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of Germany chose not to endorse PCBs in the risk assessment process (Beck et al., 1996) for the following

reasons:
??lack

of coplanar PCB data from epidemiology
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tolerable daily intake of PCB from 1 ug PCB/kg body weight in Germany
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analytical methods (ECD) foi PCB analysis are very widespread, but dioxin-like PCB analysis needs

more rigorous methods via high resolution instrumentation.
. considered to be no obvious accumulation of dioxin-like PCBs in humans

For some, the use of TEFs may only be justified if constrained to be species- and endpoint-specific

(Starr et al.,

1997). The inclusion of PCBs into the risk assessment procedure has a number of limitations and a number of
assumptions which have to be made and accepted (Ahlborg et al., 1994; De Boer and Brinkman, 1994; Beck et al.,
1996). One of these is that the toxic effects of the components of a given mixture are additive and that there are no
toxicological interactions (either synergistic or antagonistic) between individual congeners. While non-additivity,
either synergistic or antagonistic, has yet to be demonstrated at dose levels comparable to human background body
burdens, the fact that it is found at high doses is a cause for concern (Starr et al., 1997). Schmitz el al., (1996) has
found minor synergistic influence of non dioxin-like PCBs on inducing potency of dioxin-like agonists in different
Clophen and Aroclor technical mixtures.

Critically, not all toxicological endpoints for PCBs are mediated by an Ah-receptor mechanism. PCB congeners
have been shown to have effects on the endocrine system such as reducing serum concentrations
hormones thyroxine and triiodothyronone

(Koopman-Esseboom

of the thyroid

et al., 1994). Studies in a number of different

animal species indicate that PCBs can affect reproduction and development (e.g. Tanabe et al., 1987; Kannan et al.,
1989; De Witt et al., 1993). However, available data on human reproductive and postnatal effects, particularly
cognitive performance in children is difficult to interpret. It is difficult to relate findings to background dietary
exposure to PCBs and isolate effects of possible confounding factors (see LindstrGm et al., 1995 and Kimbrough,
1995 for a review of research in this field). Nevertheless, the most recent study by Jacobson and Jacobson (1996)
concluded that in utero exposure to PCBs of children born to mothers with a high background PCB exposure can
have a long-term impact on intellectual function.

There is limited data on the carcinogenicity of PCBs in humans, with the majority of studies concentrating on high
exposure. Recently, the UK Committee on Carcinogenic&y (COC) concluded that because of inadequacies in the
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Table 1 PCB and PCDD/F concentrations (expressed as LTEQ in ng/kg lipid) for a variety of animal andfish food
groups reported in the literature, together with the percentage contribution of LTEQ attributable to PCB.

Media

PCB-

TEQ
Fish and fish products (ng TEQ/kg
fat)
Eels (Germany)
Eels (Germany)
Eels (UK)
Eels O‘lew Zealand) n= 16 @g/g wet wt)
Arctic Char (FInland) pg/g wet af
Trout (New Zealand) n=ll @g/g wet wt)
Salmon (Sweden)
Se&h (Japan)
Market fish (Japan) (ng TEQ/kg wet )
Fish (fwater) Toronto(ng TEQ/kg wet )
Fish (freshwater) Montreal
Fish (marine) Toronto
Cod Lwer od bottled 1996
(II=@ ng WQ/kg
od
Cod hver od capsules 1996
(n=4) ng TEQ/kg OII
H&but Lver oil capsules 1996
(n=Z) ng TEQ/kg oil
Meat and dairy products

(ng TEQ/kg

whole )

Butter Germany (n= 6)
Butter Netherlands *
cows milk I995 (UK)
Cows mtik 1992 (UK)
cows milk 1982 (UK)
Cows nulk 1992 (Toronto) ng TEQ/kg (whole)
Cows nulk 1992 (Montreal) ng TEQ/kg (whole)
Poultry and eggs (ng TEQ/kg
Poultry (Toronto) (ng

TEQ/kg

Poultry (UK 1992)
[Eggs*
* PCB 77, 126and 169 only

Reference

75.120
10-288
8~87
0 23
0 05-O 2
0 057
123
94
0 22
0 36
0 32
024
24.31

12-23
X2-119
2 h-15
0 028
0 06-O 1
0018
56
0 87
033
0 26
0 16
0 033
6 2-9 2

82.85
32.71
73-92
89
46.70
76
70
92
40
58
67
86
77-80

Ma&h 1996
Behmsch 1997
MAFF 1997a
Buckland et al , 1997
Varbainen et al., 1996
Buckland et al 11997
Ahlborg et al, 1994
Masuda et al, 1996
Masuda et al, 1996
Ryan et al, 1997
Ryan et al., 1997
Ryan et al., 1997
MAFF 1997b

15-38

1 5-6 2

83-93

MAFF 1997b

5-9 5

I 7-6

63.68

MAFF 1997b

0 87
0017
0 49

0 94
018
035

48
9
58

MAFF 1997a
Ryan et al., 1997
Lorber et al, 1997

0 91
21
18
13
27
0 033
0 096

0.46
18
101
20
45
0 038
0031

66
54
64
40
38
46
76

Malisch 1996
Theelen et al , 1993
MAFF 1997~
MAFF 1997a
MAFF 1997a
Ryan et al., 1997
Ryan et al, 1997

001
093
2 25

0.066
17
2.0

13
35
53

Ryan et al , 1997
MAFF 1997~1
The&n et al., 1993

1

fat)

whole )

-

TEQ

fat)

Carcass meat

(UK 1992)
Beef steak Toronto) (ng TEQ/kg
Beef back fat (USA)

%PCB TEQ

PCDD/F-
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One of the most comprehensive

dietary exposure studies available in terms of both food composition and temporal

exposure information is the UK Total Diet Study. UK Total Diet Study (TDS) samples collected in 1982 and 1992
demonstrate that average dietary intake of PCBs has declined from 1.O ug/person/day in 1982 to 0.34 u&person/day
in

1992 (MAFF 1997a). This is supported by recent trends in a broad range of environmental media (e.g. Coleman

et al., 1997; Kjeller and Rappe 1996; Bishop et al., 1996; Becher et al.. 1995; Harrad et al., 1994). In 1982,
estimated upper bound CTEQ intake in the UK was 4.1 pg TEQl kg body weight/day, of which 2.7 pg TBQikg body
weight/day (-40%) came from PCBs. By 1992, intake had declined to 1.5 pg TEQIkg body weight/day and 0.9 pg
TEQ/kg body weight/day (-38%) respectively. Despite this decline in CTEQ intake, the proportion of TEQ from
dioxin-like PCBs has, for certain major food groups (meat, oils and fats, dairy produce and eggs) increased from
1982 to 1992 (see Table 2). This is particularly noticeable for cows milk sampled in 1982, 1992 and 1995, in which
the proportion of TEQ from PCBs has increased from 38% in 1982 to 64% in 1995 (MAFF 1997~).

Table 2 Contribution ofPCB TEQ to the LTEQ

Food Group
Carcass meat
Off&
Meat products
POUitry
Fish
Oils and fats
Milk
Dairy produce

Eg@
Mist cereals
Bread

forselected UKfoods sampled in 1982 and 1992

% PCB 1982

% PCB 1992

40
15
35
31
69
50
38
33
22
50
40

48
23
47
35
66
57
39
43
35
13
32

For many food stuffs listed in Table 1, dioxin-like PCBs dominate CTEQ. This is particularly noticeable for the fish
food group in which CTEQ is dominated by dioxin-like PCBs (up to 90% of ZTEQ); these data highlight the
significance of fish consumption to human TEQ exposure. Additionally, in this respect, a recent UK survey (MAFF
1997b) has demonstrated increased exposure to PCB-TEQ as a result of ingesting fish oil supplements, the TEQs of
which are dominated by the dioxin-like PCBs (from between -60 to 90% of CTEQ). In summary, dioxin-like PCBs
associated with animal fats and - more notably - fish represent a significant source of TEQ.
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Table 3 PCB and PCDD/F concentrations (expressed as LTEQ in ng/kg lipid) for human tissues, together with the
percentage contribution of LTEQ attributable to PCB
PCB-TEQ
(i) Blood (pg TEQ/g
f.lrh

caters/Non

(urban

Cluldren

(mdustnahsed

17/o 7

area)
aren)

(Gcmranv~

(ii) Human
Alpose

adipose (pg TEQ/g

Adipose
(Germany)*
‘ PC B 116 2nd 169 onl,
milk @g TEQ/g

%PCB

TEQ

Reference

34/37

34124

Cole

et al, 1995

12

20

38

Masuda

28

28

50

Masuda

9.6-12

7 3-8.2

57.59

W&e

et al

, 1994

9 I-II

9 o/10

51-53

Wuthe

et al,

1994

128-135

9 3-10

57-58

Wuthe

er al,

1994

et al,

1996

1996
1996

91

I9

32

I’apke

7 03

157

31

JIm&z

II6

57

67

Duane-Davrdson

43

29

60

Kdmer

er al,

et al,

317

167

65

Mahsch

1996

M,lk (Denmark)

172

167

51

fillbert

et al,

21

20 6

50

hhlborg

huk

(WHO)

huk

(Japan)

96

58

58

Masuda

hhlk

(UK)

IO-12

21-24

32-35

MAFF

hUk

(Sweden)

12-26

7.12

63-68

Dahl

25

34

58

26

20

57

Varwalnen

80

31

72

Tunstra

17

67

Hong

lvblk (Finland

urban)

(Fmnland

rural)

Mdk

(Netherlands)

Ma

(USA)

n=30

n=37
n=33

et al., 19’2

1994

lipid)

hWk (Germany)

Mdk

1996

lipid)

(UK) II= 5

(iii) Human

PCDD/F-

TEQ

fish-eaters

Children

U.lckground

lipid)

1996

1994
1996
1997a
et al., 1995

varaamen

et al., 1997
ef al ) 1997
et al,

et al,

1994

1994
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Exposed populations as a result of elevated fish consumption have been identified in the literature. For example, a
study by Cole et al., (1995) found that blood in fish eaters aged >50 years old contained double the PCB- and
PCDDIF-TEQ compared to a non-fish eating group. Additionally, fish eaters had a 13% greater PCB-TEQ than non
fish eaters. Dewailly et al., (1994) found elevated levels of dioxin-like PCBs in the breast milk of Inuit women in
the Arctic, whose principal protein sources are fish and sea mammals. Given the potential importance of fish and
fish oils for human ingestion of TEQ, fish oils in food products for human consumption

could also be of

importance. These oils are derived from different geographical regions, and would be difhcult to regulate, despite
the industry using refined fish oils which reduces TEQ by up to 75%.

Nursing infants represent a sub-population which has attracted considerable attention in term of TEQ-exposure.

In

the early 1990s Wolf and Schecter (1991) concluded that in terms of risk assessment, dioxin-like PCBs represent a
greater threat to children than PCDD/Fs. MAFF (1997a) estimated dietary intakes of PCDD/Fs and PCBs by breastfed infants in 1993-94 reduced from 170 pg TJZQ/kg bw. d. at 2 months to 39 pg TEQ/Kg bw.d at 10 months. These
intakes exceed the TDI of 10 pg TSQ/kg bw.d., but because TDI is based on lifetime exposure the UK COT
recommended that despite the presence of PCDD/Fs and PCBs in human milk, breast feeding should be encouraged
because of benefits of overall health and development to the infant.

Sources of dioxin-like PCBs to the environment
Given that dioxin-like PCBs make such a significant contribution to human exposure within the UK ZTEQ risk
assessment framework, their potential sources to the environment

are obviously important. Within a regulatory

framework, there is a need to know if source control is needed/possible,

so that human exposure is minimized.

National inventories of dioxin-like PCB sources and emissions of dioxin-like PCBs are currently only available in
the Netherlands. Here, total emissions of dioxin-like PCBs were estimated to be 36 g TEQ/ yr, only 7% of the
estimated PCDDLF emission of 520 g TEQ/yr (Bremmer and Booij 1995). Importantly, these estimates only
included processes known to lead to the formation of PCBs; secondary sources (i.e. emissions from materials
known to contain PCBs) were not included.

Three alternative hypotheses have been put forward by Brown et al. (1995) as potential coplanar PCB sources,
namely - a) releases from commercial PCB formulations, - b) emissions from combustion processes and - c) solar
photolysis of higher chlorinated PCBs. Available PCB congener distribution data were evaluated to predict which
process would be the most significant. In this paper no account was taken of TEQ values, rather concentration data
were used. Brown et al. (1995) studied the coplanar PCB concentration
concluded that the environmental

profiles in Aroclor formulations and

burden of PCB congeners 126, 169, 189, 205 and 209 was derived from non-
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Table 4’ An estimate ofthe input of dioxin-like PCBs and associated TEQ (kg) into the UK environment from
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Aroclor formulation
IUPAC
% Amclor

1221
use

1232

1242

3 75

3 75

52

1248

1254

number

1260

16

1262

11

3 75

1268

Total

cont.

kd

3 75

71

106.5

2379

65208

13308

1536

176

I35

48

83

414

126

99

13 5

0

Ii

204.8

264

12

135

0 4

37

169

0

0

0

32

0

0

0

0 003

0

105

2550

2670

103584

28028

161920

3960

1095

240

304

30

114
116/m

30

165

9568

2503 2

15168

1100

0

0

27

14

135

4395

129792

30128

305280

14696

3180

435

488

49

123

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

156

0

270

47x4

128X

49472

17996

6000

1260

81

41

157

0

75

1872

372 4

16640

4840

4965

120

29

I4

167

0

375

6656

I792

10496

23144

5715

2430

51

170

0

525

1248

1120

36224

156640

51450

225

247

180

0

975

1872

11x4

40320

377960

26250

606
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0

0

0
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PCB-TEQ in Table 4 is dominated by PCB-77 (66%), PCB-118 (8%), PCB-156 (7%) and PCB-126 (6%). It should
be acknowledged that there is a considerable amount of error in these estimates, given the uncertainty in both the
estimates of use and the proportions of Aroclor formulations used in the UK for different applications. Clearly,
there are also considerable uncertainties over the proportion of this usage estimate which has been released to the
environment. Importantly, no account has been taken of the use of imported materials and products containing
Aroclor formulations.

Industrial
Formation

emissions
mechanisms

It is known that trace levels of PCDDs, PCDFs, chlorobenzenes,

PCBs and other

chlorinated organic compounds may be formed whenever a carbon source and chlorine in any form are burned. It is
now accepted that the non-ortho PCBs may be formed during the incineration of municipal waste (Kawakami et al.,
1993; Boers et al., 1994) and do not originate solely from commercial PCB mixtures as had previously been
assumed. It has been suggested that they are formed by de nova synthesis from particulate organic carbon, formation
from chlorinated precursors or that PCBs already present in the starting materials are emitted after combustion.
Schoonenboom

et al. (1995) identified the formation of dioxin-like PCBs, PCDDs and PCDFs at an optimum

temperature of 3OO’C and concluded that a similar two-stage mechanism was responsible for the formation of the
different groups of compounds with chlorination of the surface of the carbon by electrophilic aromatic substitution,
followed by oxidative decomposition of the chlorinated carbon.

Critically, unlike PCDD/Fs, dioxin-like PCB emissions are currently not controlled by legislation and are not
routinely monitored. Table 5 demonstrates

the contribution of dioxin-like PCBs to the CTEQ for a variety of

combustion sources obtained in the literature. In general, PCDDffs dominate the CTEQ of emissions for these
sources, with the contribution from PCBs very variable. In the case of MWI emissions and associated fly ash,
dioxin-like PCBs contribute ~5% of CTEQ. For wood burning stoves the proportion is < 15%. In contrast, emissions
from a single cement kiln site in the UK contained up to 60% of the CTEQ as dioxin-like PCBs. Dioxin-like PCBs
made up -50% of CTEQ in a crematorium ash sample. High TEQ emissions were measured at a German sinter
plant, but only -6% of CTEQ was associated with dioxin-like PCBs.

Where congener data are available, combustion

source emissions

are dominated

by non-ortho

PCBs which

contribute the majority of PCB-TEQ. Congener 126 dominates the profile, contributing between 85 and 95% of
CPCB-TEQ. It may therefore be appropriate to screen for PCB-126 only in the emission sample in order to gain
representative CTEQ for PCBs. The limited industrial/combustion

emission information for dioxin-like congeners is

supported by evidence of principal congener patterns in ambient air. A recent study in the Netherlands (Lopez
Garcia et al., 1996) supports the view that PCB- 126 is the most important congener from combustion emission
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Table 5 TEQ concentrations of PCB and PCDD/Ff rom a variety ofsources and environmental media and the
percentage contribution of PCBs to the LTEQ.

JMdia
Flyasb (“g TEQ/g)
MWl Flvash
MWI Flyash
MWl Flyash
MWI Flyash
Emissions (ng TEQ/m3)
Enxsslo” MWI
Ermss~on MWI
Emrsslon MWI
Emtss~on (MWI Goppmge”) “=ll
Ermss~on (MWl Stuttgart) “=7
(ii) Industrial emissions (ng TEQ/m3)
Cement Mn enus~lon (UK)
Wood burmng stove enuss~o” (“=5)
Stnter plant ermss10*1
Crematonum ash (Germany) “g TEQ/g (n=l)
Wood bunung stove ash (n=3) ngTEQ/g
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PCB-TEQ
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0.74
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24 9
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3 3-4.3
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0 082
0.26

23-29
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7.1

0 017-O 04
195
118

38-60
11

001
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0.055
0 0099

047
0x13
0 93
003x

47
14
17
21

1.5

(iii) Aroclor standards (see Table 4 for further details)
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6 87
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6 05
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8 35
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2565
14
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039
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soil (pg/g
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4.5
31
3.1
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3 59
022
1 47
1 32
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26
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S&al et al. 1994
Behtusch 1997
Behmsch 1997
Sakat et al 1994
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Behmsch 1997

UK Enwronmenr Agency
Vatter 1996
Varter 1996
Behmsch 1997
Behrusch 1997
Behmsch 1997
Schuler et al, 1995
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Behnxch
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0.24
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sources to the atmosphere. On a TEQ basis, PCB-126 dominated the PCB-TEQ (-77% of the ZTEQ value) in 19
air samples collected in the suburban area of Bilthoven. In this study, combustion sources were implicated as the
dominant source of PCB-126 to the atmosphere.

Implications for UK emissions of dioxin-like PCBs
The previous information has important implications for UK emissions of dioxin-like PCBs. Based on the available
emission data in Table 5, CTPQ emissions to atmosphere in the UK could increase by between 5 to 50% if PCBs
were included in TEQ calculations. The most recent estimate for PCDD/F emissions in the UK ranges between 220
and 660 g TEQ/a (Alcock ef al., 1998). Including PCB-TEQ, ZTEQ emissions would increase with a range of
between 230 to 990 g TPQ/a. Obviously, more emission measurements are needed to refine these estimates but
these initial calculations highlight the importance of PCB-TEQ from emission sources in the UK. For calculations
later in this paper, the vast majority of the emission TEQ component will be in the form of PCB-126 (-90%)

Significance of indoor air exposure to dioxin-like PCBs
PCB formulations have been used extensively in the past for a wide variety of uses including a range of building
sealants. Recently, the impact of these on PCB concentrations in indoor air has been given appreciated (Wallace et
al., 1996; Alcock et al., 1994; Balfanz et al., 1993). A recent German study found elevated TEQ concentrations in a

range of indoor air samples were dominated by dioxin-like PCBs (-60 to 95%). Dioxin-like congener composition
was variable depending

on the PCB formulation used in the building sealant. Subsequent analysis of sealant

material revealed variable and often very high concentrations of dioxin-like PCBs and associated TEQ of between
0.0004 and 2.4 mg TEQ/kg sealant (Behnisch 1997; Ludewig ef al., 1993). Concentrations

were dominated by

congeners 118 and 105, 170 and 180, while TEQ was generally dominated by mono-ortho coplanar congeners (118,
114, 105 and 156) and PCB-126. Recent calculations suggest that inhalation of indoor air may, under certain
circumstances represent an important route of human exposure to PCBs (Currado and Harrad, 1997; Piloty, 1993).
Mean daily exposure via inhalation has been calculated using the algorithm below:

CExposure = ([C,*F,]

+ [Ch*Fh) + [C,*F,]) * Rr

where: ZExposure = daily adult human exposure through inhalation in TEQ (ng/person/day)
C.,,wO= ZPCB concentration in workplace/home/outdoor
air respectively ( pg TEQ/m’)
Rt = Adult respiration rate (20 m’ d-‘)
F we,, = Respective fraction of a day spent at the workplace/home/outdoors

Assuming 24% of time is spent at the workplace, 68% at home and the remainder outdoors, and that outdoor air has
a concentration of 0.01 pg TPQ/m3 and indoor air concentrations in the home and at work (mean of Behnisch 1997
= 1.56 pg TEQ/m3) are the same, mean exposure to dioxin-like

PCB from inhalation

constitutes

-29 pg
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(ii) Foodchain transfer efficiencv

Reported half lives for the clearance of dioxin-like PCBs from human tissues are

long, generally between 1 to 12 years e.g. PCB-169 in blood about 10 years, with the longest half-lives associated
with higher chlorinated congeners (Ryan el al., 1993; 1994). It has long been recognized that PCB congeners with
adjacent unsubstituted m and p positions, and some of those with adjacent unsubstituted orrho and meru positions,
are the more readily metabolized in humans. For example, PCB-77 is known to be metabolized effectively.

For

PCB congeners present in Aroclor mixtures there is a 300-fold range in human lifetime accumulation potential
(Brown 1994). Higher chlorinated congeners can possibly be anaerobically dechlorinated to lower homologues in
the gut and there is evidence of very slow (tin = ca. 25 yr.) para-dechlorination
pentachlorobiphenyl

groups (Brown, 1994). The persistence of congeners with the ability to bind to the Ah receptor

could have promoted their relative enrichment within the environment
concentrations

of PCB congeners carrying

in the environment.

This effect would be particularly

over time, despite decreases in CPCB
evident at higher trophic levels where

congeners most readily metabolized would be lost over time relative to the dioxin-like congeners. This selective
dietary accumulation and enrichment of dioxin-like PCBs has been reported in higher vertebrate tissues such as bird
eggs in the USA (Williams et al., 1995; Schwartz and Stalling, 1991) and in the otter foodchain (Leonards ef al..
1997). A similar strong biomagnification

of these compounds could represent an important effect occurring in the

human foodchain, given the significance of dioxin-like PCBs measured in human tissues.
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