal exposure to foetus and postnatal to 
infants represents a serious risk to health since in this developing stage of 
life enzymatic and metabolic systems are not yet mature. 

Typical serum and milk levels in the European population are presented 
in Table 6.5. It is worth to note that PBDE body burdens are 10-100 times 
higher in North American individuals than in Europeans [97,213,271-
274]. This may be due to significantly higher volumes of BFR incorporated 
in consumer products in North America than in Europe (see chapter 4). 
These findings have called for actions from the society and currently 
legislative measurements are a topic on the politicians’ agenda. The 
human levels of PCBs and PCDDs/PCDFs are similar in people from the 
two continents [272]. 

The degree of transplacental transfer of persistent pollutants may be 
estimated from measured concentration in cord blood. The daily intake of 
pollutants by breastfed infants may be estimated from human milk 
concentrations, times the volume of milk the infant consumes. Though, 
this gives an estimate of the intake only at a specific time point. Since 
levels of pollutants decreases in mother’s milk over the period of lactation 
[266] the total milk intake of the infant cannot be assessed with data from 
only one sampling occasion [275]. 

In Paper II, we assumed an infants daily milk intake to 120 ml/kg bw and 
the milk lipid content to 3.5%, [276]. This might be a slight underestimate 
since human milk lipid content, three months after birth is more than 4% 
(Paper II), and a 3 month baby has an estimated daily intake of 140 ml 
milk/kg bw, i.e. 800 ml of milk/day [252,272]. On the basis of data on 
human milk presented in Table 6.5, and assuming a daily intake of 800 
ml, a European infant will have a EDI of PCDDs/PCDFs, PCBs, PBDEs 
and HBCDD, of 0.4, 1 800, 86 and 16 ng/day respectively (Table 6.5). In 
the U.S. PBDE levels in human milk range (5th and 95th percentile) 
between 50 and up to 300 ng/g fat [260], which will correspond to an 
estimated intake of 1 600-9 600 ng PBDE/day for a U.S. infant.  



 

  

Table 6.5. Concentrations of POPs in human, serum, cord blood and milk reported in the European population between 1998-
2004. Concentrations of analysed POPs in Paper III and IV and unpublished data are given separately. Estimated daily intake 
(ng/day) of POPs via milk of an infant is calculated, based on reported milk levels in the table. 

Average TCDD PCDD/PCDF CB-153 OH-PCB PBDE BDE-209 HBCDD References 
(range) (pg/g fat) (pg TEQ/g fat) (ng/g fat) (ng/g fresh) (ng/g fat) (ng/g fat) (ng/g fat)  

European serum 2.3 34 240 0.56 3.3 1.8  
  (0.4-5.4) (7.7-55) (20-1300) (n.d.-0.62) (0.7-8.4) (0.6-9.7)  

[118,166,225,
226,277-282] 

The Netherlands   60 0.21 3.2 3a 0.84 Paper III 
(Maternal)    (20-230)  (1.2-17)  (<LOD-7.4)   
Sweden    260 1.9 3.6 0.46 0.46 Paper IV 
(Women)    (70-620) (0.52-5.2) (1.1-20) (<LOQ-3.3) (<LOQ-3.4)   
Swedenb    400 2.5    Unpublisheda 
(Men)   (50-1600) (0.41-10)      
European cord   80 0.13 1.7   [278,280] 
    (20-250) (n.d.-0.41) (0.46-4.3)     
The Netherlands   60 0.17 2.0 3a 1.0 Paper III 
   (30-110)  (0.7-6.8)  (<LOD-4.3)   
European milk 1.9 13 55 0.003 2.7 0.1 0.5 

 (0.3-3.9) (1.8-50) (4.3-190) (n.d.-0.005) (0.3-70) (n.d.-1.0) (0.4-20) 

[246,262,263,
269,270,277, 
283-285] 

EDI via milkc 0.06 0.42 1800 2.4 86 3 16  
 (0.01-0.12) (0.06-1.6) (140-6000) (n.d.-4) (10-2200) (n.d.-32) (13-640)  

a Data given in this thesis, b n=50 c Estimated daily intake via milk (4% fat content, 800 ml milk/day) of infant (3 months of age), ng/day. 
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In Paper III the transplacental transfer ratio of CB-153, hydroxylated PCB 
metabolites, PBDEs and HBCDD was established in cord serum compared 
to serum of women taken at 35th week of pregnancy. Transfer ratio is close 
to one for CB-153, tetra-pentaBDE, and 0.5 for hexaBDE and HBCDD on 
a lipid weight basis. The hydroxylated metabolites are not associated to 
lipids making it more relevant to express the ratio on a fresh weight basis, 
i.e. 0.5-0.7. The lipid content in mothers’ serum was ~0.7% whereas cord 
blood contained only 0.2% lipids. 

Additional analysis of the cord blood also confirmed a transplacental 
transfer of the perbrominated BDE-209. In Figure 6.3 chromatograms are 
shown of pooled cord blood (n=12) and pooled mothers serum (n=14). 
Preliminary quantification of the octa-dekaBDE concentrations was 
performed on the pooled samples and estimated levels of BDE-197, BDE-
203, BDE-207 and BDE-209 in mother’s serum were 0.6, 0.3, 0.9 and 3 
ng/g fat, respectively. In cord serum, octa- and nonaBDE levels were lower 
(0.1 ng/g fat) and BDE-209 level, 3 ng/g fat, similar as in serum from the 
mothers.  

That BDE-209 is the dominating congener in cord blood has previously 
been reported in Japan, though BDE-99 concentration was 40 times 
higher and BDE-47 and BDE-209 levels five times higher than reported 
here [286]. 

It can be concluded that the placental barrier constitute no hindrance for 
any PBDE congener to enter the foetus (Paper III). Either it is diffusion 
over the membrane, as for the lipophilic compounds, or active transport, 
which is suggested for the OH-PCBs. 
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Figure 6.3. GC/MS (ECNI for bromide isotopes m/z 79 and 81) chromatograms 
of mothers serum (n=14) and cord blood (n=12) indicating brominated 
substances. 
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7 An attempt to calculate the risks of 
exposure to a few POPs 

Even though PCB levels have ceased, there are still large technosphere and 
environmental contributions to human exposures of PCBs. In some 
countries major sources of PCDDs/PCDFs, i.e. the emissions from MSW 
incinerators, are under control but not in others. Sources that need further 
investigations are e.g., agricultural use of sewage sludge for fertilising, the 
use of pentachlorophenol treated wood in barn facilities and animals 
husbandry issues [287]. The latter example includes monitoring of animal 
feed components. Another ongoing effluent has recently been identified, i.e. 
outside cellulose industries along the Swedish east coast [288].  

The major exposure pathway of PCBs and PCDDs/PCDFs to humans is via 
food. Especially high intake of fatty fish constitutes an elevated risk to 
Europeans. Levels of TEQ as high as in the exposed group in Seveso have 
been reported in fish consumers around the Baltic Sea. Even though the EDI 
of TEQs has decreased the last decade, the TEQ concentrations on a lipid 
basis are on the same level as in the early 1990s. The decreased EDI can be 
explained by a decreased lipid content of the fish [289]. Why the fish have 
become leaner is not yet understood.  

The toxicological effect of PCDDs/PCDFs and dioxin-like PCBs are mediated 
by the Ah-receptor. The dioxin-Ah-receptor complex induces a cascade of 
enzymatic expressions, which affects the immunological and hormonal 
system. It is also believed that the Ah-receptor is involved in the TCDD 
tumour promotion. Several PCB congeners are potent inducers of 
neurobehavioural effects, especially when exposure occurs at a critical 
developmental life-stage [93]. 

When the SCF, in 2001, established the TWI at 14 pg TEQ/kg bw, it was 
based on rodent studies for effects on the reproductive function and the 
immune system. The SCF concluded that no uncertainty factor was needed 
for interspecies extrapolation, which is commonly applied. A default value of 
3.2 as uncertainty factor was used to account for inter-individual variations 
[254]. The EDI of 2 pg TEQ/kg bw (Table 6.3) is equal to the TWI established 
by SCF.  

A preliminary estimation of MOS in the European population of today is 
presented in Table 7.1. The calculations are based on reported average levels 
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given in chapter 6, and should be understood as indications of what margin 
of safety the average European population are exposed to today.  

TCDD has been reported to decrease the daily sperm production in male 
offspring rats exposed pre- and postnatal to 800 pg TCDD/kg bw and day 
(LOAEL) [290]. The estimated human milk intake of a 3 months old infant 
(~5.7 kg) is 420 pg TEQ /day (Table 6.5), which corresponds to 70 pg 
TEQ/kg bw and day. These values are used in the margin evaluation in 
Table 7.1. 

The uncertainty factors used for establishing MOSref were the following; an 
extrapolation LOAEL → NOAEL (x3), interspecies extrapolation for rat (4x2.5) 
and inter-individual difference (x10), i.e. MOSref=300 (uncertainty factors 
according TGD on human health risk characterisation [57]). The MOSref 
clearly exceeds MOSTEQ (2-7), which is an indication that present human 
TEQ exposure to infants via milk can be considered of concern regarding 
spermatogenesis. 

This attempt to estimate the risk of TEQ exposure includes only one 
toxicological effect. It is worryingly that still about 1/10 of the general 
population, and in addition new-borns and some fish consumers exceed the 
SCF TWI of 14 pg TEQ/kg bw and week.  

Even though the majority of food 
products are below limit values 
allowed (Table 6.3 and Table 6.4), a 
large part is still exceeding the 
allowed levels to be sold on the EU 
market. It is intriguing that no new 
revised limit values have been 
established concerning the dioxin-
like PCBs, as stated in Council 
regulation 2375/2001 [30]. As can 
be seen in Paper II, the TEQ 
contribution from dioxin-like PCBs 
to dairy products is significant, more 
than 50% (Figure 7.1). 

 

Figure 7.1. The relative TEQ 
contribution from PCDDs, PCDFs, 
non-ortho PCBs and ortho-PCBs to the 
total TEQ/g fat in European butter. 
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Table 7.1. A preliminary risk estimation of margin of safety (MOS) in newborns (3.6 kg bw) in Europe and the U.S. based on 
exposure summary in chapter 6. NOAEL (or LOAEL) are representative examples of reported values (ng/kg bw, single dose), not 
necessarily the most optimal chosen. MOS<MOSref=“of concern” 
 Exposure NOAEL      
 Critical effect Mean Max (LOAEL) MOSref MOSmean Concern MOSmax Concern 
  ng/kg bw day ng/kg bw   Y/N  Y/N 

European newborn         
TEQ Reproductive 0.07 0.3 (0.8) 300 7 Yes 2 Yes 
         
European newborn         
PBDE Neurobehavioural 24 610 0.4x106 175 17x103 No 660 No 

PBDE  24 610 0.7x106 175 30x103 No 1 100 No 

BDE-209 0.8 9 2x106 175 2.4x106 No 220x103  

HBCDD 4.4 18 (0.9x106) 525 200x103 No 51x103 No 
         
U.S. newborn [273]         
PBDE Neurobehavioural 440 2 700 0.4x106 175 900 No 150 Yes 

  440 2 700 0.7x106 175 1 600 No 260 No 
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Childrens consumption habits of Baltic fish are not known, and need to be 
investigated. The health risks from pollutants in fatty Baltic fish are 
probably exceeded by the health benefits of consuming fish. But more 
attentions to variations and uncertainties in risks and benefits e.g., age 
groups should be given. Particularly elderly people with elevated risk for 
cardiac mortality is the benefit-risk ratio high, whereas this ration is lower 
for children susceptible to developmental disorders from PCDDs/PCDFs 
and other contaminants [259]. 

It is important to continue monitoring PCDD/PCDF and PCB 
concentrations in matrices for human and environmental exposure to be 
able to perform qualified risk assessments. The full picture of the 
toxicological potency of PCDDs/PCDFs and PCBs migh still not have been 
seen. 

PBDE and HBCDD exposure differs from PCB and PCDD/PCDF. There is 
an ongoing use of the flame retardants, with an annual high production 
volume. During the last years focus in risk assessments has been put to 
establish whether the congeners can be classified as Persistent, 
Bioaccumulative and Toxic (PBT) substances. While the compounds may 
be regarded as Persistent and Bioaccumulative their toxicity is still not 
well enough investigated. Both the latest risk assessment for BDE-209 
and HBCDD urge for more data [44,46].  

The largest contribution to PBDE and HBCDD exposure is most likely via 
the diet, suggested to contribute with 80% to the total daily exposure, 
assuming a mean dust ingestion rate. At high dust ingestion rates the 
intake pattern can be the opposite, with almost 90% representing PBDE 
dust to daily intake [218]. This significant exposure pathway is of 
particular concern regarding children. Average domestic levels of dust in 
Europe are 100 ng PBDE (excluding BDE-209)/g, 2 000 ng BDE-209 and 
1 000 ng HBCDD/g. (Table 6.1). A daily intake of 0.2 g dust/day for young 
children (~10 kg) gives an intake of 420 ng PBDE and 200 ng HBCDD per 
day. If the EDI of food is included (Table 6.3) it results in a total intake of 
430 ng PBDE/day and 220 ng HBCDD/day. This is similar to PCB 
exposure. Since young children are more susceptible to endocrine 
disturbances this is of concern. 

One adverse health effect of PBDEs and HBCDD, which has been 
considered of concern lately, is the developmental neurotoxicity. This is 
based on results after PBDE congener and HBCDD exposure to mice 
during brain growth spurt. Only when mice are exposed at a specific 
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critical window (around PND 10) can the neurobehavioural effects be 
detected. Human brain growth spurt peaks a few weeks before birth and 
continues the first 2 years after birth. This means that both transplacental 
transfers to the foetus and via mothers’ milk to the infant are critical 
exposure pathways for a child’s neurological development.  

The NOAEL for developmental neurotoxic effects, with altered spontaneous 
behaviour as the critical effect are 0.7, 0.4 and 2 mg/kg bw for BDE-47, 
BDE-99 and BDE-209, respectively (Table 4.1). LOAEL for HBCDD 
exposure was reported at 0.9 mg/kg bw. These are single dose exposures 
at PND 10. The exposure concentrations (ng/kg bw) used in the risk 
evaluation is based on estimated daily milk intake (Table 6.5) by a 
newborn infant (3.6 kg bw).  

The results, given in Table 7.1 indicate MOS values between 600 and 
2.4x106. The uncertainty factors used for establishing MOSref was an 
extrapolation LOAEL → NOAEL (x3), interspecies extrapolation for mouse 
(7x2.5) and inter-individual difference (x10), i.e. MOSref=525 for HBCDD, 
and 175 for PBDE (uncertainty factors according TGD on human health 
risk characterisation [57]). The present concentrations of PBDEs and 
HBCDD in human blood are not considered to be of concern.  

For maximum PBDE exposure reported in human milk from Europe [285] 
are the MOS values only factors of 4-7 times from critical toxic level. Since 
this is not a qualified estimation, inclusion of crucial uncertainty factors 
can have been missed. If humans are as sensitive as animals to PBDE 
induced developmental toxicity, the current margin of safety appears low 
for many individuals. Additional to the estimated daily PBDE contribution 
via milk intake is the body burden of the infant ~2 ng/g fat (Table 6.5). 

It is alarming to perform a similar estimation of the risk to foetus in the 
U.S., based on daily milk intake concentrations of PBDE 1 600-9 600 
ng/day, which results in MOSPBDE of 150-1 600 (Table 7.1). This indicates 
that infants in the U.S. can be exposed to PBDE levels of concern. Cord 
serum has been reported to contain mean 40 ng PBDE/g fat, maximum 
460 ng/g fat [273]. Additionally, 5% of the U.S. population have PBDE 
tissue levels greater than 300 ng/g fat, that represents 15 million 
individuals [260]. Although, to date, all risk assessments performed 
conclude that the benefits of breast fed infants outweighs the possible risk 
of pollutant exposure [59,291].  
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8 Concluding remarks 
The four papers in this thesis are to be regarded as contributions to the 
data files of food levels and present serum levels of human exposure to 
several POPs in European populations. In Paper III and IV are HBCDD 
levels for the first time reported in human serum in two European 
populations, in both cord and maternal and middle-aged to old fishermen 
and fishermen’s wives. HBCDD stereoisomer pattern was for the first time 
determined in human serum in Paper IV. In Paper III, all analytes 
quantified in mother’s serum were found in the cord blood, indicating that 
the placenta constitutes no barrier for transfer between mother and 
foetus. Additional analyses identified octa- to decaBDE and preliminary 
quantifications gave similar levels in both maternal and cord serum. 

The rough risk evaluation performed in this thesis is based on mean 
reported levels of exposure in Europe, and on a few critical toxicological 
effects. It is likely that populations exposed at the 95th percentile may be 
at levels that equal or surpass toxicological effects threshold levels. 

The Ah-mediated response after TCDD and dioxin-like compounds 
exposure is well known, whereas PBDE toxicological mechanisms are less 
investigated. A limited number of toxicological studies have been 
performed on HBCDD and there is no information on the relative toxicity 
of the different HBCDD isomers. 

The toxicological effects chosen for the discussion are the 
neurobehavioural effect after PBDE and HBCDD exposure in infants and 
the immunological and reprotoxic effects for adults after TEQ exposure. 
There are several other toxicological effects that should be taken into 
consideration, and many might not yet be identified. Toxicological data, 
together with actual levels of exposure are crucial to truly estimate the 
risk. Papers I-IV contributes to narrow the latter data gap. 

It is important to reflect that humans are exposed to a mixture of 
pollutants, which together might have synergistic but also antagonistic 
effects. Levels discussed in this thesis are all at levels not far from 
concern, and together they might possess higher toxicity. This is not 
reflected in the results of animal testing.  
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To ensure low POP concentrations of food, routine monitorings are 
necessary. It is possible to follow trends in levels and regions through 
monitoring, which is indeed a useful tool to early detect contamination 
problems and to control management. Butter is for example a good matrix 
for monitoring dairy products.  

It is important to stress the necessity to work transdisciplinary to perform 
risk assessments. It is a complex issue where expertises in numerous 
areas are required; e.g., chemistry, toxicology, ecology, statistic, economy 
and others. It is important to review animal studies used in the risk 
assessment critically, i.e., to recognise weaknesses and pit falls in the 
study design. Laboratories should follow good laboratory practices, i.e. 
report analytical limits and other quality assurance measurements. The 
selection of samples for exposure level analyses have to be thoroughly 
considered, i.e., size, location, time of year, age, temperature at sampling 
occasion etc. The analysed results must be proper statistical evaluated 
and reported on significant basis, e.g., annually, lipid corrected, molar 
basis etc. Aims are to produce suitable regulations, which both regulate 
the substances applications as well as stimulate the research field.  

With the knowledge of the PCB, DDT, PBB and PCDD/PCDF history fresh 
in mind we should be careful with what are released into nature. Steps are 
taken in the right direction, with incorporation of the precautionary 
principle and the intention to regulate at an earlier stage in chemical 
processing. But, there is still much work to do, if we want to reach a 
chemically sustainable development. 
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