
Pollutant Profiles as Tools for 
Characterisation of Environmental 

Exposure 
 
 
 
 

by 
 

Håkan Wingfors 
 

 

AKADEMISK AVHANDLING  

Som med tillstånd av rektorsämbetet vid Umeå universitet för erhållande 
av Filosofie Doktorsexamen vid Teknisk-naturvetenskapliga fakulteten i 

Umeå, framlägges till offentlig granskning vid Kemiska institutionen,        
27 maj, 2004 kl. 10.00 i sal KB3B1 KBC-huset, 

Fakultetsopponent: Professor Georg Becher, Nasjonalt folkehelseinstitutt, 
Pb 4404 Nydalen, 0403 Oslo, Norge 



ii Pollutant Profiles as Tools for Characterisation of Environmental Exposure 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Håkan Wingfors 
Department of Chemistry 
Environmental Chemistry 

Umeå University 
S-901 87 Umeå, Sweden 

 
and 

FOI-NBC Defense 
NBC-analysis 

S-901 82 Umeå, Sweden 

e-mail: hakan.wingfors@foi.se 

ISBN: 91-7305-650-2 

Printed in Sweden 
 
 



 iii 

Solfjädern Offset, Umeå 2004 
 



iv Pollutant Profiles as Tools for Characterisation of Environmental Exposure 

 

Abstract 
 
This thesis is concerned with measurements of persistent organic pollutants 
(POPs) in environmental samples. The POPs consist of several groups of 
compound with many isomers, hence analysing POPs in a complex 
environment is a challenging task. Studies of the abundance or dynamics of 
such substances in the environment require careful consideration of several 
key steps. The environmental and analytical problems must be correctly 
defined, suitable analytes, sampling strategies and techniques must be 
selected, the chemical analyses must be reproducible and accurate, and the 
data evaluation protocols must be rigorous and appropriate.  
The aim of this thesis was to evaluate the use of pollutant profiles in order 
to assess complex patterns of environmental exposure. When combined 
with multivariate data analysis (MVDA) a maximum of information may 
be extracted from analytical data. Nevertheless, good quality data is 
essential for correct evaluation of the environmental phenomena under 
investigation. The precision and accuracy of a solid phase assisted liquid 
extraction method was therefore assessed by comparison to a reference 
method. The validated method was used in two human exposure studies. 
The concentrations of PCBs and dioxins were determined in human tissues 
from general populations in Sweden and Spain. Although it was concluded 
that the populations were exposed to similar degree to PCBs and dioxins, 
principal component analysis (PCA) showed that the compound profiles 
differed between the populations. PCA was also used to differentiate 
between occupationally exposed workers and matched controls and 
between exposed workers with recent and earlier exposure. In addition, the 
analysis indicated that the differences in PCB patterns in workers with 
recent and earlier exposure were related to differences in the metabolic 
degradation rates of individual PCBs. The PCA model was further used to 
select PCB congeners that were representative of each group.  
Finally, the emission of polycyclic aromatic hydrocarbons (PAHs) in a 
traffic tunnel was estimated by measuring 29 individual PAHs. The samp-
ling periods were chosen to reflect a maximum variation in the traffic 
composition. An excellent prediction of the percentage of heavy-duty 
vehicles was obtained using partial least squares (PLS) regression. It was 
shown by PCA that it might be possible to predict source compositions at 
other locations with the aid of multivariate statistical tools. Thus, properly 
gathered pollutant profiles and MVDA may be combined to extract a large 
amount of significant information from environmental source and exposure 
data. 
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Abbreviations 
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ECD Electron Capture Detector 
FID Flame Ionisation Detector 
HC  Hydrocarbons 
HDV Heavy Duty Vehicles 
Hi-Vol High Volume air sampler 
HPLC High Performance Liquid Chromatography 
HRGC High Resolution Gas Chromatography 
IS Internal Standard 
LDV Light Duty Vehicles 
MFO Mixed Function Oxidase 
MS Mass Spectrometer 
MeO-PCB(s) Methoxylated Polychlorinated Biphenyls 
MVDA Multivariate Data Analysis 
NIPALS Non-Linear Iterative Partial Least Squares 
OH-PCB(s) Hydroxylated Polychlorinated Biphenyls 
PAC(s) Polycyclic Aromatic Compounds 
PAH(s) Polycyclic Aromatic Hydrocarbons 
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PCDF(s) Polychlorinated Dibenzofurans 
PLS Partial Least Squares to Latent Structures 
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Introduction 1 

 

1 Introduction  
 
This thesis is concerned with measurements of a group of compounds 
generally classified as persistent organic pollutants (POPs). Many of these 
compounds are stable, bioaccumulating, and toxic, so there is a desire to 
limit their release into our environment. To support risk assessment studies 
and increase our knowledge of the environmental fate and effects of POPs, 
it is essential to obtain high quality data. However, the analysis of POPs is 
complex and challenging. Many groups of compounds, such as: poly-
chlorinated biphenyls (PCBs), dibenzo-p-dioxins (PCDDs) and dibenzo-
furans (PCDFs) consist of many congeners, and the polycyclic aromatic 
hydrocarbons (PAHs) are a diverse group of compounds. Hence, the total 
number of potentially hazardous compounds in the environment is 
enormous. Furthermore, diverse environmental processes, such as long-
range transport, biotic and abiotic degradation, bioaccumulation and 
biomagnification strongly influence the levels of the pollutants in the 
environment. However, it has been shown that pollutant profiles are 
usually more stable than absolute levels, and can be used as signatures of 
emission and exposure. A primary source of PAHs or PCBs may be 
characterised by a `source fingerprint’, consisting of a set of compounds at 
specific relative ratios. Furthermore, exposure may be monitored as 
`species-specific fingerprints’ that appear in biota due to the organism’s 
ability to accumulate, metabolise and eliminate these compounds.  
 
To overcome problems associated with complex or even competing 
environmental processes, the profiles may be studied using multivariate 
data analysis (MVDA). Multivariate statistical methods have the ability to 
extract, and maximise the use of, information hidden within a complex set 
of data. They are particularly well suited to handle data with few 
observations but with many measured variables, which is often the case 
with environmental data. An advantage of using pollutant profiles, instead 
of concentrations alone, is that they are less sensitive to extreme levels, 
which often bias classical (univariate) statistical methods. Furthermore, 
alterations in the pollutant profile may be easily visualised. This makes the 
approach particularly suitable for studying dynamic changes in POP levels 
in the environment, and the processes affecting them. The aim of this thesis 
was to evaluate the use of pollutant profiles in order to evaluate complex 
environmental problems. It also describes applications of MVDA to the 
characterisation of emissions and assessments of human exposure. 
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2 Compounds studied 
 
2.1 PCBs and PCDD/Fs 
 
Polychlorinated biphenyls (Figure 1a) are a group of 209 theoretically 
possible congeners (see IUPAC nomenclature in Appendix 1) that were 
widely used, primarily as plasticizers and dielectric fluids in electric 
transformers and capacitors due to their high temperature stability, 
chemical inertness, and insulating properties. Their industrial production 
started in the 1920s (Bernes, 1998). Through spillage, leakage and other 
accidental processes, PCBs found their way into the environment and in the 
1960s they were shown to be environmental pollutants by the scientist 
Sören Jensen (Jensen, 1966). Today, they can be found in all environmental 
compartments, despite the fact that their use has been banned or strongly 
restricted in many countries. 
 
PCBs in the environment usually originate from the same technical mix-
tures, mostly classified according to their average degree of chlorination 
(Hutzinger et al., 1974). Some of the trade names of PCB mixtures that were 
used in Europe were Arochlor®, Clophen®, Fenclor® and Phenochlor®. 
Approximately 150 congeners have been identified at significant levels in 
these PCB-mixtures (Frame et al., 1996).  
 
Both the polychlorinated dibenzo-p-dioxins (PCDDs, Figure 1b) and the 
polychlorinated dibenzofurans (PCDFs, Figure 1c) are by-products in the 
production of organochlorine chemicals and are unintentionally formed 
during combustion and chlorine bleaching of pulp. The PCDDs consists of 
75 theoretically possible congeners and the PCDFs of 135 congeners. 
Commonly, all of these 210 congeners are called “dioxins”.  
 
All of the aforementioned compounds are chemically and biologically 
stable and are therefore referred to as “persistent”. They have high boiling 
points and are thus semi- or non-volatile. They are also lipophilic and 
bioaccumulating. Although the delocalised π-electrons of the aromatic ring-
system are stabilised by electron-withdrawing chlorine substituents, they 
can, to some extent, undergo both abiotic and biotic transformations. The 
degree of biotransformation is, however, dependent on the structure of the 
compound. A number of general rules correlating certain PCB-structures 
with strong tendencies to bioaccumulate have been postulated in work by 
various authors, notably Borlakoglu and Wilkins (1993), along with earlier 
contributions by Niimi and Oliver (1983), and more recently by Andersson 
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et al. (2001). For instance, high numbers of chlorine substituents and a lack 
of vicinal hydrogen atoms usually favour enrichment in biota. The presence 
of vicinal hydrogen atoms, especially in meta- and para-positions, makes the 
PCB more easily metabolised. However, the effects of the number of 
chlorines in ortho-position are less clear. Among the dioxins the 2,3,7,8-
substituted congeners are known to be particularly persistent. 
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Figure 1. Some of the chlorinated compounds considered in this thesis.  
 
 
The exceptional persistence of these congeners is due to a lack of possible 
metabolic degradation paths, i.e. the absence, or deficiency, of enzymes 
with appropriate activities in most cells. The most extensively studied 
enzyme system that can catalyse modifications to POPs is called the mixed 
function oxidase (MFO) (van Leeuwen and Hermens, 1995), which consists 
of several enzymes. MFO is part of the cell’s detoxification system, where 
initially (in phase I-reactions), oxygen is introduced into the molecule. In 
subsequent, phase II-reactions, of the MFO, a polar group is attached to the 
molecule. Some of the products formed by phase I- and II-reactions, e.g. 
chlorinated phenols and methylsulfonyl-PCBs, have been found in human 
blood (Bergman et al., 1994, Weistrand et al., 1997), seals, and polar bears 
(Wiberg et al., 1998). 
 
Toxic equivalencies (TEQs) and toxic equivalency factors (TEFs) were 
originally introduced to simplify risk assessment (Ahlborg et al., 1994). The 
toxicity of these compounds is based on a common mechanism of action, 
mediated by the aryl hydrocarbon (Ah) receptor, also called the dioxin-
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receptor, which is part of the MFO system. The potency of each congener 
has been evaluated relative to the most potent congener 2,3,7,8-TCDD, 
which was assigned a TEF–value of one. In calculating TEQs, the TEF value 
of each congener is multiplied by its concentration and the products are 
summed (van den Berg et al., 1998). One common feature of the compounds 
that have been assigned TEF values is that they are able to adopt a planar 
configuration (Tysklind, 1993). The binding affinity of PCBs to the Ah-
receptor decreases with the number of ortho-chlorines (van den Berg et al., 
1995). Other effects of POPs, such as disruption of thyroid hormone 
homeostasis, various estrogenic and antiestrogenic responses and diverse 
types of enzyme induction are enhanced rather than reduced as the number 
of ortho-chlorines in the PCB-congener increases (Hansen, 1998). 
 
Finally, PCBs and dioxins have been shown to disrupt reproduction and to 
be carcinogenic to wildlife (Bernes, 1998). They have also been shown to 
cause adverse human health effects (Rodriguez-Pichardo et al., 1991) 
although the data regarding human carcinogenicity is still inconclusive 
(Bernes, 1998). The hormone-like effects are believed to be a result of the 
ability of these compounds, or their degradation products, to mimic, 
antagonise or disrupt endogenous hormones like the thyroid and sex 
hormones (Sonnensschein and Soto, 1998).  
 



Compounds Studied 5 

2.2 PAHs 
 
The polycyclic aromatic hydrocarbons (Figure 2) are a much more 
chemically diverse group of organic compounds than PCBs and dioxins. 
PAHs contain two or more fused aromatic rings, and alkyl derivatives of 
PAHs are usually included in the PAH group. However, the polycyclic 
aromatic compounds (PACs) comprise an even larger group of compounds, 
including the PAHs and PAH-like structures with heteroatoms (e.g. 
nitrogen, oxygen, or sulfur) as part of the ring system, commonly denoted 
hetero-PAHs. PAH derivatives with nitro, hydroxy or carbonyl groups are 
also usually included in the PACs (Feilberg, 2000). The most common 
mechanism whereby PACs in general and PAHs, in particular, are released 
into the environment is via the incomplete combustion of fossil fuels. Other 
major sources are industrial processes and the former production and use 
of coal tar (creosote), and similar products. Forest fires and volcanoes are 
biogenic PAH sources (Neilson, 1998). 
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Figure 2. Some of the PACs that were analysed in the study reported in Paper III. 
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PAHs are semi-volatile, and consequently present in both the gas and 
particulate phases of air (Gundel et al., 1995). These ubiquitous compounds 
have attracted much attention since quite large numbers of them are 
carcinogenic. Benzo[a]pyrene (B[a]P) was the first chemical to be proven a 
carcinogen (IARC, 1983, van Leeuwen and Hermens, 1995). Its effect was 
shown to be due to MFO activation. B[a]P is initially transformed to an 
epoxide that can either be activated or deactivated. Deactivation normally 
involves diol formation or conjugation to form glutathione conjugates, 
which are easily excreted in the bile or urine. However, in some cases the 
initial activation leads to a series of events that finally results in DNA 
adduct formation. Such defects may lead to cancer.  
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3 Chemical Analysis 
 
Analysis of POPs in environmental samples is a laborious task that is 
sometimes associated with significant uncertainties. Several factors 
contribute to the overall uncertainty, including calibration errors, matrix 
effects and lack of standard methods (or their incorrect use). The analytical 
process involves several important steps. The environmental and analytical 
problems must be defined correctly, appropriate analytes, sampling strate-
gies and techniques must be chosen, the analyses must be reproducible and 
accurate, and the data evaluation protocols must be rigorous and 
appropriate. To ensure the validity and value of the results, a strict quality 
assurance and quality control programme (QA/QC) should be imple-
mented in each analytical study to check the performance at every step. A 
well-designed QA/QC-framework will help reveal major sources of 
uncertainty in the specific study. If any of these steps is missed or in any 
way inappropriate the study may completely fail to meet its objectives. 
These were important considerations for the studies underlying this thesis 
since chemical analyses of environmental samples were involved in all of 
the investigations. In the method validation study reported in Paper I, a 
pooled plasma sample, spiked at two levels with 17 dioxins, was used. The 
application studies (Papers II-IV) concerned a wide range of analytes. In 
total, 41 PCB congeners, 17 dioxins, 29 PAHs and hydrocarbons (HC) were 
analysed in the work leading to this thesis. Some of the techniques used 
and experience gained are discussed in this chapter. 
 
 
3.1 Selection of analytes 
 
In most environmental studies generalisations must be made since it is 
impossible to study all compounds and compartments of potential interest. 
The selection of analytes should preferentially be done without loss of 
essential information. Several important factors should be considered when 
selecting compounds for organic environmental studies. Clearly, the 
compounds selected for a study must occur in the environment, and the 
most toxicologically significant compounds are those with proven or 
suspected toxicity. Also, the most analytically convenient compounds to 
study will be those with known characteristics for which there are well-
validated analytical methods or procedures. All of these aspects have to be 
considered in the selection of analytes. A priori knowledge about the 
sampling site and known or suspected sources of pollutants should also be 
utilised in the selection process. 
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Over one hundred PCBs have, for example, been identified in the technical 
PCB-mixtures, but not all of them are found at detectable levels in nature. 
However, the number of PCBs detected in environmental samples is still 
sufficiently large to make analysing them all impractical, even with modern 
analytical techniques (Cochran and Frame, 1999). Several different 
approaches have been proposed for reducing the number of PCB-congeners 
included in environmental studies, based on the fact that relatively 
consistent mixtures of PCBs are usually found within given organisms at 
given times and localities (van den Berg, 1995). Moreover, it may be highly 
cost-effective to monitor fewer congeners, especially since it may be 
possible to acquire nearly all of the desired information from a reduced set 
of measurements, due to the high correlation of many PCB congeners. The 
TEF-concept provided us with a selection of toxicologically relevant 
congeners including 2,3,7,8-substituted dioxins and planar PCBs. These 
analytes are present at very low levels, prompting researchers to search for 
more abundant marker compounds with a high correlation to this group of 
analytes (Atuma et al., 1996, van den Berg et al., 1995, Wicklund Glynn et al., 
2000). Another approach is to analyse the level of the most abundant PCB 
congeners of each homologue in environmental samples. Most shortlists 
contain congeners obtained by both approaches, and lists including 
between seven and 79 PCB congeners have been proposed by different 
organisations and researchers (Cochran and Frame, 1999). Usually, for 
practical and economic reasons, seven PCB congeners (PCBs 28, 52, 101, 
118, 138, 153 and 180) are monitored to assess environmental exposure in 
Europe. These congeners are generally considered to be stable in 
environmental and biological systems, and have been shown to be corre-
lated with congeners of toxicological relevance. 
  
The US Environmental Protection Agency (EPA) has classified 16 PAHs as 
priority pollutants. These are generally analysed in environmental studies 
of PAHs due to their high abundance and representativeness for PAHs 
with two through six fused rings (Neilson, 1998). Furthermore, seven of the 
16 PAHs have been classified as carcinogenic by the IARC (1983). However, 
other selections are still common, especially in complex contamination 
situations e.g. in a gasworks soil where more than a hundred PACs have 
been identified by Lundstedt et al. (2003).  
 
A good selection of compounds not only provides us with relatively 
consistent data, it also results in the generation of more information about 
the samples analysed and the environment.  
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3.2 Sampling 
 
It is obviously easier to collect representative samples from a homogeneous 
environmental compartment than from a heterogeneous compartment. Air, 
water and other well-mixed compartments can be considered as examples 
of the former. As soon as the presence of concentration gradients may be 
suspected, for instance in the vicinity of a primary source, care must be 
taken to obtain a representative sample. Soil, particulate matter (PM) and 
sediment are examples of heterogeneous compartments where the 
sampling probably accounts for the single largest uncertainty factor in the 
analysis procedure. Thus, it is essential to have a well-planned sampling 
strategy. The consequence of ignoring this is that enormous numbers of 
samples may be required. In Paper II the samples consisted of blood and 
adipose tissue from two populations in two countries. The study groups 
were selected to reflect the general population. Studies of humans are 
complicated due to the very different diets, work tasks and social activities 
of different individuals, and consequently the number of samples must be 
large. Furthermore, it is generally easier to obtain blood and plasma 
samples than adipose tissue, which requires surgery (Hansson, 1997). In the 
studies reported in Paper II, 30 samples from each population were 
available, and this number was considered sufficient to describe their 
respective pollutant profiles. Additional samples were available from one 
of the populations, and these were used to test the hypothesis. The same 
number of samples was used in the studies described in Paper IV to 
evaluate occupational exposure to PCBs. An age- and sex-matched control 
group of equal size was also included for comparison. The exposed 
workers were also asked to fill out a questionnaire on their possible 
occupational exposure to PCBs. 
 
 
In Paper III, the sampling strategy was based on earlier traffic tunnel 
studies by Gertler and Pierson (1996) and Sjödin (1999). In addition, to 
reflect a wide range of emission situations the measuring periods were 
chosen after a thorough traffic composition study (Paper III). The sampling 
device was a high-volume air sampler (Hi-Vol) equipped with a glass fibre 
filter mounted upstream of two polyurethane foam (PUF) plugs, one for 
sampling particles and the other for gas phase sampling. The Hi-Vol 
sampler has been described in detail elsewhere (Brorström-Lundén, 1995 
and Lewis et al., 1977). Major advantages of this device are its high 
collection efficiency and low pressure drop. However, there are also some 
disadvantages, for example, possible stripping of semi-volatile particle-
bound compounds from the filter and breakthrough of volatile compounds 
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through the PUFs. To avoid these potential problems, other adsorbents and 
techniques for determination of the phase distribution of PAHs have been 
suggested and described by Gundel et al. (1995). 
 
 
3.3 Extraction 
 
Analysis of organic compounds has traditionally focused on instrumental 
analysis, but in recent decades a lot of effort has been put into improving 
the sample extraction and clean up steps (Bøwadt and Hawthorne 1995, 
Koester et al., 2003). A successful extraction depends on two processes; 
initial partitioning of the analyte into the extraction media followed by the 
removal of the analyte and extraction media from the sample matrix. 
Analyte-matrix interactions and the ability of the extraction media to 
displace the analyte from its original site limit the former process, whilst 
the solubility of the analyte in the extraction media and the sample size 
limits the latter (Hawthorne et al., 1995). Hess et al. (1996), who emphasised 
that analytes used to evaluate extraction efficiency should be bound to the 
matrix in the same way as it is in the environment to study the true 
efficiency of extraction. For instance, spiking analytes immediately before 
extraction does not provide an appropriate measure of either extraction 
efficiency or recovery unless analyte-matrix interactions are very weak. 
Instead, this provides a measure of accuracy. Therefore, both native and 
spiked analytes were used to investigate extraction efficiency and accuracy 
in the studies described in Paper I. 
 
Supercritical fluid extraction (SFE) was initially introduced as a 
complement to, or even substitute for, conventional extraction techniques 
like Soxhlet and liquid-liquid extraction (LLE). The use of SFE and other 
recently introduced extraction techniques has been described by several 
authors (Janda et al., 1993, Bøwadt and Hawthorne, 1995, and Neilson, 
1998) and some of its limitations have been discussed in a critical review by 
Smith (1999). SFE is more rapid and selective than the conventional 
techniques, and was therefore used to extract Swedish adipose tissue 
samples (Paper II). It was concluded that SFE is a very good choice for 
samples where the analyte-matrix interactions are minor. However, 
conventional extraction techniques were used for the studies presented in 
Paper III, mainly because of their simplicity and well-known 
characteristics. 
 
For the extraction of blood samples a type of support (Hydromatrix or 
Chem-Elut)-assisted LLE was used. This procedure was originally 
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developed by Päpke et al. (1989) and is described in detail in Paper I. The 
technique is a valuable alternative to LLE and solid phase extraction (SPE). 
LLE has been the most widely used technique for analysing POPs in 
plasma, although methods based on SPE are now becoming more common 
(Weistrand et al., 1995, Focant and De Pauw, 2002). Hence, the extraction of 
POPs from blood plasma has changed in the last decade.  
 
SPE and solid phase disk extraction (SPDE) has gained popularity for 
environmental analyses of organic contaminants (Hennion, 1999, Koester et 
al., 2003) and it has an important role to play in the modern analytical 
laboratory since it is both an extraction and a clean up technique. Other 
advantages are that it minimises sample handling and gives high concen-
tration factors, tunable selectivity (choice of adsorbent), and increased 
precision. Commercially available C18 SPE-columns and SPDE-disks are 
frequently used to extract chlorinated pesticides and PCBs from low blood 
volumes (~5 ml) prior to quantification by MS or ECD (Guardino et al., 
1996, Covaci and Schepens, 2001). Larger volumes (>50 ml) of blood plasma 
are usually needed for the determination of PCDD/Fs and the coplanar 
PCBs, even if instruments with low limits of detection are used. Focant and 
De Pauw (2002) employed large SPE-cartridges (containing 10-40 g of C18-
silica) in an automated extraction and clean up system that reduced organic 
solvent consumption and background. Employing styrene-divinylbenzene 
instead of C18 bound to silica particles facilitates on-line fat decomposition 
with sulphuric acid, and this approach minimises further clean up 
requirements (Janák et al., 1999). Such methods are fast, highly reproducible 
and consume small quantities of hazardous organic solvents, but do not 
allow simultaneous gravimetric total lipid determination. A separate lipid 
weight determination is therefore needed, unless the results are based on 
wet weight.  
 
Lipid-adjusted values are commonly used in analysis of POPs in human 
samples to facilitate dose estimation, since the POPs are distributed in the 
lipid compartment of the body (Ryan and Mills, 1997). Lipid determination 
is, however, problematic as there is no universal definition of lipids. The 
definitions can be based on analytical, functional or structural criteria 
(Bligh and Dyer, 1959, Randall et al., 1998, Nordbäck, 1999). Conventional 
lipid determination methods are based on extraction with a combination of 
apolar and polar solvents followed by gravimetry. Alternatively, the lipid 
content may be determined enzymatically. These methods have been found 
to yield comparable results (Akins et al., 1989, Patterson et al., 1987). In 
another comparison of LLE (Bligh and Dyer, 1959) and Soxhlet extraction of 
PCBs and lipids it was observed that different extraction techniques 
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yielded different results (Ewald et al., 1998). Our results in Paper I support 
this conclusion. Therefore, results obtained with different methods should 
be compared with caution.  
 
Several recent studies of POPs in human blood plasma have used wet 
weights as the basis of comparison, although the reason for this is usually 
not fully explained. However, such studies might still yield valid results as 
Rylander and co-workers (Rylander et al., 1997) have reported that lipid- 
and wet weight- adjusted values of PCB 153 were highly correlated in 192 
women. In conclusion, the choice of lipid- or wet weight- adjusted values 
for POPs must be considered for each specific study.   
 
In summary, the methods compared in Paper I both have the disadvantage 
of high solvent requirements, but allow simultaneous lipid determination. 
The sorbent-assisted method is also very reproducible, which is 
particularly valuable when different groups are compared. Consequently, 
this method was chosen for the studies presented in Papers II and IV.  
 
 
3.4 Clean up 
 
Sample clean up is usually needed since co-extractants and other 
interferences can otherwise make detection and analysis difficult. The 
interferences may include a huge range of substances, for example, lipids, 
phthalates, proteins, complex hydrocarbons and inorganic matter. The 
required degree of clean up depends on the matrix and the detection 
technique employed. A highly specific detector normally requires less clean 
up than a universal detector. Polar interferences are usually removed by 
LLE and/or adsorption chromatography (Paper III). Lipids may be best 
removed by destructive techniques like saponification or treatment with 
sulphuric acid (Papers I, II and IV). If sensitive analytes are amongst the 
target analytes a non-destructive clean up technique, for example size 
exclusion chromatography (SEC), must be used (Strandberg, 1998). 
 
Many procedures and combinations of procedures have been reported for 
the clean up of PCBs (Erickson, 1997) and PAHs (Neilson, 1998). The 
chemical stability of PCBs and dioxins makes destructive clean up using 
sulphuric acid applicable. Most PAHs, in contrast, are not stable in 
concentrated sulphuric acid (Haglund, 1999) and samples for PAH analysis 
have to be cleaned up by saponification or adsorption chromatography on 
adsorbents like silica gel or alumina. The retention characteristics of most 
dioxins, PCBs and PAHs have been thoroughly examined on these 
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materials (Hansson et al., 1993, Rozemeijer et al., 1997, Meyer et al., 1999, 
Erickson, 1997). Finally, prior to analysis, the extracts have to be concen-
trated to a small final volume (30-200 µl), usually using a high-boiling 
alkane (a keeper) to prevent evaporation losses.  
 
 
3.5 Separation and Detection 
 
3.5.1 Gas and liquid chromatography of POPs 
 
The first narrow bore capillary columns were introduced in the late 1950s. 
Today, many such columns, containing phases ranging from low bleed 
non-polar (methylpolysiloxane) through very polar (cyanopropylpoly-
siloxane) to shape-selective phases like substituted cyclodextrins and liquid 
chrystals, are commercially available. The use of highly selective columns 
or combinations of columns usually overcomes most co-elution problems 
even when analysing very complex mixtures with a single channel 
detector, a flame ionisation detector (FID), for example (de Boer et al., 1992, 
Cochran and Frame, 1999). Both PAHs and PCBs are fairly well separated 
using a 5%-phenyl-methylpolysiloxane phase, which is the most commonly 
used phase for environmental gas chromatographic analysis. 
 
In our studies gas chromatography (GC) was used with FID for 
hydrocarbon determination according to Brorström-Lundén and Lövblad 
(1991) (Paper III), and coupled to mass spectrometry (GC-MS) for 
determination of PCBs, dioxins and PAHs (Papers I-IV). 
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Figure 3. Typical GC-MS (SIM) chromatogram of some tri- through hepta- chloro PCBs. The 
annotations refer to the IUPAC nomenclature (see Appendix 1). 
 
 
High performance liquid chromatography coupled to fluorescence 
detection (HPLC-FLD) is a complementary technique to GC for the deter-
mination of PAHs in environmental samples (Neilson, 1998). HPLC-FLD 
using polymeric and endcapped C18-columns (Vydac-TP 5415) is both 
selective and sensitive and was therefore used for the determination of 
selected PAHs in particle filter extracts (Paper III).  
 
 
3.5.2 Mass spectrometry 
 
Limited structural information is obtained from a FID, whereas the mass 
spectrometer delivers both structural information and quantitative data of 
high quality. For the work covered in this thesis, three different GC-MS 
techniques were used. The basic principles for all three techniques are the 
same: MS involves three major steps: ionisation, mass separation and 
detection, and data evaluation (Watson, 1997). 
 
If sample molecules are introduced into an ion source fed with a flow (5-
100µA) of high-energy electrons, ions will be formed as a result of electron-
molecule collisions. This mode of ionisation is called electron impact (EI) 
ionisation. The electrons normally have an average energy of 70 
electronvolts, as the electrons are usually accelerated using a 70 V potential. 
The process occurs under high vacuum (~10–6 torr) to prevent ion-molecule 
reactions. EI produces a high degree of fragmentation, which can yield 
structural information about most organic compounds (McLafferty and 
Turecek, 1993). During the mass selective analysis, the ions are separated 
according to their mass to charge ratios (m/z). Several types of analysers 
are available for the mass selective analysis, of which we used three: a 
quadrupole (Papers II and IV), an ion trap (Paper III), and a double-
focusing magnetic sector analyser (Papers I and II). Quadrupole and ion 
trap analysers offer low resolution (LR) (m/∆m ~500, at m/z=300), 
whereas the double focusing magnetic sector instrument offers high 
resolution (HR) (m/∆m ~7000, at m/z=300). HRMS instruments are 
especially useful for dioxin analyses due to the extremely low 
concentrations of these analytes. PCBs, on the other hand are present at 102-
104 times higher concentrations in human samples, making LRMS or 
electron capture detector (ECD) sufficiently sensitive for detection in most 
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cases. Selected ion monitoring (SIM) was usually used to obtain lower 
LODs in the MS.  
 
Since the typical ion current in a mass spectrometer is about 10-12 A it must 
be amplified, which is done in an electron multiplier. The signals are then 
converted to mass spectra showing the relative intensities of the different 
ions, and further converted to ion chromatograms (Watson, 1997).  
 
 
3.6 Use of internal standards 
 
Organic trace analysis procedures often include several extraction, clean up 
and concentration steps, with significant losses of analytes as a 
consequence. In such cases it is preferable to use internal standards for 
quantification. 
 
An internal standard (IS) should behave like the target analyte throughout 
the analytical procedure. Internal standards may be used to compensate for 
incomplete extraction, losses during sample clean up, dilution errors, 
instrumental variations, etc. Ideally, a stable isotope analogue of each 
analyte should be used, but such analogues are often not available or too 
expensive. Unfortunately, the use of IS cannot compensate for all types of 
analytical problems. Kjeller (1998) described the systematic and random 
errors that may be introduced by adding the IS, in a small aliquot of 
solvent, onto the surface of particulate samples. There is a risk that the IS 
will evaporate and, moreover, that the IS may be easier to extract than the 
native analytes. To avoid such problems the IS could be added after 
extraction, as described in Paper III. However, when analysing homo-
geneous matrices like adipose tissue or human blood these problems are 
considered to be minor, and consequently the IS may be added before 
extraction, as in the investigations detailed in Papers I, II and IV.   
 
When evaporation to near dryness is desirable, for example prior to GC-MS 
analysis, it is necessary to use as many good IS compounds as possible. 
Very small final volumes usually enhance detection limits. In the analysis 
of human samples, a suite of 30 stable isotopically labelled (13C12-PCBs and 
13C12-dioxins) internal standards, covering the whole range of homologues 
and chlorine substitution-patterns, is usually used for quantification. 
 
 
3.7 Quality assurance and control (QA/QC) 
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Quality assurance (QA) can be defined as the protocols describing the 
quality control (QC) activities and procedures that are undertaken to affirm 
the quality of obtained data. In the context of the studies presented in this 
thesis both terms are applicable since the work reported in Papers I, II and 
III was executed within the QA/QC framework of two laboratories. Some 
of the major merits in these programs need to be mentioned. In terms of 
accuracy, most standard solutions used for quantification were standard 
reference materials (SRM) (PAHs, Paper III), or had been assigned 
reference values in inter-laboratory studies (PCBs, Papers II and IV). The 
accuracy was sometimes further checked by the addition of standards to a 
number of samples in each study.  The selectivity, which is a measure of 
how free a signal is from interfering species, was generally checked by 
analysing various types of blank samples. Furthermore, only well 
characterised and validated methods and procedures were used. Replicate 
samples were analysed in the studies described in Paper II, although the 
results were not presented therein. In Paper IV, several replicate samples 
were analysed. A relative standard deviation of 10% or less was usually 
obtained. The overall uncertainty is often attributable to several 
contributory factors.  
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4 Data evaluation 
 
When all blank samples along with all quality control samples have been 
evaluated and estimates of the analytical uncertainty are available, the 
analyst often finds him/herself staring at a large data table. In Papers I- IV 
the data matrixes contained approximately 500, 5000, 500 and 2000 observ-
ations, respectively. Often, basic information about the samples, like 
coordinates of sample site, age and gender were known, but quantitative 
measures like the degree of exposure and traffic composition were initially 
missing. The first problem was to obtain an overview of the data and 
multivariate statistics have been proven particularly suitable for extracting 
information from such large data matrixes.  
 
 
4.1 Multivariate data analysis (MVDA) 
 
The introduction of computers into the field of chemistry made it possible 
to acquire and process very large amounts of data, for example the huge 
amounts of data that can be generated, in short periods of time, by 
analytical techniques such as gas chromatography coupled to mass 
spectrometry. Some new techniques for environmental analysis generate 
even more data. Comprehensive two-dimensional gas chromatography 
(GC×GC) with time-of-flight MS detection, for instance, often collects full-
scan data at a frequency of 100 Hz. The resulting datafiles might approach 
1 gigabyte in size. Such developments have greatly increased the demands 
for knowledge and experience in statistics and data evaluation, and the 
demands placed on data-handling tools.  
 
To handle large data sets, like those discussed in this thesis, the analyst 
needs to find a way to extract and evaluate important information, if there 
is any. As already mentioned in the introduction, one of the key aspects of 
the multivariate approach is to maximise the variation in the variables 
measured, to obtain as much useful information as possible. Thus, it is 
usually more efficient, and also less expensive, to gather information on a 
few extra variables for each sample, using automated analytical systems for 
example, than it is to increase the number of samples. Sometimes, a pilot 
study in which experimental design (factorial design) is applied can be 
useful in identifying influential variables. In such studies all variables are 
usually included for all possible combinations in an experiment using few 
samples, but generating a large experimental domain to capture systematic 
variation. In this way, important variables may be identified and variables 
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of less importance can be identified and excluded. A following study can 
then be executed based on informative variables alone, on a larger set of 
samples. In this thesis, two multivariate statistical methods will be 
discussed. The first, principal component analysis (PCA) is used for 
classification of data and for the identification of relationships within large 
datasets (Papers II -IV), while the second, a multivariate regression 
method, partial least squares to latent structures (PLS), is used to study the 
correlation between dependent and independent data (Paper III) (Wold et 
al., 1984, Beebe et al., 1998). 
 
 
4.1.1 Principal component analysis (PCA) 
 
Imagine a dataset (X), similar to the one in Paper II, containing data for two 
populations each of 30 samples, giving 60 samples (objects (n)) in total, 
which have been analysed for 50 dioxin and PCB species (variables (k)). A 
traditional approach would be to calculate descriptive statistics such as the 
mean, standard deviations, maximum and minimum values, and to 
perform a Student’s t-test on the data for the two populations. If no 
significant differences were found between the two populations, a lot of 
unnecessary effort would have been put into measuring all of those 50 
variables. If the required information is ‘hidden’ within the data it may be 
found by multivariate statistics. Principal component analysis can help to 
find such information and provides a tool for classification, data reduction, 
and outlier detection. The PCA-NIPALS (Non-Linear Iterative Partial Least 
Squares) algorithm may be used to find relationships between objects and 
variables in the X-matrix, n × k, by finding a vector t (object-related) 
describing the maximal variation within the data, and a vector p (variable-
related), describing the angle or direction coefficients of this principal 
component (PC). This angle will define the importance of each variable i.e., 
the smaller the angle the more important the variable. The outer product of 
the first PC (PC1), t1p’1, is then subtracted from X and the residuals (E1) are 
calculated and used for the second PC (PC2) (Wold et al., 1987).  PC1 and 
PC2 are orthogonal and are usually visualized using score (object-related) 
and loading (variable-related) plots. Paper II provides a detailed example 
of how to evaluate score and loading plots. In Figure 4, a graphical 
presentation of how vectors, t and p’, are extracted from an X-matrix of k 
variables and n objects using PCA, is shown. 
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Figure 4. Graphical presentation of vectors extracted from the X matrix in PCA, and from X- 
and Y-matrices in PLS. 
 
 
4.1.2 Partial least squares (PLS) 
 
PLS is similar to PCA in that it extracts the dominant trends and patterns in 
a data matrix. However, PLS is a regression model that simultaneously 
maximises the correlation between a response matrix, Y, and a descriptor 
matrix, X. There are also other multivariate regression methods. The 
relationships between multiple linear regression (MLR), principal compo-
nent regression (PCR) and PLS have been described in detail in a tutorial 
by Geladi and Kowalski (1986). In Figure 4, a graphical presentation of how 
the vectors are extracted from the X- and Y-matrixes using the PLS-NIPALS 
algorithm is shown. The inner scores relationship, t vs. u, can be plotted to 
view linear relationships, groups and outliers. Another useful plot in PLS is 
made when the loading vectors, w from the X and c from Y, are plotted to 
show how variables combine to form a quantitative relationship between 
the X and Y variables. In this plot, viz. w1c1 vs. w2c2, correlations between 
variables are found, and those variables that are of no importance for the 
regression of the Y-matrix can also be identified. In addition, interpretation 
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of the residuals (E and f) may provide information on the predictive ability 
and the quality of the X and Y data. 
 
The PLS-NIPALS algorithm was used to correlate PAH profiles to traffic 
composition (Paper III). 
 
 
4.1.3 Evaluation of environmental data 
 
When information on the environment and environmental processes is 
converted into digits and numbers it is important to understand the nature 
of such data. Of particular importance for this thesis is the fact that 
environmental concentration data are seldom distributed in a Gaussian or 
normal manner (Bauer et al., 1991, Nygren et al., 1988, Wold et al., 1987). In 
general, low values are more likely to occur than high values and the log-
normal distribution will give a better representation of the data than a 
normal distribution. This means that arithmetic means and standard 
deviation (SD) are not applicable. A log-transformation of such skewed 
data usually solves this problem and allows geometric means and 
geometric SDs to be calculated (Miller and Miller, 2000). 
 
 
Deviating values within a dataset, which may be classified as outliers, may 
also cause problems during data evaluation. The definition of an outlier 
and their treatment must be clearly stated. PCA and PLS, which are both 
least squares methods, will be strongly influenced by outliers. It is therefore 
crucial to deal with the outliers before the final models are developed 
(Wold et al., 1987). An observation may be classified as an outlier for 
environmental, analytical or statistical reasons. However, multivariate 
statistical tools, such as residuals or score plots, may facilitate outlier 
detection. It is also important to choose an appropriate parameter as the 
basis for comparison, for example, PCB 153, sum of PAHs, unit mass of 
extracted lipids or PM. 
 
Furthermore, it can be helpful to check the distribution patterns among the 
samples of other variables that are not related to the problem being 
addressed. For example, in the study that formed the basis of Paper IV, 
hexachlorobenzene (HCB) and dichlorodiphenylethane (p,p’-DDE) were 
included to test if exposed and control individuals were similarly exposed 
to these compounds, which may not be directly related to the studied PCB-
exposure, but could be correlated to dietary and/or other types of 
occupational exposure. The environment is full of measurable variables 
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that may or may not be related to the problem under investigation. It is 
easier to include some of these extra variables if you know how to deal 
with them. Furthermore, it is essential to check the estimated uncertainty of 
a multivariate model, for example, using a number of observations that 
have not been used to prepare the PCA or PLS model. This is usually 
referred to as a validation set. The model is used to predict values for the 
objects in the validation set, and then the predicted and observed values 
are compared. 
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4.2 Use of pollutant profiles and MVDA in 
environmental studies 

 
In this thesis three applications of pollutant profiles and MVDA in the 
study of PAHs, PCBs and PCDD/Fs are discussed. However, the idea of 
characterising and using pollutant profiles in environmental studies is not 
new, so a brief overview of the subject is given below. 
 
Before the 1970s, no analytical method had been developed that could 
isolate and fully characterise PAHs in complex environmental samples, as 
routinely done today. However, in 1978 Giger and Schaffner produced high 
quality data for 22 PAHs in airborne particulates, street dust and sediments 
by capillary GC coupled to FID. The analytical methods were relatively 
mature by then, and the lack of a mass spectrometer in the cited study was 
maybe the main difference from the analytical methods used today.  
 
Nevertheless, the analytical work was partly focused on ensuring the 
integrity of the pollutant profile for tracing sources of PAHs in the 
environment. Thus, it was already known that monitoring a wide selection 
of compounds was required to describe the fate of PAHs. The study of 
PAHs also provides an excellent example of an area in which multivariate 
statistics proved useful for extracting important information, for example, 
in fuel characterisation (Westerholm and Lee, 1994) and source apportion-
ment (Harrison et al., 1996).  
 
The situation is similar for the PCBs, for which pollutant profiles were first 
discussed during the early 1970s (Eichelberger et al., 1974). A decade later, 
powerful statistical tools were applied for pattern recognition of PCBs in 
the environment (Dunn et al., 1984). These ideas are today implemented in 
various other sciences, environmental forensics perhaps being one of the 
most closely related to this thesis (Wait, 2000, Johnson and Erlich, 2002). In 
environmental forensics, which forms a bridge between science and law, it 
is crucial to be able to decipher the sources and fate of complex contami-
nants like petroleum hydrocarbons, PCBs etc. and high quality methods 
and quality assurance routines are essential for this.  
 
Futhermore, pollutant patterns may also be used to characterize environ-
mental or human exposure, including situations where the POPs originate 
from single or multiple source(s). In both cases the profiles might be 
studied using MVDA, as will be discussed in the following sections.   
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4.3 Background exposure 
 
4.3.1 PCBs in the general population 
 
In human health studies, the objective is often to determine whether or not 
there is a difference in concentrations of pollutants between the exposed 
and the non-exposed (Neuberger et al., 1999), the sick and the healthy 
(Rodriguez-Pichardo et al., 1991) or cases and controls (Nordström et al., 
2000). However, since most of the POPs are present in all environmental 
compartments, humans will be subject to significant general background 
exposure. Hence, there are no true non-exposed individuals, and the “non-
exposed”, the healthy and the controls will all at least be subject to this 
background exposure. This exposure has been demonstrated to be well 
correlated to food consumption, in particular fish intake (Asplund et al., 
1994, Rylander et al., 1997, Alcock et al., 1998). In some of the studies of 
human background exposure to POPs, evaluation of the profile of these 
substances has proven useful.  
 
Ayotte et al. (1997) analysed 20 pooled plasma samples of adult Inuits 
(n=499) in Nunavik (Arctic Quebec) for 20 “normal” PCB congeners and 14 
PCDD/Fs and dioxin-like PCBs. The plasma levels of both PCBs and 
dioxins were found to be much higher (30 and 7 times, respectively) in the 
Inuit group as compared to a control group in southern Quebec. The PCBs 
gave a relatively high contribution, which was attributed to high consump-
tion of marine food by the Inuit. In a similar study, Johansen et al. (1996) 
measured the levels of 19 PCBs and 17 PCDD/Fs and dioxin-like PCBs in 
human blood from individuals who consumed different amounts of crabs 
from a contaminated fjord area in Norway. The levels of PCDD/Fs were 
correlated to the individuals’ consumption of crabs. However, the PCB 
profiles, normalised to the sum of PCBs, were similar among the crab 
consumers and a reference group, and only small differences were found 
between their profiles and those of the crabs. Thus, it was concluded that 
the PCBs detected in the cited study originated from other background 
sources. Even though a correlation between crab intake and the PCDFs was 
found, the spread of POP concentrations between individuals was quite 
large, making the profile a useful marker of exposure. One of the largest 
cohort studies of human background exposure to PCBs via fish consump-
tion was performed on sport fishers active in the vicinity of the Great Lakes 
(Humphrey et al., 2000). It was found that the PCB levels were three times 
higher in the fish-eaters than in controls, but it was concluded that their 
PCB profiles were similar to those of nonfish-eaters, i.e. those with a minor 
intake of fish.  
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These three studies primarily investigated the influence of marine food 
consumption (contaminated sea mammal fat, crabs and fish) on human 
levels of contaminants. The studies further support the hypothesis that the 
PCB profiles analysed were stable in fairly large groups of individuals and 
over quite large concentration intervals. This is an important prerequisite 
when studying PCBs in the environment. Today it is generally accepted 
that several of the PCBs are highly correlated in human background 
exposure (Gladen et al., 2003).  
 
For the investigations described in Paper II, 33 “normal” PCBs, 17 
PCDD/Fs and three dioxin-like PCB congeners were analysed in human 
samples from two countries: Sweden (28 samples) and Spain (35 samples). 
After calculating traditional descriptive statistics, no differences in 
concentrations between the two populations were found. It was concluded 
that the groups were exposed to similar levels of PCBs and PCDD/Fs. 
These data were therefore analysed by PCA to seek differences and 
similarities in the congener profiles. With ‘normal’ pre-treatment (auto-
scaling, δ = 1, and mean centering) of the data the first two principal 
components of the initial PC-models also showed very similar character-
ristics for the two populations.  
 
The PCB-data were then normalised to PCB 153, which is the most 
abundant PCB congener in human background samples, and the plasma 
and adipose tissue data were compared. This pre-treatment of the data 
uncouples the profile from the concentration. As mentioned above, care 
should be taken when data obtained with different techniques are 
compared. However, the PCB-profiles of adipose and plasma were found 
to be highly correlated, with regression coefficients (R2) of 0.96 and 0.98, as 
shown in Figure 5, for two individuals, as part of a pilot study (Wingfors et 
al., 1998). 
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Figure 5. Regression analysis of PCB concentrations (30 congeners) in plasma and breast 
tissue from the same 48-year-old individual. (Wingfors et al., 1998). 
 
 
The analysis of the PCB 153-normalised data by PCA revealed that the 
profiles of the two populations differed. The loading plots indicate slightly 
higher abundances of hepta- to deca- PCBs, as well as high-chlorinated 
dioxins, in the Spanish population. These differences might be attributable 
to differences in one or several variables, notably background levels, 
dietary habits, or pentachlorophenol usage. Pentachlorophenol, a pesticide 
and source of highly chlorinated PCDD/Fs dioxins, was used for a longer 
time in Spain than in Sweden.  
 
Another possible reason for this finding is the “global distillation” process 
(Mackay and Wania, 1995). According to this theory POPs are evaporated 
in warmer and deposited in colder areas of the world, which would explain 
the higher concentrations of more volatile congeners in the north. 
However, while a change in profiles from the Mediterranean to 
Scandinavia, such as the change reported in Paper II, does not prove this 
theory, it does seem to support it. Further, it seems reasonable to believe 
that other subpopulations in Spain and Sweden have different PCB-profiles 
depending on their dietary habits, environmental conditions etc. Paper II is 
different from other human background studies, in that the background 
exposure between countries was studied. No similar studies have, at least 
to my knowledge, been reported. By using a proper normalisation 
procedure and multivariate statistics the POP-profiles of the countries were 
discovered. The profiles were stable signatures of the background exposure 
in the two groups. 
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4.4 Characterisation of complex sources and 
exposure 

 
4.4.1 PAHs in a traffic tunnel 
 
A primary source is more clearly spatially defined and consequently fewer 
samples are generally needed to determine representative source 
characteristics as compared to background exposure. In addition, higher 
concentrations can be expected. However, profiles of PAHs are affected by 
weathering and long-range transport, which might “blur” the character-
ristics of their sources (Neilson, 1998). For the studies described in Paper III 
a wide selection of PAHs, differing in volatility, gas-particle partitioning 
and sources, was measured in a tunnel for source characterisation and 
traffic composition studies. Road tunnel studies provide a “snapshot” of 
vehicle emissions (Gertler and Pierson, 1996) and tunnels have previously 
been used in several types of PAH studies (e.g. Benner et al., 1989, Khalili et 
al., 1995, Venkataraman et al., 1994). Sometimes, emission factors (EFs) are 
calculated and PAH profiles are evaluated. 
 
In our study it was known that the traffic composition varied diurnally, so 
the sampling periods were chosen to reflect this variation. In this part of the 
study the primary sources of PAHs and related compounds were motor 
vehicles. All other sources could be neglected or easily subtracted. 
 
In the study a large number of PAHs were analysed, including some 
alkylated tri-cyclic PAHs, as they have been found to be abundant in diesel 
vehicle exhaust emissions (Westerholm and Lee, 1994). Further, coronene 
was included, as it has been identified as a marker for gasoline exhaust 
(Neilson, 1998). Hydrocarbons (HC), sum C15-C32, and HC-profiles were 
also analysed. The HC profile obtained by GC-FID analysis of air samples 
is useful as a tracer for anthropogenic sources (Schauer et al., 1996 and 
Leuenberger et al., 1988). A recent review (Lighty et al., 2000) states that the 
distribution of PAHs between combustion aerosols and PM affects their 
biological effects. Therefore, the distribution of selected PAHs between PM 
fractions of different sizes (PM 10, 2.5 and 1 µm) was studied. 
 
Emission factors were calculated to obtain a quantitative measure of the 
PAHs emitted from a vehicle travelling one km (ng/km). Figure 6 presents 
a simple diagram showing how the samplers were set up in the Lundby 
tunnel in Gothenburg. By counting all vehicles entering the tunnel by 
automatic loop detectors and measuring the concentrations in the exit and 
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the entrance areas, EFs can be calculated, if the ventilation flow (Vf) is 
known, by the following equation: 
 
EFtot= ((cexit-centrance) ng m-3 * Vf m3 s-1)/ vehicles s-1 * L, length, km 
 

  
 
Figure 6. Simple diagram showing how the measurements were made in the Lundby tunnel, 
Gothenburg. 
 
 
The automatic loop detectors could differentiate between heavy-duty 
vehicles (HDV) and light-duty vehicles (LDV). The data matrix of calcu-
lated EFs, four sampling periods and 35 determined variables, would be 
referred to as short and fat by Eriksson et al. (1999), signifying that there 
were more variables than samples. The relative amounts of different PAHs 
varied greatly, for example, naphthalene and methyl-derivatives accounted 
for approximately 40 % of the total PAHs. The percentage of HDV varied 
from 8-24 %, and this was the dependent variable when PLS was used to 
identify variables associated with HDV and LDV, respectively. Two 
significant PLS-components resolved variables correlated to HDV and 
LDV, respectively. 
 
Dibenzothiopene, HC, total suspended particles (TSP), three-ringed PAHs 
and their methyl-derivatives were all correlated to HDV. Naphthalene and 
its methyl-derivatives along with most five- to seven- ringed PAHs were 
correlated with LDV (see Figure 7). Even though few samples were 
measured, an excellent prediction of percentage HDV was achieved. 
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Figure 7. Loading plot of the PLS model for the Lundby tunnel samples (Gothenburg). The 
variables are projected onto a reference line, which passes through the origin, and those 
variables that are furthest away are most influential to the model Y (% HDV). (Abbreviations 
refer to the variables listed in Table 1, Paper III). 
 
Furthermore, PCA was used to characterise urban air from two additional 
locations, for several reasons. First, if the profiles of the tunnel and the ur-
ban locations were similar, the EFs derived from the tunnel study were 
more likely to be valid at such urban locations. As shown in Paper III, the 
profiles of the tunnel and the two urban locations were rather similar. 
Secondly, the PAH-profiles derived from the tunnel may also be used to 
estimate source contributions of motor vehicles at urban locations. In this 
case the PAH-profile of the urban air samples was more strongly in-
fluenced by gasoline vehicles than by diesel vehicles, as shown in Paper III. 
In conclusion, invaluable information about the emission characteristics 
was obtained by using the full suite of chemical variables from the Lundby 
tunnel study, rather than just a few. 
 
PAH-patterns were also used by Duval and Friedlander (1981) to 
differentiate between six PAH sources. Several PAHs were emitted from 
more than one source, so a specific marker for each source could not be 
identified. In an effort to obtain chemical mass balance models (CMB) using 
source fingerprints (profiles), five primary sources were characterised with 
respect to 20 PAHs (Khalili et al., 1995). The concentrations were 
normalised to total PAH mass, the sum of 20 identified PAHs, total 
emission of volatile organic compounds and PM 10 µm, to obtain useful 
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profiles. To facilitate the comparison with other studies Khalili et al., also 
calculated ratios of PAHs to benzo(e)pyrene and benzo(a)pyrene. Thus, the 
two studies of Khalili et al. (1995) and Duval and Friedlander (1981), extend 
beyond the simple comparison of concentration data, but more information 
would probably have been obtained if multivariate methods had been 
used.  
 
This assumption is supported by a paper by Harrison et al. (1996) which 
describes, in detail, the benefits of using multivariate approaches for source 
apportionment and source-receptor modelling of PAHs and related data. 
The authors also point out that there are several deficiencies associated 
with existing PAH data since the quality of the analytical and quality 
assurance procedures varies between studies. Nevertheless, with the aid of 
PCA and MLR, a source apportionment model with six factors, each repre-
senting different sources of PAHs in urban air, was successfully used to 
determine the contribution of different sources to aerosol masses. 
 
All these studies are related, directly or indirectly, to air quality 
assessments – an area that recently attracted great attention as it has been 
shown that there is a relationship between air quality and health effects. 
PAHs and related variables may significantly contribute to these effects 
(Zanobetti et al., 2003 and Lighty, 2000). To maximise the use of data 
gathered in air quality assesment studies, faster methods for the 
determination of a wider range of PAHs and related compounds (with 
respect to polarity, volatility, and toxicological properties) may be needed 
to faithfully reproduce the rapid fluctuations in pollutant concentrations 
that occur, and improve the decision-making basis. Improvements in study 
and sample strategies and use of multivariate data evaluation are also 
essential. For example, samples may be collected under extreme conditions 
to cover the full dynamic ranges of pollutant sources such as motor vehicles 
and biomass combustion.  
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4.4.2 Occupational exposure to PCBs 
 
In 1968, some 1,800 persons in Japan caught a “strange disease”, which was 
initially named “Yusho”, before the causal agent was identified. Yusho 
means “oil disease” and it was later found to be caused by PCB-
contaminated rice oil (Kuratsune et al., 1996). The patients showed several 
symptoms including severe skin abnormalities, named chloracne. 
Kanechlor, which was the trade name of a technical PCB-formulation in 
Japan, had been used as a heat transfer medium during production of rice 
oil for human consumption. Some of the PCBs accidentally leaked into the 
rice oil and caused the disaster. However, it is unclear whether the PCBs 
caused all of the effects, since it was later revealed that the oil had been 
heated to above 200°C, resulting in the formation of several by-products, 
like PCDFs and polychlorinated quaterphenyls (PCQs). The skin symptoms 
were, for instance, mainly attributed to the PCDFs (Ikeda, 1996).  
 
This accident, along with other food poisoning events and capacitor-fires 
where people have been accidentally exposed, have given us valuable 
knowledge about these compounds and their biological effects (Kuratsune 
et al., 1996, Ikeda, 1996 and Kannan et al., 1994). Although the use of PCBs is 
currently restricted or banned in most countries around the world, people 
are still exposed to these compounds. However, the ban has resulted in a 
general trend of decreasing levels in the environment and humans (Norén 
and Meironyté, 2000, Bernes, 1998). Nevertheless, since PCBs were so 
widely used for so many years, sources other than background exposure 
causing human exposure cannot be disregarded (Alcock, 1996). 
  
Some of the elastic sealants used in Sweden have been shown to contain 
significant amounts of PCBs (4.7-8.1 % w/w) (Sundahl et al., 1999), and 
today these sealants are being removed. In Paper IV the occupational 
exposure to PCBs among workers involved in removing old elastic sealants 
was assessed using PCB-profiles. Plasma samples were collected from 36 
workers whose work had included sealant removal for at least six months 
during the preceding two years. Twenty-eight of the workers were re-
sampled after ten months, thus 28 pairs of samples were available to study 
changes in the PCB-profiles. Thirty-three, age- and sex-matched workers 
were also sampled as a control group. These provided a background 
profile, which proved essential for the occupational exposure assessment.  
 
In figure 8, a typical gas chromatogram of a 1:1:1 mixture of three 
Arochlors (1242, 1248 and 1260) is shown. It is important to keep the 
complexity of this chromatogram (and the mixtures it represents) in mind 
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when selecting PCB congeners for occupational exposure studies. While it 
does not cover all of the PCB-congeners ever used, it certainly illustrates 
the complexity and diversity of the PCBs that have leaked out into the 
environment. Constructing general guidelines for the appropriate number 
of congeners to include in a study is both difficult and of doubtful validity, 
but the selected congeners should at least be able to capture important 
variation within this group of analytes in the studied media. 
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Figure 8. A chromatogram of a 1:1:1 mixture of Arochlor 1242, 1254 and 1260, run on a 
GC-ECD-system. 
 
 
We hypothesised that the workers’ body-burden of PCBs was a combined 
result of both background and occupational exposure. Initially, seven PCBs 
were the main target analytes for this study, but after thorough investi-
gation of the scientific literature, support for the inclusion of twelve other 
PCB congeners was found (Luatamo et al., 1994, Kontsas et al., 2004, 
Gladen, 2003, Hansen, 1998, Weistrand et al., 1997). Since it was possible to 
compare individuals over time, PCBs with different reported rates of 
metabolism were particularly interesting. PCBs with vicinal H-atoms in the 
meta and para positions (3,3’, 5,5’ and 4,4’) are more easily metabolised and, 
therefore, seven tetra- and penta-chlorinated biphenyls with this configura-
tion were chosen. Another inclusion criterion was that the PCBs had to be 
significantly abundant (>1%) in any of the Arochlors used (Frame, 1996). In 
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the final selection, consisting of 19 PCB congeners, congeners with three to 
eight chlorine substituents were represented.  
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Figure 9. The quota of individual PCBs in the exposed set, divided by the controls. A quota 
(dashed line) of one represents no difference between the two groups. 
 
 
It was soon realised that there were many reasons for using PCB-profiles in 
the exposure assessment. It was shown that the concentrations were “only” 
two times higher (geometric means) in the exposed group as compared to 
the controls, and that the ranges of the PCB levels in the exposed and 
control groups were partly overlapping. Furthermore, HCB and p,p’-DDE 
were more or less equally abundant in the exposed and control groups. 
Thus, it seemed reasonable to believe that the background exposure to 
PCBs was significant for both groups. No further quantitative data on 
exposure were available that could have served as an exposure matrix.  
 
However, by dividing the geometric means for individual PCBs for the 
exposed and control sets, the major differences in relative PCB levels were 
identified (see figure 9). PCBs 66 and 56/60 were the most clearly elevated 
congeners in the exposed group, but the levels of several other less 
chlorinated congeners were also affected.  
 
In the PCA-models presented in Paper IV, utilising a similar statistical 
approach as in Paper II, the controls and the exposed sets were essentially 
separated by the first significant component. This component was 
primarily influenced by the degree of chlorination. Seven of the putatively 
“exposed” individuals were grouped among the controls, since they had a 
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PCB profile resembling the control profiles. These workers may have been 
more effective in their use of protective equipment or, perhaps, were less 
exposed to PCB-containing materials. They were thereafter regarded as 
“less exposed” (see also figure 10). A reference group (n=28) from Sweden 
(Paper II), where most of the congeners in this study were quantified was 
also included. The reference group was located among the controls, 
supporting the hypothesis that the controls were not significantly 
occupationally exposed to PCB.  
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Figure 10. Score plot of the first two principal components, PC1 and PC2. Data points for 
individuals who were sampled twice are connected with arrows. The arrow heads and tails 
correspond to the second and first sampling, respectively. Solid and dashed arrows indicate 
decreased and increased exposure, respectively, of an individual during the study period. 
Open rings indicate individuals sampled only once. The controls are included as triangles. A 
reference group (denoted Sweden) (Paper II) was also included in the model.  
 
 
The second principal component reflected the stability of the less 
chlorinated PCBs. Seven easily metabolized PCBs with vicinal H in 3,4-
positions were grouped together in the upper part of the loading plot, cf. 
figure 4 in Paper IV, while PCBs lacking this feature were primarily found 
in the lower part.  
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Figure 11. Loading plot corresponding to the score plot in figure 10. 
 
 
Twenty-three of the workers that were sampled twice became less exposed 
during the study period according to the model. Thus, the influence of 
easily metabolised congeners was weaker at the second sampling occasion. 
The clearance and elimination of these congeners was further supported by 
the chromatogram shown in Paper IV (figure 5). The change in PCB 
patterns agreed well with reported rates of accumulation (Brown, 1994), 
and might be attributable to increased awareness and use of protective 
equipment amongst the workers. 
 
In summary, three characteristic groups of PCBs were identified, each of 
which explained significant variance in the data. The highly chlorinated 
PCBs, denoted A in figure 11 and 12, were found to be correlated to 
background exposure. PCB 180 showed the smallest difference between 
exposed and control individuals (quota 1.2, in figure 9) and may be the best 
indicator for that type of exposure. These PCBs (group A) are highly 
chlorinated and have no vicinal H-atoms, making them less prone to 
metabolism and more persistent. In spite of this, the ratio of PCBs 138/163 
to PCB 153 was higher in the exposed group as compared to the control 
group. This might be due to minor differences in stability amongst the 
highly chlorinated PCBs.  
 
The separation of exposed individuals was primarily due to the tri- 
through penta-CBs. The PCBs with vicinal H-atoms in 3,4-positions (de-
noted B in figure 11 and 12) were grouped together, and high prevalence of 
these compounds, as compared to PCB 153 indicates recent exposure. These 
PCBs are metabolised at such high rates that their mere presence in human 
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plasma should attract attention. The last group, C were the best markers for 
general occupational exposure. These are present at high levels in 
Arochlors, relatively stable (as compared to other less chlorinated conge-
ners) and present at low levels in human background profiles.      
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Figure 12. The three groups of marker PCBs, each represented by three candidates, which 
were identified in Paper IV. High ratios of any of these marker groups to PCB 153 may 
indicate the origin of the PCBs (A-mainly dietary, B-recent occupational exposure and C 
occupational exposure). N.B. PCB 105 and 187 was not included in the final selection. 
RHAs by Brown (1994) are also included. 
 
 
These representative and influential markers were used to create a revised 
PCA model, which was able to capture all the major trends in the data 
matrix. This model is shown in figures 3 and 4 in Paper IV.  
 
Most of the work done in the study of PCB metabolism and elimination has 
been performed on laboratory animals (in vivo) or cell cultures (in vitro) 
(Kuratsune et al., 1996). There have been no previous studies on PCB 
metabolism in humans in which these PCBs have been monitored over a 
period of time as was done here. Although the study does not provide 
definitive support for quantitative dose-elimination relationships, the data 
do provide indirect corroboration for the relative human accumulation 
factors presented by Brown (1994). Thus, by using the PCB profiles instead 
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of concentrations, several occupationally exposed individuals could be 
differentiated from the control group, and the degree of recent occupational 
exposure could be assessed for the exposed individuals.  
 
A natural continuation of this study would be to fully characterise the 
potential sources i.e. the elastic sealants, dust, vapour and aerosols 
generated during work, as well as the dietary intake, in order to better 
understand the routes of exposure and contribution of each source. The 
study of people living in “PCB-buildings” performed by Johansson and co-
workers may provide some of this information (Johansson et al., 2003). 
Since these individuals were primarily exposed via inhalation and the PCB 
profiles in the air were established through analysis of air samples it may 
be easier to calculate human accumulation factors from this type of 
investigation, than from the occupational exposure scenario studied in 
Paper IV. It would, however, be essential to estimate the dietary PCB 
intake and patterns of the people living in the PCB buildings.  
 
Another way to assess the PCB stability would be to follow the decline in 
PCB levels for exposed individuals who are put on a low PCB diet, e.g. 
during a long vacation.  
  



Final Discussion 37 

5 Final discussion 
 
If a single marker substance can represent a source, its concentration will be 
dependent on its spatial and temporal relationship to the source. A number 
of methods, applying standard hypothesis testing based on probabilistic 
arguments are useful for characterising such sources. However, the 
concentrations of the single marker may still be severely affected by 
uncontrolled factors and uncertainties that commonly affect environmental 
studies. For instance, biodegradation and volatilization may influence the 
concentration. Hence, utilising this approach, numerous samples have to be 
studied to capture this variation. There is, for example, always a risk of 
sampling extreme individuals, which may severely bias the mean 
concentration. An educated guess for the number of samples sufficient to 
describe the mean concentration of PCB 153 in perch, at any specific 
moment, in a medium sized lake is 25. This would account for the normal 
environmental and biological variation. Suppose, however, that there is an 
accidental spillage of PCB-containing oil and there is a (slight) risk that it 
has reached this lake. In this situation, another 25 samples might have to be 
taken and analysed to find a statistically significant difference in con-
centration.  
 
However, in complex situations where multiple sources contribute to the 
total concentration of a specific pollutant, the concentration alone will 
provide little, if any, information on the exposure and/or its relation to the 
source. But if the sources can be captured by unique profiles of several 
compounds it may be possible to deconvolute the source contributions by 
soft multivariate statistical tools such as PCA. In the scenario discussed 
above, spilled PCBs reaching a lake could easily be distinguished by 
comparing PCB profiles from before and after the episode. The profile 
would be clearly affected by a recent input of a PCB mixture with different 
relative ratios of congeners. This approach would also be less sensitive to 
sampling extreme individuals. Thus, fewer samples would need to be taken 
and more scientifically sound conclusions could be drawn. 
 
In this thesis the benefits of increasing the number of analytes in order to 
study pollutant profiles have been discussed and demonstrated. However, 
merely increasing the number of analytes can cause problems too. 
Obviously, the amount of laboratory work and the effort required for 
evaluating all of the chromatograms will increase. It is also essential to 
understand that not all of the variation in an extended dataset will be 
related to the environmental problem under investigation. The additional 
information may contain outliers and sometimes just bad data. Variables of 
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dubious origin will therefore blur the profiles and may bias further 
statistical evaluation. Thus, the analytical quality of the data should not be 
jeopardised, and a holistic approach is crucial for successful use of the 
obtained data. Also, whenever possible, a step-by-step approach will be 
beneficial and cost-effective.  
 
Nevertheless, it is worth stressing that the success of the pollutant profile 
concept heavily relies on the careful selection of analytes, the use of well-
designed sampling strategies and validated analytical methods, and on 
proper data evaluation. Last but not least, a sound QA/QC program is 
needed (see figure 13), which might for instance include analyses of blanks 
and (certified) reference materials, and participation in inter-laboratory 
testing exercises. 
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Figure 13. The “ideal” environmental analytical study, in which the multivariate approach 
has been fully implemented. 
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In Paper I, one of the analytical methods used was validated and some of 
its important characteristics were explored. Reproducibility was identified 
as the most important figure of merit for comparisons of different groups of 
objects. Therefore, the method based on sorbent-assisted liquid-liquid 
extraction, which provided the greatest reproducibility, was chosen for the 
studies reported in Papers II and IV.     
 
The other studies showed that multivariate statistical methods could reveal 
additional information in relation to univariate statistics (Papers II-IV). For 
instance, at a first glance, the data presented in Paper II revealed no 
differences between the two populations, but MVDA was able to detect 
significant differences, as the pollutant profiles of the studied human 
groups in Sweden and Spain provided such stable signatures of their 
environments. Paper III showed that the concentration data alone are not 
enough to describe a source. However, a thorough source characterisation 
provided additional information on the emissions and their origins.  
 
Furthermore, the use of PCA-models also facilitates comparisons to other 
data of similar type since the data are ‘anchored’ by several similar 
variables. In Paper IV, the PCB profiles of carefully selected congeners, 
differing in resistance to metabolic degradation, in occupationally exposed 
workers were shown to capture major trends related to recent, past and 
background exposure. The study also provided an opportunity to 
indirectly validate reported relative human accumulation factors.  
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Appendix 1. Systematic numbering of PCB according to IUPAC 

 
# structure # structure # structure # structure # structure 

1 2 43 22'35 85 22'344' 127 33'455' 169 33'44'55' 
2 3 44 22'35' 86 22'345 128 22'33'44' 170 22'33'44'5 
3 4 45 22'36 87 22'345' 129 22'33'45 171 22'33'44'6 
4 22' 46 22'36' 88 22'346 130 22'33'45' 172 22'33'455' 
5 23 47 22'44' 89 22'346' 131 22'33'46 173 22'33'456 
6 23' 48 22'45 90 22'34'5 132 22'33'46' 174 22'33'456' 
7 24 49 22'45' 91 22'34'6 133 22'33'55' 175 22'33'45'6 
8 24' 50 22'46 92 22'355' 134 22'33'56 176 22'33'466' 
9 25 51 22'46' 93 22'356 135 22'33'56' 177 22'33'4'56 
10 26 52 22'55' 94 22'356' 136 22'33'66' 178 22'33'55'6 
11 33' 53 22'56' 95 22'35'6 137 22'344'5 179 22'33'566' 
12 34 54 22'66' 96 22'366' 138 22'344'5' 180 22'344'55' 
13 34' 55 233'4 97 22'3'45 139 22'344'6 181 22'344'56 
14 35 56 233'4' 98 22'3'46 140 22'344'6' 182 22'344'56' 
15 44' 57 233'5 99 22'44'5 141 22'3455' 183 22'344'5'6 
16 22'3 58 233'5' 100 22'44'6 142 22'3456 184 22'344'66' 
17 22'4 59 233'6 101 22'455' 143 22'3456' 185 22'3455'6 
18 22'5 60 2344' 102 22'456' 144 22'345'6 186 22'34566' 
19 22'6 61 2345 103 22'45'6 145 22'3466' 187 22'34'55'6 
20 233' 62 2346 104 22'466' 146 22'34'55' 188 22'34'566' 
21 234 63 234'5 105 233'44' 147 22'34'56 189 233'44'55' 
22 234' 64 234'6 106 233'45 148 22'34'56' 190 233'44'56 
23 235 65 2356 107 233'4'5 149 22'34'5'6 191 233'44'5'6 
24 236 66 23'44' 108 233'45' 150 22'34'66' 192 233'455'6 
25 23'4 67 23'45 109 233'46 151 22'355'6 193 233'4'55'6 
26 23'5 68 23'45' 110 233'4'6 152 22'3566' 194 22'33'44'55' 
27 23'6 69 23'46 111 233'55' 153 22'44'55' 195 22'33'44'56 
28 244' 70 23'4'5 112 233'56 154 22'44'56' 196 22'33'44'56' 
29 245 71 23'4'6 113 233'5'6 155 22'44'66' 197 22'33'44'66' 
30 246 72 23'55' 114 2344'5 156 233'44'5 198 22'33'455'6 
31 24'5 73 23'5'6 115 23'44'6 157 233'44'5' 199 22'33'4566' 
32 24'6 74 244'5 116 23456 158 233'44'6 200 22'33'45'66' 
33 2'34 75 244'6 117 234'56 159 233'455' 201 22'33'455'6' 
34 2'35 76 2'345 118 23'44'5 160 233'456 202 22'33'55'66' 
35 33'4 77 33'44' 119 23'44'6 161 233'45'6 203 22'344'55'6 
36 33'5 78 33'45 120 23'455' 162 233'4'55' 204 22'344'566' 
37 344' 79 33'45' 121 23'45'6 163 233'4'56 205 233'44'55'6 
38 345 80 33'55' 122 2'33'45 164 233'4'5'6 206 22'33'44'55'6 
39 34'5 81 344'5 123 2'344'5 165 233'55'6 207 22'33'44'566' 
40 22'33' 82 22'33'4 124 2'3455' 166 2344'56 208 22'33'455'66' 
41 22'34 83 22'33'5 125 2'3456' 167 23'44'55' 209 22'33'44'55'66' 
42 22'34' 84 22'33'6 126 33'44'5 168 23'44'5'6   

 


