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1. Introduction

The view has been commonly accepted that the likelihood of adverse health effect(s) of 

chemicals depends on the magnitude of external exposure. Measures of exposure have been 

developed independently in various areas of environmental toxicology. Thus environmental 

toxicologists have worked out procedures for risk assessment of adverse health effects on the 

basis of the daily intake of a given chemical. The reference values, such as the reference dose 

(RfD) published by US EPA or the Provisionally Tolerated Weekly Intake (PTWI) published 

by WHO-FAO, reflect the levels of exposure that should prevent humans from the adverse 

effects of environmental exposure. Moreover, guidelines for the concentrations of chemical 

substances in the air or drinking water are also published by international organizations or 

local authorities in different countries. Industrial toxicologists have developed guidelines for 

interpreting the concentrations of chemicals in the air of industrial enterprises. These values 

have been published either as recommendations or as official lists of admissible 

concentrations. 

The setting of acceptable exposure limits is based on an assumption that there is no 

appreciable risk at levels below these limits for all or almost all persons exposed. Although 

the recommended daily intake or admissible concentrations in environmental media or in the 

workplace atmosphere have been commonly used and accepted at the governmental level in 

different countries, it has become clear that various factors can affect the exposure. These 

include: additional absorption through the skin; differences in individual uptake which can, 

for instance, be age-dependent; differences in individual behavior in the general environment 

and poor working practice; different uptake at the same air concentrations, due to different 

workload during the shift; and the use and effectiveness of personal protection devices. 

In view of the possible influence of these individual factors, the concept of human 

biomonitoring (HBM) of exposure was developed. HBM makes it possible to determine 

which environmental chemicals enter the system and how the concentrations of those 
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chemicals in the samples of biological material may be related to health effects. Rather than 

predicting the intake of chemicals from food, water, air, and other media HBM measures 

levels of chemicals that are actually in body. 

2. Definition

The term ‘biomarker’ is a general term for specific measurements of an interaction 

between a biological system and an environmental agent. According to IPCS (1993) three 

classes of biomarkers can be identified:

¨ biomarker of exposure – an exogenous substance or its metabolite or the product of an 

interaction between a xenobiotic agent and some target molecule or cell that is measured 

in a compartment within an organism.

¨ biomarker of effect – a measurable biochemical, physiological, behavioral or other 

alteration within an organism that, depending on the magnitude, can be recognized as 

associated with an established or possible health impairment or disease.

¨ biomarker of susceptibility - an indicator of an inherent or acquired ability of an organism 

to respond to the challenge of exposure to a specific xenobiotic substance.

It has been commonly accepted that determining the first two kinds of biomarkers can 

be recognized as a part of more complex prophylactic activities. However, the practical 

application of biomarkers of susceptibility at present gives rise to serious doubts. Genetic 

screening can be applied both as an indicator of susceptibility to environmental hazards or 

indicator of future health. Inborn genetic characteristics that determine the relatively increased 

susceptibility to particular diseases include: the host characteristics that modify the effect of 

exposure to environmental agents (genes affecting metabolic capacity and repair capacity e.g. 

cytochrome P450, glutathione S-transferase, N-acetyltransferase), host susceptibility to 

diseases e.g. chronic beryllium disease, occupational asthma. There are some attempts aiming 

at the testing of genetic susceptibility for the prevention of occupational diseases. However, at 

present, these approach is likely to be irrelevant due to its low predictive value. According to 

the opinion expressed by the European Group on Ethics in Science and New Technologies to 

the European Commission on 28 July 2003 (Opinion, 2003): “The legitimate duties and rights 

of employers concerning the protection of health and the assessment of ability can be fulfilled 

through medical examination but without performing genetic screening. Thus, employers 

should not in general perform genetic screening nor ask employees to undergo tests”. 

Therefore biomarkers of susceptibility will not be discussed in the present document.
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3. Examples of the HBM systems for the general population. Reference values.

The so called reference values mainly for metals and persistent organic pollutants have 

been published by different organizations (CDC, 2005; Ewers et al., 1999; Wilhelm et al., 

2004; Alessio, 1993; Vesterberg et al., 1993). However, such data are of limited value on the 

international scale. They may be influenced by environmental exposure levels in different 

countries, confounding factors (smoking, kind of food consumed), changes due to reduced 

emission (e.g. lead), improved control of the contamination that may occur during sampling, 

better analytical procedures and internal or external quality control of the determinations. 

Nonetheless, these data may be useful at a local level. For example in Germany the reference 

values are intended to indicate the upper margin of the current background exposure of the 

general population and to identify subjects with an increased level of exposure (Wilhelm et 

al., 2004).

The results of biological monitoring can be used for evaluating the background 

contamination or the trends regarding contamination in different countries. On the 

international level they were used to compare internal exposure to organochlorine compounds 

(Schmidt et al., 1997) or trends in the concentration of dioxins in breast milk in the European 

countries (Van Leeuwen and Malisch, 2002). The application of biological monitoring can 

also confirm the effectiveness of the technical solutions aimed at reducing environmental 

exposure on the local scale of a country as was the case for lead blood levels in children. For 

example, in the U.S. the geometric mean of Pb-B concentration in children, during 

consecutive phases of NHANES II, III and IV in 1976-80; 1988-91 and 1991-94, amounted to 

150 mg/l; 36 mg/l and 27 mg/l, respectively (Toxicological Profile, 1999) and to 12-14 mg/l in 

2001-02 (CDC, 2005). In Sweden, the geometric mean of Pb-B concentration in 

schoolchildren has decreased from about 60 mg/l in 1978 to about 25 mg/l over the period of 

15 years (Gerhardson et al., 1996). 

At present BM of environmental exposure is carried out on the routine basis by the 

CDC in the United States. The largest system of this kind in Europe has been implemented in 

Germany. Also in the Czech Republic such system has been conducted since 1994. 

3.1. Centers for Disease Control and Prevention (CDC, USA)

On July 2005 the U.S. Centers for Disease Control and Prevention released the Third 

National Report on Human Exposure to Environmental Chemicals (CDC, 2005). The Report 
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provides an ongoing assessment of exposure of the U.S. population to environmental 

chemicals with the use of biomonitoring. It presents exposure data for the U.S. population for 

the period of 2001-2002. The data concern 148 environmental chemicals including metals 

(13), cotinine, phytoestrogens (6), polycyclic aromatic hydrocarbons (24), polychlorinated 

dibenzo-p-dioxins, dibenzofurans, coplanar and mono-ortho-substituted biphenyls (29), non-

dioxin-like polychlorinated biphenyls (25) phtalates (12), organochlorine pesticides (16), 

carbamate pesticides (2), organophosphate insecticides-dialkylphosphate metabolites (6), 

oreganophosphate metabolites–specific metabolites (6), herbicides (7), perethroid 

pesticides(5) other pesticides (3) (Tab.1)

Chemicals and their metabolites were measured in blood and urine samples from a 

random population sample of participants of the National Health and Nutrition Examination 

Survey (NHANES). NHANES is a series of surveys designated to collect data on the health 

and nutritional status of the U.S. population. 

The maximum sample size amounted to about 6800 persons (3 years and older) in the 

case of cotinine. In the case of other chemicals sample size usually included about 2700 

pesons (6 years and older). In the case of dioxins samples were smaller (about 1200 persons). 

Table 1. Substances monitored in the CSD program (CDC, 2005)

Chemical 1999-2000 2001-2002

Metals

Antimony • •

Barium • •

Beryllium • •

Cadmium • •

Cesium • •

Cobalt • •

Lead • •

Mercury • •

Molybdenum • •

Platinum • •

Tungsten • •

Thallium • •

Uranium • •

Tobacco Smoke

Cotinine • •

Phytoestrogens

Daidzein • •

Enterodiol • •

Enterolactone • •

Equol • •

Genistein • •

O-Desmethylangolensin • •

Chemical 1999-2000 2001-2002

Polycyclic Aromatic Hydrocarbons

1-Hydroxybenz[a]anthracene • •

3-Hydroxybenz[a]anthracene and

9-Hydroxybenz[a]anthracene 

• •

1-Hydroxybenzo[c]phenanthrene • •

2-Hydroxybenzo[c]phenanthrene • •

3-Hydroxybenzo[c]phenanthrene • •

1-Hydroxychrysene •

2-Hydroxychrysene •

3-Hydroxychrysene • •

4-Hydroxychrysene •

6-Hydroxychrysene • •

3-Hydroxyfluoranthene •

2-Hydroxyfluorene • •

3-Hydroxyfluorene • •

9-Hydroxyfluorene •

1-Hydroxyphenanthrene • •

2-Hydroxyphenanthrene • •

3-Hydroxyphenanthrene • •

4-Hydroxyphenanthrene •

9-Hydroxyphenanthrene •

1-Hydroxypyrene • •

3-Hydroxybenzo[a]pyrene •

1-Hydroxynapthalene •

2-Hydroxynapthalene •
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Chemical 1999-2000 2001-2002

Polychlorinated Dibenzo-p-dioxins, Dibenzofurans,

Coplanar and Mono-Ortho-Substituted Biphenyls

1,2,3,4,6,7,8,9-Octachlorodibenzo-p- dioxin (OCDD) • •

1,2,3,4,6,7,8-Heptachlorodibenzo-p -dioxin (HpCDD) • •

1,2,3,4,7,8-Hexachlorodibenzo-p -dioxin (HxCDD) •

1,2,3,6,7,8-Hexachlorodibenzo-p -dioxin (HxCDD) • •

1,2,3,7,8,9-Hexachlorodibenzo-p -dioxin (HxCDD) • •

1,2,3,7,8-Pentachlorodibenzo-p -dioxin (PeCDD) • •

2,3,7,8-Tetrachlorodibenzo-p -dioxin (TCDD) • •

1,2,3,4,6,7,8,9-Octachlorodibenzofuran (OCDF) • •

1,2,3,4,6,7,8-Heptachlorodibenzofuran (HpCDF) • •

1,2,3,4,7,8,9-Heptachlorodibenzofuran (HpCDF) •

1,2,3,4,7,8-Hexachlorodibenzofuran (HxCDF) • •

1,2,3,6,7,8-Hexachlorodibenzofuran (HxCDF) • •

1,2,3,7,8,9-Hexachlorodibenzofuran (HxCDF) • •

1,2,3,7,8-Pentachlorodibenzofuran (PeCDF) • •

2,3,4,6,7,8-Hexachlorodibenzofuran (HxCDF) • •

2,3,4,7,8-Pentachlorodibenzofuran (PeCDF) • •

2,3,7,8-Tetrachlorodibenzofuran (TCDF) • •

2,4,4'-Trichlorobiphenyl (PCB 28) •

2,3',4,4'-Tetrachlorobiphenyl (PCB 66) • •

2,4,4',5-Tetrachlorobiphenyl (PCB 74) • •

3,4,4',5-Tetrachlorobiphenyl (PCB 81) • •

2,3,3',4,4'-Pentachlorobiphenyl (PCB 105) • •

2,3',4,4',5-Pentachlorobiphenyl (PCB 118) • •

3,3',4,4',5-Pentachlorobiphenyl (PCB 126) • •

2,3,3',4,4',5-Hexachlorobiphenyl (PCB 156) • •

2,3,3',4,4',5'-Hexachlorobiphenyl (PCB 157) • •

2,3',4,4',5,5'-Hexachlorobiphenyl (PCB 167) • •

3,3',4,4',5,5'-Hexachlorobiphenyl (PCB 169) • •

2,3,3’,4,4’,5,5’-Heptachlorobiphenyl (PCB 189) •

Non-dioxin-like Polychlorinated Biphenyls

2,2',5,5'-Tetrachlorobiphenyl (PCB 52) • •

2,2’,3,4,5’-Pentachlorobiphenyl (PCB 87) •

2,2',4,4',5-Pentachlorobiphenyl (PCB 99) • •

2,2',4,5,5'-Pentachlorobiphenyl (PCB 101) • •

2,3,3’,4’,6-Pentachlorobiphenyl (PCB 110) •

2,2',3,3',4,4'-Hexachlorobiphenyl (PCB 128) • •

2,2',3,4,4',5' and 2,3,3’,4,4’,6-Hexachlorobiphenyl (PCB 138&158) • •

2,2',3,4',5,5'-Hexachlorobiphenyl (PCB 146) • •

2,2’,3,4’,5’,6’-Hexachlorobiphenyl (PCB 149) •

2,2’,3,5,5’,6-Hexachlorobiphenyl (PCB 151) •

2,2',4,4',5,5'-Hexachlorobiphenyl (PCB 153) • •

2,2',3,3',4,4',5-Heptachlorobiphenyl (PCB 170) • •

2,2',3,3',4,5,5'-Heptachlorobiphenyl (PCB 172) • •

2,2',3,3',4,5',6'-Heptachlorobiphenyl (PCB 177) • •

2,2',3,3',5,5',6-Heptachlorobiphenyl (PCB 178) • •

2,2',3,4,4',5,5'-Heptachlorobiphenyl (PCB 180) • •

2,2',3,4,4',5',6-Heptachlorobiphenyl (PCB 183) • •

2,2',3,4',5,5',6-Heptachlorobiphenyl (PCB 187) • •

2,2’,3,3’,4,4’,5,5’-Octachlorobiphenyl (PCB 194) •

2,2’,3,3’,4,4’,5,6-Octachlorobiphenyl (PCB 195) •

2,2’,3,3’,4,4’,5,6’ and 2,2’,3,4,4’,5,5’,6-Octachlorobiphenyl (PCB196&203) •

2,2’,3,3’,4,5,5’,6-Octachlorobiphenyl (PCB 199) •

2,2’,3,3’,4,4’,5,5’,6’-Nonachlorobiphenyl (PCB 206) •

Other Pesticides

N,N-Diethyl-3-methylbenzamide • •

ortho -Phenylphenol • •

2,5-Dichlorophenol • •

Carbamate Pesticides

2-Isopropoxyphenol • •

Carbofuranphenol • •

Chemical 1999-2000 2001-2002

Phthalates

Mono-methyl phthalate •
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Mono-ethyl phthalate • •

Mono-n-butyl phthalate • •

Mono-isobutyl phthalate •

Mono-benzyl phthalate • •

Mono-cyclohexyl phthalate • •

Mono-2-ethylhexyl phthalate • •

Mono-(2-ethyl-5-oxohexyl) phthalate •

Mono-(2-ethyl-5-hydroxyhexyl) phthalate •

Mono-n-octyl phthalate • •

Mono-(3-carboxypropyl) phthalate •

Mono-isononyl phthalate • •

Organochlorine Pesticides

Hexachlorobenzene • •

Beta-hexachlorocyclohexane • •

Gamma-hexachlorocyclohexane • •

Pentachlorophenol • •

2,4,5-Trichlorophenol • •

2,4,6-Trichlorophenol • •

p,p' -DDT • •

p,p' -DDE • •

o,p' -DDT • •

Oxychlordane • •

trans -Nonachlor • •

Heptachlor epoxide • •

Mirex • •

Aldrin •

Dieldrin •

Endrin •

Organophosphate Insecticides: Dialkyl Phosphate Metabolites

Dimethylphosphate • •

Dimethylthiophosphate • •

Dimethyldithiophosphate • •

Diethylphosphate • •

Diethylthiophosphate • •

Diethyldithiophosphate • •

Organophosphate Insecticides: Specific Metabolites

Malathion dicarboxylic acid •

para -Nitrophenol • •

3,5,6-Trichloro-2-pyridinol • •

2-Isopropyl-4-methyl-6-hydroxypyrimidine • •

2-(Diethylamino)-6-methylpyrimidin-4-ol/one •

3-Chloro-7-hydroxy-4-methyl-2H-chromen-2-one/ol •

Herbicides

2,4,5-Trichlorophenoxyacetic acid • •

2,4-Dichlorophenoxyacetic acid • •

2,4-Dichlorophenol • •

Alachlor mercapturate •

Atrazine mercapturate • •

Acetochlor mercapturate •

Metolachlor mercapturate •

Pyrethroid Pesticides

4-Fluoro-3-phenoxybenzoic acid •

cis -3-(2,2-Dichlorovinyl)-2,2-dimethylcyclopropane carboxylic acid 
•

trans -3-(2,2-Dichlorovinyl)-2,2-dimethylcyclopropane carboxylic acid 
•

cis -3-(2,2-Dibromovinyl)-2,2-dimethylcyclopropane carboxylic acid 
•

3-Phenoxybenzoic acid •
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3.2. The German approach towards the human biological monitoring values for 

environmental toxins

In Germany, the Human Biomonitoring Commission of the German Federal Environmental 

Agency was established in 1992 to develop research-based criteria for  human biomonitoring.  

Members of the Commission are scientific experts working in the field of human 

biomonitoring (HBM). The recommendations of the Commission are based on an extensive 

evaluation of scientific data published in the literature.  

Two kinds of values are recommended by the Commission :(a) reference values, and 

(b) human biological monitoring values (HBM values) (Ewers et al., 1999; Wilhelm et al., 

2004). 

The reference values  are intended  to cheracterize the upper margin of current 

background exposure of the general population to a given environmental toxin  at a given 

time-point.They are derived from the population studies  on the concentration of an 

environmental toxin  in biological material. Usually 90

th

 or 95

th

 percentile of the 

concentration values are determined from these studies and defined as reference values. If 

possible, the 95 % confidence interval of these percentiles in calculated and the reference 

value falling within this is established. The reference values do not represent toxicologically 

derived biological exposure limits.  The main purpose of establishing reference values is to 

have guideline values, that could be used to identify subjects with increased internal exposure 

to a specific environmental toxin.  

HBM values are derived from human toxicology and epidemiology studies and are 

intended as a basis for a health-related evaluation of human biological monitoring data. 

Usually, the Commission recommends two different HBM values: HBM I, the concentration 

of an environmental toxin in a human biological material below which there is no risk for 

adverse health effects, and HBM II, the concentration above which there is an increased risk 

for adverse health effects in susceptible individuals of the general population. The reference 

values are presented in Tables 2, 3 and 4 and HBM values in Table 5.
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Table 2. Concentrations of cadmium, lead and mercury in blood (mg/l) of adults (aged 

18-69 years) from the German Environmental Survey 1998 (GerES III) (Becker et al., 2002) 

and the respective reference values (Human Biomionitoring Commission, 2003a).

N number of samples; LOQ limit of quantification; values < LOQ were set to LOQ/2; P 50, P 

95 percentiles; Cl 95 RP 95% confidence interval for P 95 of the reference population.

Substance/Groups N N<LOQ P 50 P95 CI 95 RP
Reference

 value

Cadmium

All

Smokers

Non-smokers

Lead

All

Female

Male

Mercury

All

Consumption of fish

Never

£ 3 times a month 

once a week 

several times a 

week

4645

1584

3061

4646

2303

2342

4645

464

2310

1795

533

837

48

789

9

7

3

584

170

402

156

25

0.38

1.17

0.28

31

27

36

0.6

0.3

0.5

0.7

1.0

2.34

3.32

0.78

71

62

79

2.3

1.3

1.9

2.5

3.5

0.83-0.90

63-67

78-83

2.01-2.25

1.0

70

90

2.0
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Table 3. Concentrations of cadmium, mercury, arsenic and platinum in urine (mg/l) of 

adults (aged 18-69 years) from the German Environmetal Survey 1998 (GerES III) 

(Backer et al., 2003) and the respective reference values (Human Biomonitoring 

Commission, 2003a, b, c).

N number of samples; LOQ limit of quantification; values < LOQ were set to LOQ/2; P 50, P 95 

percentiles; Cl 95 RP 95% confidence interval for P 95 of the reference population.

Substance/Groups N N<LOQ P 50 P95
CI 95 

RP

Reference 

value

Cadmium

All

Smokers

Non-smokers

Mercury

All

Number of teeth with amalgam 

fillings

0

1-4

5-8

>8

Arsenic

All

Consumption of fish

Never

once a month

2-3 times a month

once a week 

once a week

No fish consumption 48 h 

before sample collection

Fish consumption 48 h before 

sample collection

Platinum

All

Number of teeth with dental 

inlays, crowns, bridge elements

0

1-4

5-8

>8

4740

1611

3128

4741

1560

1356

1094

469

4741

476

719

1155

1842

542

3924

788

1080

507

235

150

140

152

40

113

1375

818

344

119

24

208

31

32

47

80

18

199

6

25

19

4

1

1

0.22

0.29

0.20

0.4

<0.2

0.4

0.8

1.3

4.1

3.3

3.8

3.8

4.3

5.0

3.7

7.5

0.002

0.002

0.003

0.004

0.006

0.96

1.20

0.76

3.3

1.1

2.7

4.2

6.1

18.9

10.3

15.2

17.2

19.9

34.8

13.1

48.1

0.024

0.009

0.024

0.032

0.044

0.74-

0.80

0.86-

0.99

14.9-

16.3

0.008-

0.011

0.8

1.0

15.0

0.01
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Table 4. Reference values for estimation of the selenium status as determined by selenium 

in serum/plasma or whole blood and by activity mof glutathione peroxidase 

summarized from the literature and recommended for use to confirm a low 

selenium status (Human Biomonitoring Commission, 2002).

Parameter and matrix
Population group

Reference 

value

Selenium in serum/plasma

Selenium in serum/plasma

Selenium per g protein

Selenium in blood

Selenium in erythrocytes per g 

hemoglobin

Activity of glutathione 

peroxidase in serum

Females and males

Children (0-1 

years)

Children (2-5 

years)

Children (5-10 

years)

Children (10-16 

years)

Females and males

Females

Males

Females and males

Females

Males

Children (0-1 

years)

Children (2-5 

years)

Children (5-10 

years)

Children (10-16 

years)

50-120 mg/l

33-71 mg/l

32-84 mg/l

41-74 mg/l

40-82 mg/l

0.77-1.15 mg

60-120 mg/l

79-130 mg/l

0.2-0.6 mg

123-167 U/l

127-195 U/l

81-125 U/l

103-149 U/l

91-151 U/l

106-154 U/l
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Table   5. HBM- values recommended by the German Commission on Human Biological 

Monitoring (Status: March 1999)

Analyte Group HBM   I HBM   II

Lead in blood Children  Ò 12years and females in the 

reproductive age

Males and females  < 45 years

100  ɛg/l

150  ɛg/l

150 ɛg/l

250 ɛg/l

Cadmium in 

urine

Children, males and females  < 25 

years 

Adults > 25 years

1  ɛg/g Creat.

2  ɛg/g Creat.

3  ɛg/g Creat.

5  ɛg/g Creat.

Mercury in urine  Children and adults 5  ɛg/g Creat. 20  ɛg/g Creat.

Mercury in blood Children and adults 5  ɛg/l 15  ɛg/l

Pentachlorophen

ol (PCP) in serum

Children and adults 40  ɛg/l 70  ɛg/l

Pentachlorophen

ol (PCP) in  urine

Children and adults 25  ɛg/l

20  ɛg/g Creat

40  ɛg/l

30 ɛg/g Creat.

3.3. The Czech approach towards the human biological monitoring values for heavy 

metals.

In the Czech Republic, the human biological monitoring project was launched in 1994 as a 

part of the nation-wide environmental health monitoring to assess population  exposure  of the 

Czech general population  to a broad  spectrum of environmental contaminants. Over the 

years 2001-2003, the concentrations of Pb, Cd and Hg were determined in whole blood from 

1188 adults and 333 children and in urine from 657 adults and 619 children.

In adults the median Pb-B, Cd-B, Cd-U, Hg-B and Hg-U levels were 33 µg/l, 0.5 µg/l, 

0.31 µg/g creatinine, 0.89 µg/l and 0.63 µg/g creatinine respectively. In children the median 

values were:  Pb-B 31 µg/l, Cd-B in 65 % below the LOD, Cd-U in 50 % below the LOD (0.2 

µg/l) , Hg-B 0.42 µg/l and Hg-U 0.37 µg/g creatinine.
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A number of new and revised reference values based on the 95

th

 percentile and within 

the range of 95

th

 confidence interval were proposed:  80 , 65 and 55 µg/l  for Pb-B and 3.1, 

4.0 and 1.5µg/l for Hg-B respectively in men , women and children; 1.1µg/l and 1.2 µg/g 

creatinine  for Cd-B and Cd-U, respectively, in adult nonsmokers; 5.4 and 12.0 µg/g 

creatinine  for Hg-U in men and women respectively , and 3.7 and 5.5 µg/g creatine for Hg-U 

in boys and girls , respectively ( Batiarova et al., 2006). 

4. Interlabolatory quality assurance systems and reference materials for daily quality 

control program within the laboratory

To meet the demands for reliable biomonitoring determinations is not an easy task. The low 

analyte levels require a complex sample treatment procedure that have to be carried out with a 

high degree of precision to allow a reliable assessment of exposure. An approach widely 

applied today to achieve, maintain, and document the quality of work of a biological 

monitoring laboratory is the adoption of a quality management program. Internal quality 

control and external quality assurance are important parts of the quality management. The 

following measures should be applied for quality assurance (Heinrich-Ramm et al., 2000; 

Schaller et al., 2001) 

- give an exact protocol about the person’s working time and exposure conditions (e.g. 

workload, skin contact, time of specimen collection),

- during the pre-analytical phase standardize all the procedures that cannot be controlled by a 

classical quality control, including conditions of specimen collection, handling, and storage,

- work out and strictly follow a validated method for the complete analytical procedure. The 

appropriate analytical procedures for chemical substances in body fluids can be found in the 

materials published by WHO (1996 a,b) or DFG (Angerer and Schaller, 1985-1999). 

- establish a well performed system of internal and external quality control. 

Quality assessment refers to the quality of the analytical results. It has two 

components: internal quality control, which is a set of procedures used by the staff of a 

laboratory to continuously assess the results as they are produced, and external quality 

assessment, which is a system of objectively checking the laboratory performance by an 

external agency or institution. 

The most popular external quality assurance systems for chemical substances and their 

metabolites, at concentrations in biological media relevant to occupational exposure, are 
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presented in Table 6. A quality assurance scheme which encompasses the range of 

concentrations of toxic substances relevant to environmental exposures is available from the 

Institute of Occupational, Social and Environmental Medicine, University Erlangen –

Nürnberg, Germany. 

Standard reference materials are the samples whose quantitative composition of 

certain components has been determined using various methods and by qualified laboratories 

They are accompanied by a certificate stating the concentration of these components. This 

material is very expensive and hence is used during the validation of an analytical procedure 

rather than for routine accuracy control. In view of the above, the commercially available 

control samples with an assigned concentration are used for routine internal quality control. 

The most commonly used certified and routine reference materials are presented in Table 7.
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Table 6. The most important External Quality Assessment Schemes.

Determined chemical substances

Blood Serum Urine

Metals Solvents Organo-chlorine

Compounds

Metals Inorganic 

compound s

Organic 

compounds

Organizer

Occupational medicine

Referen

ces

Cd

Co

Cr

Hg

Mn

Ni

Pb

Aromatic hydrocarbons:

Benzene

Toluene

Xylenes

Ethylobenzene

Chlorinated

Hydrocarbons:

Dichloromethane

Trichloroethane

Tetrachloroethane

DDT, p,p’DDE

HCB

Ŭ, b, ɔ HCH

PCBs

(6 congeners)

PCP

Al

Co

Cr

Cu

Fe

Mn

Ni

Pt

Se

Zn

Al

As

As –species

Be

Cd

Co

Cr

Cu

F

Hg

Mn

Ni

Pb

Sb

Tl

V

Zn

o-Aminolevulinic acid 

Butoxyacetie acid

o-Cresol

Ethoxyacetic acid

2,5 Hexandione

Hippurie acid

l-Hydroxypyrene

Mandelic acid

N-methylformamide 

Methylhippuric acids

t,t-Muconic acid

Pentachlorophenol

Phenol

Phenyl glyoxylic acid S-

phenylmercapturic acid

2- Thio-thiazolidine-4-

carboxylic acid Triehloroacetic 

acid Alcohols/ketones

Methanol, acetone, 

Methylethylketone

German Society for Occupational and 

Environmental Medicine e.V.,

Institute and Outpatient Clinic for 

Occup., Social and Environ. Medicine, 

University Erlangen - Nuremberg, 

Erlangen (Germany).

Environmental medicine

Schaller et. al 

(1999, 2001, 

2002)
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Cd

Pb

Hg

p,p’DDE

HCB

Ŭ, b, ɔ HCH

PCBs

(6 congeners)

PCP

See – occupational 

medicine

As

Cr

Hg

Ni

Pt

Hydroxypyrene, Penta

chlorophenol, four metaboli

tes of pyrethroides (Br2-CA, 

cis-CI2-CA, trans-CI2-CA, 3-

PBA) 2,5-dichlorophenol, 

2,4,6-trichlorophenol cotinine, 

nicotine

Finnish Institute of Occupational Health, 

Biomonitoring Laboratory,

Helsinki (Finland) FIOH.

mandelic acid, methylenedianiline; trans, trans-

muconic acid; methylhippuric acid; phenol; 

trichloroacetic acid 2,5 heksanedione, creatinine and 

relative density

Aitio et. al 

(1995)

Valkonen et. 

al (1996, 

2002)

Wolfson EQA Laboratory, PO Box 

3909, Birmingham, B15 2UE

(Great Britain) UK NEQAS.

Cd, Pb Bullock 

(1986); Taylor 

et. al. 1996; 

UK NEQAS –

School of Biomedical and Life Sciences 

University of Surrey, Guildford, Surrey, 

GU2 7XH

(Great Britain). UK NEQAS.

As, Cd, Pb, Hg Mn, Al, Cu, Se, Zn Report and 

Directory, 4

th

Edition, 2000, 

UK NEQAS

Danish National Institute of 

Occupational Health –AMI, Denmark 

(DEQAS).

Pb Christansen 

et, al (1996)

Centre de Toxicologie du QuԐbec, 

Toxicology Laboratory, QuԐbec, Canada 

(CTQ).

Cd, Pb, Hg Al, Cu, Mn, Se, Zn As, Cd, Cr, Cu, F, Hg, Pb, Se, Zn http://www.ct

q.qc.ca/

Center for Disease Control and 

Prevention, Blood Lead Laboratory 

Reference System, USA (BLLRC).

Pb http://www.cd

c.gov/nceh/dls

/lead.htm

http://www.ct
http://www.cd
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Table 7. Selected commercially available reference materials for biological monitoring

Source/label

Order No.

Matrix Analyte(s) with certified concentrations Analyte(s) with non-certified concentrations Number 

of 

concent.

settings

NIST

2671a, 2672b, 

1589,956A, 

955, 966 

Human urine

Human serum

Bovine blood

F, Hg

Ca, K, Li, Mg, Na

PCB’s, Pesticides and Dioxin/Furans

Cd, Pb,

2

1

1

2 or 4

BCR

194, 195, 196, 

397, 

304, 

573, 574, 575

Bovine blood

Human hair

Human serum

Human serum

Cd, Pb

Cd, Hg, Pb, Se, Zn

Ca, Mg, Li

Creatinine

3

1

1

IAEA

A13

085

Animal blood

Human hair

Br, Ca, Cu, Fe, K, Na, RB, S, Se, Zn

Hg, methylmercury

Mg, Ni, P, Pb

Ca, Cu, Mg, 

1

2

Recipe (ClinCheckâ)

RP8883, RP8881, RP8882

RP8883, RP8884, RP8885

RP8847, RP8848, RP8849

RP8867, RP8868, RP8869

RP8860 RP8861

RP8862, RP8889

Human serum

Human plasma

Human urine

Human urine

Toxic organic 

compounds

Human serum

Organochloric

compounds

Al, As, Cd, Co, Cr, Cu, F, Fe, Mn, Ni, Se, Zn  

Al, As, Cd, Co, Cr, Cu, Fe, Li, Mg, Ni, Pt, Se, Zn 

Al, As, Cd, Co, Cr, Cu, F, Hg, Mn, Ni, Pt, Pb, Sb, Th, Zn

Cotinine, nicotine, 2,5-dichlorophenol, HA, l-HP, o-cresol, MA, MHA, t,t-

MCA, PCP, phenol, PGA, TCA, pyrethroid metabolites, (Br
2
-CA, cis-CI

2
-CA,

trans-CI2-CA, 3-PBA)

PCB 28, 52, 101, 138, 153, 180

P,p1-DDE, DDT, Ŭ-HCH, b-HCH, ɔ-HCH, HCB (Heksachlorobenzen), PCP 

(pentachlorofenol)

3

2

2

2

3

3
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RP8863 RP8864

RP8865, RP8886

Bovine blood

Organochloric 

compounds

PCB 28, 52, 101, 138, 153, 180

p,p’-DDE,  ɔ-HCH, HCB (Heksachlorobenzen), 

AMI

B1701, B1702, B1703

Human blood

Pb, Cd, Cr, Mn

3

Seronorm 
TM

–Trace 

Elements

SERO 201505, 201605, 

201705

SERO 201405, 203105

SERO 201305, 201205

Human blood

Human serum

Human urine

Al., Au, Ca, Co, Cr, Cu, F, Fe, K, Li, Mg, Mn, Na, Ni, P, S, Se, Zn

Al, As, Ca, Cd, Cl, Co, Cr, Cu, F, Hg, K, Mg, Mn, Na, Ni, P, Pb, Sb, Se, 

Tl, creatinine, formic acid, hippuric acid, 1-hydroxypyrene, phenol, 

TCA, urea

Al, As, Be, Bi, Cd, Co, Cr, F, Hg, Mn, Mo Ni, Pb, Sb, Se, Tl, V 3

2

2

China National Analysis 

Center for Iron and Steel 

NSC DC73347

Human hair As, Hg, 

BioRad Lab,

Lyphocheckâ

Human blood

Metals and Toxic 

organic compounds

Human blood

Al, As, Cd, Co, Cu, Cr, Sb, Pb, F, Hg, Mn, Ni, Se, Tl, Zn, 

ALA, HA, MA, PGA, PCP, Phenol, TCA

Pb

2

2

3

Addresses of the some of the main producers

1) AMI, LGC Nordic AB, P.O. Box 1737 SE-50117 Boras, Sweden 2) BCR = European Community Measurements and Testing, Institute for Reference Materials and Measurements (IRMM), Retieseweg, B-2440 Geel, Belgium 

3) International Atomic Energy Agency, P.O.Box 100, A-1400 Vienna, Austria; 4) Recipe Chemicals+Instruments. GmbH, Labortechnik– Sandstrasse 37-39, D-80335 Munich, Garmany. 5) Seronorm  -SERO AS, P.O. Box 24, 

NO-1375 Billingstad, Norway; 6) NIST – National Institute of Standards & Technology, Standard Reference Materials Program 100 Bureau Drive Gaithersburg MD 20899-2322, USA. 7) Bio-Rad Laboratories, 1000 Alfred 

Nobel Drive Her

cules, California 94547, USA
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5. Current status of HBM 

5.1. Biomarkers of exposure and early effects

In the biological monitoring of population exposure, several groups of biomarkers can 

be distinguished:

A/ Health-based biomarkers of exposure.

Dose-effect and dose-response relationships can be obtained as result of appropriate and 

well-designed epidemiological studies. To date, well-documented health-based recommendations 

following the results of epidemiologic studies have been formulated for: inorganic lead, inorganic 

cadmium, inorganic mercury and methylmercury.

B/ Biomarkers for monitoring pollutants with well known health concerns from which we suspect 

that current intake levels are around TDI values ( eg   PAHs, PCBs,dioxins). Used on routine 

basis for the evaluation of the magnitude of exposure against the reference values or to compare 

the levels and trends of exposure in different regions or countries.  

C/ Biomarkers with currently unknown levels of exposure in humans and from which toxicity is 

not yet fully established, but which are of concern because the environmental levels are 

increasing eg. flame retardants, perfluoralkyl compounds;

D/ Biomarkers for combined exposure to chemicals with similar mode of action eg.CALUX (all 

compounds which react with dioxin), oxidative stress (eg 8-Hydroxy deoxyguanosine in urine or 

blood);

E/ Effect markers from which a lot of experience is already available and links with 

epidemiological data are established.  Genotoxicity (micronuclei), DNA adducts and protein 

adduct; nephrotoxicity (b
2
-microglobuline in urine, retinol binding proteine in urine, cystatine C 

in serum);  

F/ New effect markers “ omics”.

5.2 Current recommendations for HBM   of general population in the European countries 

The Czech Republic: 

General population:

There is no specific legislation for the biomonitoring. However, the Environmental Health 

Monitoring System ( operated since 1994)  which includes also HBM  of general population is 

based on the Resolution  No. 369/1991 of the Government of the Czech Republic. It is relied 
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upon the Act No. 258/2000 on Public Health Protection and is one of the priorities of the 

National Environmental Health Action  Plan approved in Government resolution No.810/1998. 

Denmark

Occupational exposure:

The only regulation in Denmark concerns blood lead levels which must not exceed 200 mg/l. 

Finland:

Occupational exposure

In Finland, the BM practice is well established. The booklet published every year by the 

Finnish Institute of Occupational Health contains 74 recommended values.

General population 

No data

Germany: 

Occupational exposure

The DFG BAT values are defined as the maximum permissible quantity of a chemical substance 

or its metabolites, or the maximum possible deviation from the norm for biological parameters 

induced by these substances in exposed humans.  The BAT values are considered the ceiling 

values for healthy individuals. They are intended to protect the workers from work-related health 

impairments. DFG has so far evaluated BAT values for 50 substances or groups of substances. 

For 14 carcinogenic substances, exposure equivalents for carcinogenic materials (EKA) have 

been established.  

General population 

See  3.2.

Italy:

Occupational exposure: 

In Italy, there are 44 compounds with biological exposure indices. They are based mostly on the 

ACGIH BEI values.  Considering some of the regression curves published in literature, the so-

called Biological Equivalent Exposure Limits (Limite Biologico Equivalente) for unchanged 

VOCs in urine have been proposed in Italy for seven substances (benzene, n-hexane, 

methylchloroform, methylethylketone, styrene, toluene, xylene ).
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General population:

No national regulation on HBM of general population.

Luxemburg:

No special legislation

The Netherlands:

Occupational exposure:

There are no legal regulations on HBM in effect in the Netherlands, with the exception of the EU 

regulation on lead in blood.

Recommendations for biomonitoring have been formulated for several chemicals related to 

occupational exposures.  

Poland:

Occupational exposure

In Poland, HBM recommendations have been published for 20 substances. Only 

determination of lead in blood is compulsory.

General population

There are no legal regulations on HBM in effect in Poland.

United Kingdom:

Occupational exposure

In the UK, biological exposure indices have been established for 64 compounds. They are 

based mostly on the ACGIH values but six of them were proposed by the UK Health and Safety 

Executive. These belong to the health guidance values (HGV) and the benchmark guidance 

values (BGV). The health guidance values are set at a level at which there is no indication from 

the scientific evidence available that the substance being monitored is likely to be injurious to 

health. Values not greatly in excess of a HGV are unlikely to produce serious short- or long-term 

effects on health.The health guidance values are therefore health-based and are equivalent in the 

health  protection terms,  to the occupational exposure standards. The benchmark guidance values 

are not health based; they are the practicable, achievable levels set at the 90

th

 percentile of 

available biological monitoring results collected from a representative sample of workplaces with 

good occupational hygiene practice. If a result is greater than a BGV, it does not necessarily 

mean that ill health will occur, but it does indicate that the control of exposure may be 

inadequate.

General population

The European legislation is the only environmental obligation for the UK. 
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6. Background information on the substances considered  the priority for the HBM system 

in Europe.

6.1 Cadmium

6.1.1. Sources, presence in the environment 

Cadmium is released to the atmosphere by natural and anthropogenic sources.. The major 

worldwide anthropogenic source of cadmium is non-ferrous metal production, followed by 

stationary fossil fuel combustion. The contribution of other sources (iron and steel production, 

cement production, waste disposal) is comparatively small.

Background concentrations of cadmium in air measured in Europe in 1990 ranged 

between 0.2 and 1 ng/m

3

.  In 2003 typical ranges of concentrations in air were 0.05 – 0.2 ng/m

3

(northern Europe), 0.2 – 0.5 ng/m

3

(central Europe) and 0.06 – 0.12 ng/m

3

(southern Europe)( Aas 

and Breivik, 2005).

In urban areas cadmium concentrations were in the range of 1- 10 ng/m³, in the 

industrialized regions of 1 -20 ng/m³ and still higher (100 ng/m³) in the proximity of industrial 

sources of cadmium (IPCS, 1992). Cadmium concentrations in topsoil of Europe vary from <0.03 

to >0.8 mg/kg, and median value is 0.14 mg/kg.

There are three important sources of terrestrial cadmium: atmospheric deposition, 

agricultural application of phosphate fertilizers, application of municipal sewage sludge to 

agricultural soil and industrial sources. It has been reported that 90% of the cadmium in soil 

remains in the top 15 cm (Toxicological Profile, 1999a)

The annual rate of cadmium input to arable land from phosphate fertilizers has been 

estimated for the EEC countries to average cadmium input of 0.5 kg/km² (IPCS, 1992).The 

application of municipal sewage sludge can also be a significant source of cadmium. In Sweden, 

the cadmium content in agricultural land was estimated to increase by about 0.2 % a year, despite 

the reduced input of cadmium from phosphate fertilizers (Järup, 1998).

Markedly elevated levels may occur in topsoil near industrial sources.

Drinking water generally contains low cadmium levels and a value of 1 mg/l or less is 

often assumed to be a representative value in most situations.  Thus, cadmium exposure from 

drinking water is relatively unimportant compared with the dietary contribution ( IPCS, 1992). 

WHO (1993) has recommended a guideline value of 3 mg/l. 



24

6.1.2. Bioaccumulation

The transfer of cadmium from soil to the food chain depends on a number of factors such as the 

type of plant, the type and pH of the soil, and zinc and organic matter content in the soil. Soil 

cadmium is distributed between a number of pools or fractions, of which only the cadmium in 

soil solution is thought to be directly available for uptake by plants. Soil pH is the principal factor 

governing the concentration of cadmium in the soil solution. Cadmium absorption to soil 

particles is greater in neutral or alkaline soils than in acidic ones and this leads to increased 

cadmium levels in the soil solution. As a consequence, plant uptake of cadmium decreases as the 

soil pH increases.

 In animals, cadmium accumulates largely in the liver and kidney and not in the muscle 

tissue. Plant-animal bioconcentration factors (worst case scenario) for cows and sheep amounted 

in kidney, liver, and meat to 2.99 – 2.08; 0.554-1.85 and 3.3 x 10

-3

– 2.9 x 10

-3

(de Vries et al., 

2003). There are large differences in the concentrations of cadmium in different kinds of food 

(milk - 1 µg/kg; meat, fish, fruit 1 - 50 µg/kg; wheat, rice, potatoes and leafy vegetables 10 - 300 

µg/kg; kidney, liver, oysters 100-1000 µg/kg).These figures indicate that groups of population 

consuming excessive amounts of specific food items (mussels, kidney, liver, leafy vegetables) 

have higher risk of cadmium exposure.

6.1.3. Human exposure

6.1.3.1. Exposure via inhalation

Assuming a daily inhalation of 20 m

3

 , and based on the highest concentration of cadmium in 

rural, urban and industrialized areas, the amount of cadmium inhaled daily does not, on average, 

exceed 0.04, 0.2 and 0.4 µg, respectively.

Cigarette smoking may represent an additional source of cadmium which can exceed that 

from food. One cigarette contains about 1 - 2 µg of cadmium. An average of about 10 % is 

inhaled during smoking. If it is assumed that about 50% of the cadmium inhaled via cigarette 

smoke is absorbed, it can be estimated that a person smoking 20 cigarettes a day will absorb 

about 1 µg of cadmium (Järup, 1998).

6.1.3.2. Exposure via gastrointestinal tract 

For non-smokers, food constitutes the principal environmental source of cadmium. In recent 

years, mean daily intake of cadmium from food amounted to 10-14µg in Germany (Muller et al., 
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1998), 27 µg in France (Biego et al., 1998), 17.3 in Croatia (Sapunar -PostaŨnik et al., 1996), 11 -

29 µg in Spain (Rubio et al, 2006), 11-19µg in the Czech Republic (Puklova et al., 2005), 11-16 

in Sweden 1994 (Berglund et al., 1994), 23.3 µg in Poland (females) (Marzec et al.,2004).

Dietary cadmium intake is log-normally distributed. Therefore, a small increase in 

average daily intake of cadmium will result in a much larger increase in the fraction of the 

population having the highest intake. An increase in the median daily intake by a factor of 2 (ie, 

from 15 to 30 µg/day) would correspond to an increase in the 95th percentile from about 20 to 60 

µg/day (Järup, 1998). The Provisional Tolerable Weekly Intake (PTWI) (WHO-FAO, 1993) for 

Cd is 500µg (a weekly intake of 7 µg/kg b.w.), corresponding to the daily intake of 70 µg or 1 

µg/kg body weight/day. The U.S.EPA Reference Dose (RfD) amounts to 1 µg/kg /day (IRIS, 

1994). Both values have been based on the chronic effects of cadmium on kidney functions. It 

has been suggested that the PTWI should be lowered in the future (Nordberg, 1999, Järup(1998).

Drinking water contains very low concentrations of cadmium, usually between 0.01 and 1 µg/l. 

Daily intake of water amounts to 2 litres.

6.1.3.3. Relevance of various routes of exposure

A comparison of cadmium intake and uptake via respiratory and dietary routes in Japan and 

China was presented by Zhang et al. (1997). At an average Cd concentration in air of 0.0073 µg 

/m³ in China, the daily exposure via the respiratory tract was calculated to be 0.11 µg and the 

uptake (50% absorption) 0.05 µg. The daily intake via food was reported to be 9.9 µg and the 

uptake (7.5% absorption) to 0.74 µg/day. In Japan, uptake via the respiratory and food routes was 

calculated to be 0.07 and 2.41 µg/day, respectively. The uptake via food was estimated to amount 

to 97.2 % in Japan and 93.7% in China.

In the Czech Republic, the daily intakes via respiratory route, water and food were 

estimated at 0.01; 0.17 and 18.2 µg/day (0.05; 0.92 and 99.3 %), respectively (Kliment, 1996).

In Canada, an estimated daily intake of cadmium in adults from the air ranged from 0.00033 to 

0.0013 µg/kg bw/day; from drinking water < 0.000057 to 0.00051 µg/kg bw/day; from food 0.21 

µg/kg bw/day; from soil 0.00016 to 0.00033 µg/kg bw/day and from cigarettes 0.053 µg/kg 

bw/day (Newhook et al., 1994). At soil cadmium concentration of 1 µg/g soil the intake of 

cadmium fromingestion of soil would be approximately 0.05-0.2 µg/d, assuming soil ingestion 

rate of 0.05-0.2 g/d (Choudhury et al., 2001).

The data presented above indicate that food is the main source of cadmium exposure in the 

general population, which is responsible for more than 90 % of the total intake in non-smokers.
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6.1.3.4. Trends in cadmium exposures

Some of the reports suggested  a decreasing  trend in human Cd-B. In Belgium, in the group of 

men not occupationally exposed to cadmium, who were examined annually between 1984 and 

1988, the mean Cd-B concentration decreased from 2.25 µg/l to 0.79 µg/l (14 % annual 

decrease). A similar decline (about 10 %) was suggested from the data reported in Germany 

(from 1.19 µg/l in 1979 to 0.39 µg/l in 1986) (Ducoffre et al., 1992). The geometric mean 

concentration of Cd-B decreased in Japan between 1980 and 1990 from 3.8-to 1.79 µg/ l in men 

and from 3.57 to 1.84 µg/l in women (Watanabe et al.,1993).

Friis et al., have reported (1998) that there has been a reduction in cadmium concentration 

in renal cortex in Sweden, especially in people younger than 50 years of age between the years 

1976 – 1995/96. In non-smokers aged 40-49, Cd-K decreased from 17.4 to 6.82 mg/kg-wet 

weight, and in the whole population from 21.7 to 13.2 mg/kg-wet weight. In the 1990s, the 

highest individual concentration of cadmium in renal cortex among 171 autopsies was 41 mg/kg-

wet weight, still below the critical level associated with environmental exposure.

 Recently time trends for three toxic elements cadmium, mercury and lead were evaluated 

in Sweden. Concentrations in erythrocytes (Ery) were determined in subsample of the 

population- based MONICA surveys in 1990, 1994, and 1999 in a total of 600 men and women 

aged 25-74 years. Annual decreases of 5 – 6 % were seen for Ery-Pb and EryHg levels. For Cd, 

the decline of Ery-Cd was seen only for smokers, indicating that Cd exposure from tobacco has 

decreased while other environmental sources of Cd have not changed significantly (Wennberg et 

al., 2006).

6.1.4. Toxicokinetics 

 Pulmonary absorption ranges from 7 - 10 % of inhaled cadmium. The average normal 

gastrointestinal absorption in humans ranges from 3 - 7 % of ingested cadmium.Cadmium in the 

tissues is mainly bound to metallothionein. The synthesis of this protein corresponds probably to 

the defense mechanism against the toxic cadmium ion.

Liver and kidney are the two main sites of cadmium storage. The newborn is virtually free 

of cadmium but during the lifetime these organs accumulate considerable amounts of cadmium, 

about 40-80 % of the body burden. In low-level environmental exposures, about 30 -50 % of the 

cadmium body burden is stored in the kidneys. 

Cadmium elimination from blood has been described according to an open two-

compartment model with a fast decay half-time of 15-120 days and a slow decay half-time of 7.4 
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- 16 years. Cadmium is eliminated in urine and feaces. Daily fecal and urinary excretion are 

estimated to be 0.007 and 0.009 % of the body burden respectively (Toxicological Profile,1999).

6.1.5. Health effects in humans

Important endpoinds include kidneys, bones, cancer. The kidney is the critical organ in a long-

term occupational and environmental exposure to cadmium and all health-based 

recommendations refer to early kidney dysfunctions.

6.1.5.1. Kidney

Indices of tubular and glomerular damage

Several highly sensitive indicators of tubular damage have been developed and used in 

epidemiologic studies of cadmium-exposed groups. In particular the urinary excretion of ɓ2-

microglobulin (ɓ2-M) has frequently been used. The concentration of ɓ2-M in plasma is usually 

around 2 mg/l. ɓ2-M is normally freely filtered through glomerulus into primary urine. The 

normal urinary excretion of ɓ2-M is less than 0.3 mg/24 h and comprises less than 0.1 % of the 

filtered load. A relatively small drop in the tubular reabsorptive capacity, from 99.9% to 99.0% 

will bring about a 10-fold increase in the ɓ2-M excretion in urine (Järup et al (editor), 1998). 

There are several other sensitive indicators of tubular damage eg. retinol binding protein (RBP), 

Ŭ1 –microglobulin (protein HC), and Clara cell protein. They are all plasma proteins filtered 

through glomerulus. Other urinary markers that have been used to detect early kidney 

dysfunction are, for example, intracellular enzymes (proteins indicative of subtle tubulotoxic 

effects), N-acetyl-beta-D-glucosamidase (NAG), an enzyme localized in lysosomes of tubular 

cells, and human intestinal alkaline phosphatase. In particular the urinary excretion of NAG is 

very sensitive.

Following occupational exposure, three main effect thresholds have been identified 

(Lauwerys et al., 1993): 2 µg Cd in urine (Cd-U) /g creatinine  for the increased excretion of 

prostaglandin 6-keto-PGF1a and sialic acid; 4 µg Cd -U/g creatinine for the increased excretion 

of renal brush border antigen BBA, enzymes (NAG), intestinal alkalinephosphatase, and high 

molecular weight proteins, albumin and transferrin; and 10 µg Cd-U/g creatinine, for the 

increased excretion of tissue nonspecific alkaline phosphatase, brush border antigen HF5, low 

molecular weight proteins ß2-M and RBP. The average cadmium concentrations in renal cortex, 

corresponding to Cd-U thresholds of 2, 4 and 10 µg/g creatinine, were 110, 139 and 182 mg/kg, 

respectively.
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 The effects associated with the 10µg Cd-U/ g creatinine threshold, such as the decrease in 

glomerular filtration rate or the reduction of the filtration reserve capacity, are known to predict 

more rapid decline of renal function and should be regarded as adverse effects. Tubular 

proteinuria has long been considered to be irreversible. Roels et al. (1997) found that when the 

microproteinuria was mild (ß2-M-U > 300 and < 1500 µg/g creatinine) and historical Cd-U 

values never exceeded 20 µg/g creatinine there was an indication of a reversible tubulotoxic 

effect of cadmium. When severe microproteinuria (ɓ2-M-U > 1500 µg/g creatinine) was 

diagnosed along with Cd-U values exceeding 20 µg/g creatinine, Cd-induced tubular dysfunction 

was progressive in spite of the reduction or cessation of exposure. Also Trzcinka-Ochocka et al. 

(2002) found in the group of workers exposed to cadmium in the cadmium battery factory that 

the tubular proteinuria, and maybe also the decline in glomerular filtration rate may be reversible, 

even in the case of relatively high past exposure.

Environmental exposure and renal effects

Cadmium is a well-known nephrotoxic agent present in food and tobacco, but the exposure level 

that is critical for kidney effects in the general population is not defined. A study of the general 

population suggested that the threshold effect levels of cadmium may be lower than those found 

in adult male workers. The survey of populations environmentally exposed to cadmium that was 

conducted in Belgium (Cadmibel) showed an association between cadmium exposure and 

increased prevalence of abnormal results of kidney function tests (above 95th centile in the control 

group). In particular, the urinary excretion of calcium, ɓ2 -M, RBP, and NAG were significantly 

associated with the cadmium body burden as assessed by urinary excretion of cadmium. There 

was a 10 % probability of values being higher than normal when cadmium excretion exceeded 2 -

4 µg/ 24 h. (Buchet et al., 1990) 

It has been suggested that for the general population the Cd-U levels should be below 2 

µg/g creatinine (Buchet et al., 1990) or below 2.5 µg/g creatinine (Järup,1998). Such an excretion 

occurs when the average cadmium concentration in renal cortex amounts to about 50 mg/kg. The 

results obtained by Noonan et al. (2002) and Trzcinka-Ochockaet al. (2004) revealed that the 

urinary excretion of early biomarkers of kidney dysfunction can be increased at cadmium levels 

in urine of about 2.0 µg/g creatinine.

 However, results of the paper published by Järup et al. (2000) who used a different 

indicator of tubular damage (Ŭ1-microglobulin in urine, HC)  suggest that renal tubular damage 

due to exposure to cadmium may develop at lower concentration that previously anticipated. 
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They found in the population living close to a nickel-cadmium battery plant a 10% increase in 

prevalence of tubular proteinuria at a urinary cadmium concentration of 1 µg/g creatinine.

The relation between cadmium exposure and tubular and glomerular function was 

investigated in Sweden from 1999 through early 2000 in 820 women aged 53-64 years. Multiple 

linear regression showed cadmium in blood (median, 0.38 µg/l) and urine (0.52 µg/l; density 

adjusted = 0.67 µg/g creatinine) to be significantly associated with effects on renal tubules (as 

indicated by increased levels of human complex-forming protein and   NAG in urine), after 

adjusting for age, body mass index, blood lead, diabetes, hypertension, and regular use of 

nephrotoxic drugs. The associations remained significant even at the low exposure in women 

who had never smoked. Associations with markers of glomerular effects: glomerular filtration 

rate and creatinine clearance were also found. Significant effects were seen already at a mean 

urinary cadmium level of 0.6 µg/l (0.8 µg/g creatinine). Cadmium potentiated diabetes-induced 

effects on kidney. Tubular renal effects occurred at lower cadmium levels than previously

demonstrated, and more important, glomerular effects were also observed. Although the effects 

were small, they may represent early signs of adverse effects, affecting large segments of the 

population. Subjects with diabetes seem to be at increased risk (Akesson et al., 2005). 

 Dose-response relationship

 According to Järup (1998) adverse health effects of environmental cadmium exposure, in the 

form of tubular damage, indicated by the increased excretion of ß
2
-microglobulin, may develop in 

1% of the adult general population at daily intake levels of 30 µg of cadmium over a lifespan. 

With a life-long average exposure to cadmium of 70 µg/day from food (present PTWI), 7% of the 

adult general population would be expected to develop cadmium-induced tubular damage. 

Diamont et al. (2003) conducted an analysis of epidemiological studies of associations between 

exposure to cadmium and kidney toxicity. Dose–response functions relating low-molecular-

weight (LMW) proteinuria to various indices of cadmium dose were obtained from 15 studies of 

diverse exposures (occupational, general environment, environmental contamination). Estimates 

of the dose corresponding to the probabilities of LMW proteinuria of 0.1, 0.15 or 0.2 were 

transformed from the reported dose units into corresponding estimates of target organ dose (µg 

Cd/g renal cortex, RC) by simulation using a pharmacokinetics (PK) model. 

The median RC associated with 0.1 probability (RC10M) of LMW proteinuria was

predicted to be 153 µg Cd/g cortex (95% confidence interval (CI):84-263). The lower confidence 

limit on the RC10M (RC10L, 84 µg/g cortex) was predicted to be attained with a constant 

chronic intake of 1 µg/kg/d in females or 2.3 µg/kg/d in males. The RC10L was 2.5-5 times 
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higher than the median RCs predicted to result from dietary  cadmium intake in U.S. nonsmokers 

(µgCd/g cortex: 33 females; 17 males) and 1.6-3 times higher than the corresponding 95th 

percentile RCs (53 females ; 27 males). Additional exposure from smoking cigarettes (20 /day) 

was predicted to increase the median RC by approximately 45-70%.

6.1.5.2. Bones and calcium metabolism

The available data show that cadmium can affect calcium and phosphorus metabolism generally 

both in industrial workers and people exposed in the general environment. 

 The results of an epidemiological study performed in Belgium indicate that at a relatively 

low environmental exposure, serum alkaline phosphatase and urinary excretion of calcium rose 

by 4 % and 0.25 mmol/24 h, respectively, when urinary cadmium excretion increased twice 

(Staessen et al., 1991). 

Alfven et al. (2000) measured bone mineral density (BMD) in the forearm in 520 men and 

544 women, aged 16 - 81 years, environmentally and occupationally exposed to cadmium, using 

dual energy X-ray absorptiometry (DXA) technique. There was a dose-response relation between 

cadmium dose and osteoporosis. The odds ratios for men was 2.2 (95% CI, 1.0-4.8) in the dose 

group 0.5 - 3 µg Cd/g creatinine and 5.3(2.0-14) in the highest dose category (> 3 µg Cd/g 

creatinine) compared with the lowest dose group (< 0.5 µg Cd/g creatinine). For women the OR 

was 1.8 (0.65-5.3) in the dose group 0.5-3 µg Cd/g creatinine. The authors concluded that 

exposure to low levels of cadmium is associated with an increased risk of osteoporosis.

6.1.5.3. Cancer

In its latest evaluation of the carcinogenic risk from cadmium exposure, IARC (1993) concluded 

that there was sufficient evidence to classify cadmium and cadmium compounds as human 

carcinogens (group I). This assessment was, to a great extent, dependent on the significant 

relationship between the risk of lung cancer and estimated cumulative exposure to cadmium 

reported by Thun et al. (1985) and Stayner et al. (1992) in their analyses of mortality among a 

cohort of workers from a single cadmium recovery plant in the United States. Based on this 

analysis, the lifetime excess of lung cancer at 100 µg/m³ of cadmium fume would be 

approximately 50-111 lung cancer deaths per 1000 workers.

In a study of cadmium-exposed workers in the United Kingdom, a nonsignificant negative 

trend was noted between cumulative cadmium exposure and the risk of mortality from lung 
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cancer. These findings do not support the hypothesis that an exposure to cadmium oxide fume 

increases the risk of mortality from lung cancer (Sorohan et al., 1995).

The evidence for cadmium as a human carcinogen is rather weak. EU classified cadmium 

to the carcinogen category 2, US EPA (1999) to category B1 and ACGIH (2005) to category A2.

Evidence suggests that the lowest level of exposure likely to increase the risk of lung 

cancer corresponds to a lifetime exposure around 0.4 µg/m³. The unit risk proposed by US EPA 

amounts to 0.0018 (IRIS,1994). Using this value at the Cd concentration in the air of 5 ng/m³ the 

lifetime population risk amounts to about 9x10

-6

.

6.1.6 Sensitive subgroups

The populations at the highest risk are smokers, women with low iron stores, people having a 

cadmium-rich diet, and people living in th e vicinity of industrial emitters of cadmium (e.g. 

nonferrous mills). Populations with kidney damage from causes unrelated to cadmium exposure, 

including diabetics, some drugs and chemicals, and the natural age-related decline in kidney 

function, could be expected to exhibit nephrotoxicity at lower cadmium exposures. Populations 

with depleted stores of calcium, iron, or other dietary components due to multiple pregnancies 

and/or dietary deficiencies could be expected to have increased cadmium absorption from the 

gastrointestinal tract.

6.1.7. Biological indicators of exposure

Cadmium concentration in blood (Cd-B) generally reflects current exposure. Geometric mean 

Cd-B concentrations in nonsmokers has been reported to be 0.2 µg/l in Sweden (Bensryd et al., 

1994), 0.36 µg/l in Italy (Alessio, 1993), 0.5-0.65µg/l in Poland (Jakubowski et al., 1995) and 0.7 

µg/l in Croatia (Blanusa et al., 1991).

Cadmium concentration in urine (Cd -U) is mainly influenced by the body burden, and the 

Cd-U is proportional to the concentration in healthy kidney. In general, geometric mean 

concentrations of Cd-U in nonsmokers in Europe amounted to 0.15-0.20 µg/g creat. in Sweden 

(Berglund et al., 1994; Järup et al., 1995),  0.19 µg/l in  Spain (Gomez-Catalan et al., 1996), 0.69 

µg/g creatinine in Belgium (Roels et al.,1993), 0.5 - 0.6 µg/g creat. in Poland (Jakubowski, 

1995). The Cd-U concentrations increase with age. The NHANES study in the USA revealed 

mean concentrations of Cd-U in males in age categories of 12-16; 20-39; 40-59 and >60 at the 

levels of 0.14 ; 0.18 ;0.28 and 0.38 µg Cd/g creatinine, respectively. In females, Cd-U 
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concentrations were higher in  respective age groups and amounted to: 0.19; 0.30; 0.66 and 0.81 

µg/g creatinine respectively (Choudhury et al., 2001).

Cadmium concentration in the kidney (Cd-K) increases with age up to about 50-60 years, 

and then it gradually decreases. In Europe, the mean cadmium concentrations in renal cortex in 

the age group of 40-60 years (nonsmokers) was reported to be 6.8- 8.0 µg/g in Sweden (Friis et 

al., 1998; Nilson et al., 1995), 15.8 µg/g in Germany (Drasch et al., 1997), 12 µg/g in the U.K. 

(Scott et al., 1987) and 13 µg/g in the USA (Morgan et al., 1990). These concentrations are 

usually higher by 50-100 % in current or former smokers than in non-smokers.

The average daily dietary intake that would give rise to average cadmium concentration of 

200 mg/kg wet weight in renal cortex at the age of 50 would be 260-480 µg/day, assuming a 5 % 

gastrointestinal absorption, and 140-260 µg/day, assuming a 10 % absorption rate (IPCS, 1992).

 A model developed by Choudhury et al.( 2001) assuming daily cadmium intake of  about 

21.5 µg/d for the US population, predicts a mean peak kidney cortex cadmium concentration of 

15 µg/g wet cortex (5th -95th percentile range 10-22 µg/g) in males and 29 (19-43) µg/g wet cortex 

in females. Females may absorb a larger fraction of ingested dietary cadmium than males, and 

this difference may be the result of lower iron body stores in females compared to males. This 

would suggest that females may be at greater risk of developing cadmium toxicity than males.

External quality assurance system for determination of Cd in blood at environmental level 

and in urine at the occupational level is provided by the German Society for Occupational and 

Environmental Medicine. For internal quality control, Trace Elements Urine and Trace Elements 

Whole Blood (Seronorm

TM

) as well as Whole Blood Control lyophilized (ClinChek®, Recipe®)

can be used.

6.1.8. Conclusions

Kidney and bone are the critical target organs following chronic environmental exposure. The 

main critical effects include an increased excretion of low molecular weight proteins in urine as a 

result of proximal tubular cell damage and increased risk of osteoporosis. 

Food is the main source of cadmium exposure in the general population (above 90 % of 

the total intake in non-smokers). Soil and dust can constitute a part of the local population 

exposure in heavily contaminated areas

Population groups at risk include elderly, diabetics and smokers. Women may be at 

increased risk because they absorb more cadmium than men due to the lower iron stores. 

In spite of the decreasing cadmium emissions and deposition, the recently published data 

do not show decrement of cadmium body burdens in non-smokers in the last decade. The margin 
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of safety between the present dietary daily intake of cadmium and the level of intake which can 

bring about health effects is very narrow. For highly exposed subpopulations, this margin may 

even be non-existing. Therefore, monitoring of cadmium levels in urine is highly recommended. 

Methods of determination, reference materials and exterenal quality assurance system are 

available. 

6.2. Lead

6.2.1. Sources, presence in the environment

Lead in the environment may derive both from natural (about 19 000 tonnes/year) and 

anthropogenic (about 130 000 tonnes/year) sources. Lead and its compounds may enter the 

environment at any point during the mining, smelting, processing, use, recycling or disposal. In 

the past, leaded petrol constituted the most important source of atmospheric lead.

Airborne lead can be deposited in soil and water, thus reaching humans through the food 

chain and in drinking water.  Childrens exposure may occur directly from the soil or household 

dust.

In Europe the most polluted regions are located in the south-eastern part, including 

Ukraine, Romania, Bulgaria and Yugoslavia. In these countries, lead concentration in the air 

outside cities may locally reach 0.1 µg/m³. Levels from 0.015 to 0.1 µg/m³ are characteristic of 

central Russia, Great Britain, France and Mediterranean costal line of Spain. Germany, Italy, 

Denmark and Austria are relatively clean of airborne lead (0.005 -0.015 µg/m³). In northern 

Europe (in Norway, Sweden, Finland and Iceland) air lead concentrations differ insignificantly 

from estimated background concentrations (EMEP, 1999). 

The natural lead content in soil, typically ranges from <10 to 30 mg/kg soil. Lead 

concentration in the topsoil varies considerably due to the deposition and accumulation of 

atmospheric particulates from anthropogenic sources. According to EMEP (1999), lead 

deposition on the regional level outside cities in the countries of south-eastern Europe as well as 

in Great Britain, France, Spain and Poland can exceed 10 kg/km²/year. In general, in the 

countries of Central Europe such as Germany and Austria, and also in Italy, the deposition 

intensity ranges from 0.5 to 10 kg/km²/year. In northern countries, the maximum values are not 

higher than 2.5 kg/km²/year (EMEP, 1999).

The concentration of soil lead generally decreases as the distance from the contaminating 

source increases. Lead levels in soil adjacent to nonferrous smelters range from several thousand 
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mg/kg to 60000 mg/kg. Soils adjacent to houses painted with exterior lead paints had lead levels 

of 200-800 mg/kg but may have had levels above 10000 mg/kg (Toxicological Profile, 1999a). 

6.2.2. Bioaccumulation 

Lead is transferred from soil to food crops via root uptake. This is the main transfer rout for 

below ground plant parts, and seeds and fruits. For leafy vegetables, however, lead-containing 

dust deposits originating from long-range transport and from re-suspended particles play an 

important role.

Roots usually contain more lead than stems and leaves, while seeds and fruits have the 

lowest concentration. Average lead levels in different foods amount to 3 - 83 µg/kg in dairy 

products, 2 - 159 µg/kg in meat, fish and poultry, 2 - 136 µg/kg in grain and cereal products, 5-

649 µg/kg in vegetables, 6 - 73 µg/kg in oils and fats and to 2 - 41 in beverages (IPCS, 1995). 

According to current data, the daily intake of lead with food amounted to 17 µg in Germany 

(Wilhelm, 1995), 15 µg in Croatia (Vahter, 1991), 12 µg in Finland (Tahvonen, 1998), 20.4 in the 

Czech Republic (Kliment, 1996), and to 4.3 µg in chlidren and 6.7 - 8.5 in adults in the USA 

(Toxicological Profile, 1999a). WHO-FAO (1993) PTWI amounts to 1.5 mg Pb/week (25 µg/kg 

b.w.) which corresponds to 215 µg daily (3.57 µg/kg b.w.).

6.2.3. Relevance of various routs of exposure

Pb-B levels can be used as a predictor of possible health effects. Human exposure can be 

calculated on the base of existing coefficients and models.

It has been assumed that an increase of Pb in ambient air by 1 µg/m

3

 results in an increase 

of Pb-B by 16.4 ɛg/l in adults and 19 Õg/l in children. Blood lead levels generally rise by 30 - 70 

µg/l for every 1000 mg/kg increase in soil or dust lead concentrations (CDC, 1991). Recent data 

suggest the increase of about 20 µg Pb-B /l per 1000 mg Pb /kg of soil or dust (IPCS,1995).  It is 

expected that an increase of dietary Pb intake by 1 µg/day would result in an increase of Pb-B by 

1.6 µg in children and 0.4 µg/l in adults (Carlisle and Wade, 1992). Also, an increase of Pb intake 

with drinking water by 1 µg/day is thought to results in an increase of PbB by 1.6 µg in children 

and 0.4 µg/l in adults Pb-B levels in children would increase by 0.7 µg/l as a result of ingestion of 

1 µg Pb daily. These coefficients make it possible to determine the relevance of exposure from

different environmental media ( Carlisle and Wade, 1992).



35

Adults

Air

Concentration in rural areas 0.1 µg/m

3 

  x  16.2   :  Pb-B  1.6 µg/l 

WHO guideline 0.5 µg/m

3

 x 16.2 :   Pb-B  8.1 µg/l

Food

Present intake in Europe about  20 µg/day  x 0.4 : Pb-B   8 µg/l 

PTWI  215 µg/day  x  0.4 :  Pb-B   86 µg/l 

Water    

WHO guideline   10 µg/l x  2 litres  = 20 µg x  0.4 = 8 µg/l 

Children 

Air

Concentration in rural areas 0.1 µg/m

3

 x 19.2   :  Pb-B 1.92

WHO guideline 0.5 µg/m

3

  x 19.2  : Pb-B  9.6 µg/l 

Food

Germany ( 5-7 years ) 17 µg/day  x 1.6 : Pb-B  27.2 µg/l 

Water 

WHO guideline 10 µg/l x 0,5 litres  = 5 µg x 1.6 : Pb-B  8 µg/l 

Soil and dust 

50 mg Pb/kg   x 100 mg of soil = 5 µg  x 0.7  : Pb-B  3.5 µg/l 

White et al. (1998) estimated Pb-B values using the Integrated Exposure Uptake 

Biokinetic Model for Lead in Children. Based on the default values of dietary intake of 6 µg/day, 

lead concentration in water 4 µg/l, outdoor air lead concentration of 0.1 µg/m³, and lead 

concentration in soil and dust of 200 µg/g, the model predicts the geometric mean of Pb-B of 36 

µg/l, (with geometric SD ± 16 µg/l) and the probability of Pb-B level exceeding 100 µg/l of 

1.5%.

6.2.4. Trends in lead exposures

Air emissions of lead in Europe have generally been declining in recent years. The decrease in 

lead emission between 1990-1996 ranged from 0 to - 61% in 41 countries and increased by up to 

3% only in 2 countries. For example, the emission rate in the Russian Federation decreased from 

3591 t/yr to 2304 t/yr and in Sweden from 540 t/yr to 37.8 t/yr (EMEP, 1999). Lead intake has 

been decreasing significantly over the last 10-20 years. In the USA, in 1984, the daily intake has 

been estimated as 23 µg /day for two-year children and 30 - 40 µg/day for adults, while in 1990, 

the respective values amounted to 4.3 and 6 - 8 µg/day. In Germany, in 1980-1988, the estimated 

daily intake in children has been about 70 µg/day. Recent data point to the median daily intakes 

of about 17 µg/day (Wilhelm, 1995).

There has been a significant worldwide decrease of Pb-B levels over the last twenty years, 

mainly due to the elimination of leaded petrol. For example, in the U.S., the geometric mean of 
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Pb-B concentration in children, during subsequent NHANES II, III, IV and V phases in 1976-80 ; 

1988-91, 1991-94 and 2002 amounted to 150 µg/l ; 36 µg/l, 27 µg/l and 9 -16 µg/l  respectively. 

The percentage of children with Pb-B higher than 100 µg/l decreased from 88.2 to 4.4 

(Toxicological Profile, 1999a). In Sweden, the geometric mean of Pb-B concentration in 

schoolchildren has decreased from about 60 µg/l in 1978 to about 25 µg/l in the 15 year period 

(Gerhardsson et al., 1996).

Recently, time trend for lead has been evaluated in Sweden. Concentrations in 

erythrocytes (Ery) were determined in subsample of the population- based MONICA surveys in 

1990, 1994, and 1999 in a total of 600 men and women aged 25-74 years. Annual decreases of 5 

– 6 % were seen for Ery-Pb (Wennberg et al., 2006).

6.2.5. Toxicokinetics 

The respiratory deposition of airborne lead is within the range of 30-50%, and varies with the 

particle size and ventilation rate. The range of values for child lung absorption was established by 

the U.S.EPA as 25% to 45% for young children living in nonpoint source areas, and 42% for 

those living near point sources (White et al. 1998). Young children weighing only one sixth of an 

adult inhale 40 % of the daily volume of an adult. After controlling for weight and considering 

the differences in the anatomy of the respiratory tract between adults and children, the rate of 

deposition of lead particles in children was determined to be 1.6 to 2.7 times that of adults (IPCS, 

1995).

The current assumption is that 30% of dust and soil lead intake is absorbed into the blood 

(White et al., 1998).

Gastrointestinal absorption of lead in humans is influenced by dietary factors, nutritional 

status and the chemical form of metal. In adult men, the gastrointestinal absorption rate with food 

amounts to about 5 – 12%. There is evidence that the absorption of lead in food by infants is at 

least 40 - 50 %. The range cited by the U.S. EPA is 42-53 %. Lead absorption probably decreases 

after infancy (White et al., 1998).

 The maximum retention of lead from water in children probably exceeds that in adults. 

Considering that some water intake is likely to occur concurrently with meals, a value of 50% is 

probable for children (White et al., 1998).

The nonexcreted fraction of absorbed lead is distributed among three compartments: 

blood, soft tissue and the mineralizing tissue (bones, teeth). About 95% of the lead body burden 

in adults is located in the bones, compared with about 70% in children. Ninety-nine per cent of 
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lead in the bloodstream is bound to the erythrocytes. Nonabsorbed lead passes through the 

gastrointestinal tract and is excreted in the faeces. Of the absorbed fraction, 50-60% is removed 

by renal and biliary excretions.

The biological half-life of lead in blood can be as short as 20-40 days (isotopic tracer 

data), although longer half-life values have been reported in lead workers, and these may depend 

on the lead body burden. The t
1/2

 of elimination from bones is in the range of 5-10 years (IPCS, 

1995).

By measuring the ratio between different lead isotopes in the blood the contribution of 

lead stored in bones to the actual blood lead concentration in adult women who emigrated from 

Eastern Europe to Australia was estimated. These study demonstrated that two-thirds (45-75%) 

of blood lead comes from long-term tissue stores (Gulson et al., 1999).      

In addition to the generally accepted toxicokinetic data presented above the toxicokinetis 

of lead during pregnancy is of particular interest because of possible influence of the maternal 

lead stores on the lead deposited in the fetal brain tissue. During pregnancy maternal calcium 

requirements increase and are maintained mostly through increased bone resorption. Increased 

bone resorption during pregnancy facilites the active transfer of calcium to the fetus but maternal 

lead follows a transfer pattern similar to that of calcium without any barrier at the placental level 

(Goyer, 1997). This is particularly true during the last part of pregnancy and the lactation period 

when maternal Pb-B increases by 25-100 %. This increase derives from the further mobilization

of lead from bones (Gulson et al., 1997).  Pb-B in infants is mainly the expression of skeletal lead 

stores. They tend to remain high if the mother was highly contaminated and vice versa. The 

dietary contribution to the Pb-B level is normally of minor importance (Ronchetti et al., 2006). In 

newborns during the first months of life, the amount of lead coming from maternal milk, cow’s 

milk and other kinds of food contributed only 35 % to the lead in circulating blood. In these 

children lead excreted in the urine was three times higher than the dietary lead uptake. These 

findings were explained by the rapid bone turnover which takes place in the newborn. The whole 

skeleton turns over during the first 12 months of life and this causes a large mobilization of bone 

lead stored during pregnancy (Gulson et al., 2001).     

According to Ronchetti et al. (2006) if the determinant main toxic event is prenatal 

exposure the main attention should be turned  to the maternal lead stores  and if possible 

mobilization  of these  stores during pregnancy should be avoided. . 
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6.2.6. Health effects in humans

Lead  is a well known neurotoxic metal. Impairment of neurodevelopment in children is the most 

critical health effect.  A summary of the lowest observed adverse effects levels (LOAEL) for 

lead-induced health effects in adults and children is presented in Tab. 8 and 9. 

Nervous system

Children constitute the highest risk group and the central nervous system (CNS) is the critical 

organ in the environmental exposure to lead. A wide range of behavioral tests has been 

performed on lead-exposed populations to assess the influence of lead on the CNS functions. 

Negative associations between PbB and psychometric intelligence have been reported in several 

prospective and cross-sectional studies in children.The meta analysis of the results of 

epidemiological studies carried out mainly in the USA, Australia and Europe was published by 

IPCS. Based on the evidence from cross-sectional and prospective studies of populations with 

Pb-B levels generally below 250 µg/l, the size of apparent IQ effect (at ages 4 and above) is a 

deficit of between 0 and 5 points (on a scale of 100 with a standard deviation of 15) for each 100 

µg/l increment in Pb-B level with a likely apparent effect size of between 1 - 3 points (IPCS, 

1995).

 The WHO Air Quality Guidelines for Europe (WHO, 2000) recommended that at least 98 

% of the population exposed in the general environment should have Pb-B below 100 mg/l, and 

the median blood lead level should not exceed 54 mg/l. The Centers for Disease Control (CDC,

1991) recommended that the Pb-B values in children should be below 100 mg/l. 

However, a recent publication suggest that  the effects of environmental exposure  of 

children can occur at Pb-B levels  below 100mg/l.  Walkowiak et al. (1998) concluded that non-

IQ measures, namely the measures of sustained attention, were negatively affected in children 

with 95 % of PbB below 90 µg/l. The data did not make it possible to identify the effect 

threshold. Lanphear et al (2000) suggested that blood lead values substantially below 100µg/l had 

effects on general cognitive function from early infancy through grade school.  

According to the recently published results of the studies by Canfield et al. (2003) blood 

lead concentrations, even those below 100 mg/l, are inversely associated with children’s IQ scores 

at three and five years of age, and associated declines in IQ are greater at these concentrations 

than at higher levels.  In the linear model, each increase of 100 mg/l  in the lifetime average  

blood lead concentration  was associated  with a 4.6- point decrease  in IQ ( P=0.004) , whereas  

for the subsample  of 101 children  whose maximal lead concentrations  remainded below  100 
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mg/l, the change in IQ associated with a given change in lead concentrations was greater. When 

estimated in a nonlinear model with the full sample, IQ declined by 7.4 points as lifetime average 

blood lead concentrations increased from 10 to 100 mg/l. Also other recently published results 

suggest possible impairment of neuropsychological functions (Canfield et al., 2004), lead-related 

deficits in color vision (Canfield et al, 2003a) as result of low level lead exposure of children.  

Emory et al. (2003) assessed with the a Fagan  test of Infant Intelligence a sample of 7-month–

old African-American infants , exposed to maternal blood lead levels of less than 50 µg/l. The 

overall findings suggested that cogntion in the 7-month–old infants, was related to maternal 

blood lead levels taken before delivery. 

These findings suggest that more children may be adversely affected by environmental 

lead than previously estimated. 

It is important to note that because PbB levels are log normal distributed, even at 

relatively low geometric mean values, a proportion of the population will have PbB above 100 

µg/l (eg, at a geometric mean PbB level of 36 µg/l, approximately1.5% of the population will be 

above 100 µg/l, and at a geometric mean PbB level of 60 µg/l, approximately 6% of the 

population will be above 100 µg/l (White et al, 1998).

All these findings suggest reconsideration of the currently held notion that lead values in 

the range below 100 µg/l are acceptable from a public health perspective. In 2006 the Scientific 

Committee on Neurotoxicology and Psychophysiology  and the Scientific  Committee on the 

Toxicology of Metals  of the International Commisssion on Occupational Health  ( Landrigan et 

al., 2006)  declared that current exposure standards  for lead neeed urgently  to be reduced. For 

children, the action level, which triggers community prevention efforts to reduce exposure 

sources, should be immediately reduced to a Pb-B concentration of 50 mg/l in nations worlwide. 

This level has been proposed as temporary level that may need to be revised further downward in 

future years as new evidence accumulates on toxicity at still lower blood lead levels.  Also for 

female industrial workers of reproductive age, the standard for Pb-B should be reduced to the 

lowest obtainable , preferably to 50 mg/l, a level consistent with the blood lead standard for 

children.  
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Table 8. LOAELs for lead induced health effects in adults.

Lowest-observed-

effect level (Pb-B) 

(µg/l)

Heme synthesis and 

hematological effects

Neurological effects Effects on the 

kidney

Reproductive 

function 

effects

Cardiovascular  effects

1000-1200 Encephalopathic signs and 

symptoms

Chronic 

nephropathy

800 Frank  anemia

½

½

600

-------

­

½

½

½

½

½

½

Fermale 

reproductive 

effects

500 Reduced hemoglobin 

production

½

Overt subencephalopathic  

neurological symptoms

½

½

½

½

½

½

½

Altered 

testicular 

function

½

400 Increased urinary ALA and 

elevated coproporphyrins

¯

Peripheral nerve 

dysfunction (slowed nerve 

conduction)

½

¯

-------

¯

------

300

¯

-------

Elevated blood pressure 

(White males, aged 40-59)

½

250-300 Erythrocyte protoporphyrin

(EP) elevation in males

½

½

½

150-200 Erythrocyte protoporphyrin

(EP) elevation in females

½

½

½

< 100 ALA-D inhibition

½

¯

Reproductive and developmental effects

Neurological toxicity is observed in children of exposed female workers as a result of the ability 

of lead to cross the placental barrier and to cause neurological impairment in the fetus. A special 

concern for pregnant women is that some of the lead accumulated in bone is released into the 

blood during pregnancy.

Studies in male workers indicate that exposures to lead resulting in PbB above 400µg/l 

have been shown to effect sperm morphology and function (IPCS, 1995). In one recent study 

(Telisman et al., 2000) it has been found that even moderate exposures to lead (Pb < 400 µg/l) 

lasting for > 2 years can significantly reduce human semen quantity without conclusive evidence 

of impairment of male reproductive function.

Cardiovascular effects 

Chronic high exposures to lead that existed earlier in this century were associated with an 

increased incidence of hypertension and cardiovascular disease. A meta analysis of results of 

epidemiogical studies performed in 1994 suggests a weak positive association between blood 
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pressure and lead exposure. In the general population, a twofold increase in PbB concentration 

was associated with a 1.0 mmHg increase in population mean systolic pressure and 0.7 mm Hg in 

diastolic pressure. (Staessen et al, 1994)

Table 9  LOAELs  for lead induced health effects in children

Lowest-observed-effect  

Blood-lead-level (µg/l)

other  effects

Heme  synthesis Effects on nervous system  

800-1000

Encephalopathic signs 

and symptoms

700 Frank anemia

400

Increased urinary ALA and 

elevated coproporphyrin

250-300

Reduced  hemoglobin  

synthesis

150-200

Erythrocyte protoporphyrin 

elevation

100-150 Vitamin D3 reduction

Cognitive impairment

<100 ?

100 ALAD-inhibition Hearing impairment

Cancer

The International Agency for Research on Cancer (IARC) has designated lead and inorganic lead 

compounds as possibly carcinogenic to humans (Group 2B), based on the evidence for animal 

carcinogenicity. The American Conference of Governmental Industrial Hygienists (ACGIH) has 

classified lead as an animal carcinogen (Group A3).

6.2.7. Sensitive subgroups

Populations living in the vicinity of lead, zinc and copper smelters are exposed to much higher 

levels than populations living in the background environment. In some countries flaking paint, 

paint chips, and weathered powdered paint, which are associated with deteriorated housing in 

urban areas, are major sources of lead exposure for young children.

Certain population subgroups may be more susceptible to the toxic effects of lead exposure. 

These include < 6 years old children, pregnant women and the fetus, the elderly, smokers, 

alcoholics and people with genetic diseases affecting heme synthesis, as well as with  nutritional 

deficiencies, and neurological and kidney dysfunction.
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6.2.8. Biological indicators of exposure 

In the case environmental exposure to lead, health effects can be related to the blood lead levels.

In the Air Guality Guidelines for Europe (WHO, 2000) it has been recommended that at least 98 

% of the population exposed in the general environment should have Pb-B below 100 µg/l. The 

Centers for Disease Control (CDC,1991) recommended that Pb-B values in children should be 

below 100 µg/l.

 The geometric mean values published  in different countries revealed that in women and 

children the Pb-B levels are approaching the range of 10-30 µg/ l considered as „baseline” of 

minimal anthropogenic origin.Geometric mean concentrations of Pb-B amounted to 32.3 µg/l in 

Germany (Trepka et al., 1996), 33 µg/l in the Czech Republic Batiarova et al., 2006), 29 

µg/l(women) and 27 µg/l (children)in Sweden (Berglund et al., 1994), 30 µg/l (children) and 24 -

30µg/l (women) in Poland (Jakubowski et al., 1996), 9µg/l (12-19 years) -17µg/l ( 1-5 years) in 

USA ( CDC, 2005). 

The external quality assurance system for determination of Pb in blood at environmental 

level is provided by the German Society for Occupational and Environmental Medicine. For 

internal quality control, Trace Elements Urine and Trace Elements Whole Blood (Seronorm

TM

) as 

well as Whole Blood Control lyophilized (ClinChek®, Recipe®)  can be used.

6.2.9. Conclusions

Lead is neurotoxic metals. Impairment of neurodevelopment in children is the most critical health 

effect. Contrary to the previous opinions that cognitive effects in children  are associated with Pb 

levels in blood   of about 100-150 µg/l  the recently published data provide strong evidence  that  

effects can occur  at blood concentration below 100 µg/l . And there may be no threshold for 

these effects. Therefore it has been recently suggested that current exposure standards need 

urgently to be reduced.  For children and female industrial workers of reproductive age, the 

action level should be reduced to a Pb-B concentration of 50 mg/l  

In general there has been decrease of lead levels over the last decades , mainly due to elimination 

of leaded petrol. However  elevated exposures can occur due to local sources.The geometric 

mean values published recently in different countries suggest that in women and children the Pb-

B levels are approaching the range of 10-30 µg/ l, however the reliable information ob Pb-B 

levels in some part of Europe is lacking.  
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6.3. Mercury

6.3.1 Souces, presence in the environment

The vapour of metallic mercury (elemental mercury, Hg

0

) is released into the atmosphere from a 

number of natural sources (degasing of the earth’s crust, emissions from volcanoes, and evasion 

from natural water reservoirs). Man-made emissions, mainly from combustion of fossil fuels, 

account for about 70 % of the total emissions to the atmosphere (Mason et al., 1994). 

Atmospheric Hg deposition has increased  2- to >20-fold  over the past centuries  due to 

antropogenic  emissions and subsequent  dispersal on local , regional, and  global scales ( Meili et 

al.( 2003). The emission intensities of mercury in Europe have been changing during the recent 

years, with the main trend of reduction.

Mercury can be present in the air in several physico-chemical forms: elemental,

particulate, gaseous oxidized inorganic and gaseous oxidized organic mercury. The bulk of 

atmospheric mercury (more than 90%) in non-urban regions is presented by elemental form 

whereas particulate and gaseous inorganic forms usually do not exceed 5% of total mercury 

content (Lindberg and Stratton, 1998, Jackson, 1997).

The global cycle of mercury involves the emission of Hg from land and water surfaces to 

the atmosphere, transport of Hg

0

 in the atmosphere on a global scale, physical and chemical 

transformations, and return to land and water by various depositional and exchange processes.

Mercury is deposited mainly as metallic metal and divalent salts to the soil. In the soil divalent 

mercury is absorbed  to the organic matter  in the ion exchange sites. The soil reservoir of 

mercury is predominantly in the organically bound form, it is methylated by various bacteria in 

the anaerobic environment. The intestinal bacterial flora of various animal species including fish 

are also able to convert ionic mercury into methylmercuric compouds (CH
3
Hg

+

) (Sverdrup et al., 

1999).

In Europe, the highest concentrations of mercury on regional level are characteristic of 

Central Europe - Germany and Poland. The concentrations reach the level of 2.5 ng/m³ there.The 

maximum values are about 7 ng/m³. Typical values in Northern Scandinavia approximately 

correspond to the mean global level (EMEP, 1999). The values in urban areas are usually higher, 

of about 5 - 15 ng/m³ (IPCS, 1990). The reference concentration (RfC) recommended by the 

U.S.EPA amounts to 0.3 µg/m³ (IRIS, 1995).
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In Europe the highest deposition intensities are observed in Central Europe. Maximum 

values of deposition reach 500 g/km²/ year. With the distance from sources the deposition 

intensity decreases abruptly and in periphery regions it amounts to 5-20 g/km²/ year.

The concentrations of total mercury in natural water are low. Representative value for 

dissolved total mercury are: open ocean, 0.5 - 3 ng/l; coastal sea water, 2 - 15 ng/l; freshwater 

rivers and lakes, 1 -3 ng/l ( IPCS, 1989).The concentration range for mercury in drinking water is 

on average about 25 ng/l. (IPCS, 1991). The WHO guideline value is 1 µg/l (WHO-FAO,1993).

6.3.2. Bioaccumulation

Atmospheric deposition is considered to dominate the Hg input to most soils and lakes in the 

boreal forest zone (Lindqvist et al., 1991; Fizgerald etal., 1995). Hg deposition has increased 2-

to more than 20-fold over the last centuries due to anthropogenic emissions and subsequent 

dispersal on local, regional, and global scales. For example in Sweden, attention is focused on 

alarmingly high Hg levels in lake fish exceeding health advisory guidelines in tens of thousands 

of lakes (Håkanson et al 1988, 1990; Lindqvist et al.,1991; Andersson and Lundberg, 1995). The

issue is accentuated by the fact that present Hg levels in soils and humic lakes are far from having 

reached equlibrium with present Hg concentrations in precipitation. This is evident not only from 

mass balance calculations, but also from the delayed response of surface waters to the pollution 

pulse of the past decades.

In fact, the Hg concentrations in fish are likely to increase further during several centuries 

and to reach levels much higher than the current ones. This will be particularly pronounced in 

humic lakes, where Hg concentrations already today are most elevated, and where most Hg is 

supplied by soil runoff in highly bioavailable form. Even natural fish Hg levels in these lakes are 

estimated to approach the common limit of 0.5 mg/kg fresh weight in 1-kg pike. On the other 

hand Hg levels in rain-fed clearwater lakes, which respond to environmental changes within 

years or decades and which today often are equally contaminated, are estimated to be less than 

0.1 mg/kg naturally.

A model has been developed to predict the effect of atmospheric Hg pollution on boreal 

soils and lakes (Meili et al., 2003). The maximum tolerable Hg concentration in precipitation to 

avoid a further increase of Hg in Swedish soils and to keep future regional means of Hg in 1-kg 

pike below 0.5 mg/kg is estimated to be 2 ng/l, which is about half of the current value in the 

most remote areas and similar to the estimated pre-industrial level (Meili, 1995).

6.3.3. Human exposure

Estimated average daily intake of mercury from different sources is presented in Table. 10
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Table 10.  Estimated average daily intake and retention (between brackets) of total mercury and 

mercury compounds expressed in µg/day, in the general population not occupationally exposed to 

mercury (IPCS, 1990).

Exposure Elemental  mercury 

vapour

Inorganic  mercury  

compounds

Methylmercury

Air 0.030 (0.024) 0.002  (0.001) 0.008 (0.0064)

Food

     Fish

     Non-fish

0

0

0.600 (0.042 )

3.6 ( 0.25 )

2.4 (2.3)

Drinking-water 0 0.050 (0.0035) 0

Dental amalgams 3.8-21 (3 -17) 0 0

Total 3.9-21 (3.1 - 17) 4.3 (0.3) 2.41  (2.31)

The concentrations of mercury in most foodstuffs are usually below 20 µg/kg. Mercury is 

known to bioconcentrate in aquatic organisms and to biomagnify in aquatic food chains. 

Therefore fish and fish products are the dominant source of methyl mercury in food. 80-95% of 

total mercury in fish and shellfish is methyl mercury (IPCS, 1990, Bloom, 1992). The highest 

concentrations are found in both freshwater and marine fish at the highest trophic levels. For 

example, some species of shark and swordfish have average total mercury in edible tissues above 

1.2 mg/kg, whereas anchovies and smelt had average values below 0.085 mg/kg (IPCS, 1990). In 

canned tuna, in the United States, an average methyl mercury content amounted from < 0.1 to 

0.75 mg/kg in 1991 which was similar to the earlier results (from <0.01 to 0.67 mg/kg) obtained 

in 1978 and 1990 (Toxicological Profile, 1999c).

The use of fish meal as the feed for poultry and other animals used for human 

consumption may result in increased mercury levels in these animals. In Germany, the poultry 

and eggs contained 0.04 and 0.03 mg Hg/kg, respectively. Cattle are able to demethylate mercury 

in the rumen and thus absorb less mercury. Therefore, beef meat and cows milk contained 0.001-

0.02 mg/kg and 0.01 mg/kg of mercury (Toxicological Profile, 1999c).

The U.S. EPA reference dose (RfD) for methylmercury is 0.0001 mg /kg/day 

(IRIS,1995a). WHO-FAO (1993) PTWI amounts to 0.005 mg Hg/kg. PTWI set by the Welfare 

Ministry in Japan is 0.17 mg of methylmercury (about 0.0004 mg/kg/day) (Nakagawa et al., 

1997).
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According to IPCS (1990), in adults, a daily methylmercury consumption of 0.48 µg/kg 

b.w. will not result in any detectable adverse effects. Daily intake of 3 - 7 µg/kg b.w. would cause 

adverse effects on the nervous system, manifested as an approximately 5 % increase in the 

incidence of paraesthesia. Hair concentrations would be approximately 50 - 125 µg/g at this level 

of intake.

The recommended limit for mercury in the Scandinavian countries has been defined for 

fish contents not to exceed 0.5 mg Hg/kg. The Swedish Food and Health Administration is 

evaluating the relevance of a new limit at 0.3 mg Hg/kg (Sverdrup et al., 1999). Japan has already 

adopted a 0.3 mg/kg guideline (Dickman and Leung (1998).

Currently the daily dietary intake of methylmercury amounts in the USA (New Jersey) to 

7.5 µg (Stern 1996), in India (Humbay) 0.5 µg (Pandit et al., 1997) in Japan 18 µg (Nakagawa et 

al., 1997). In Spain, the daily intake was about 18 µg/day (Urieta et al 1996).

6.3.4 Trends in exposure 

Air emission of mercury in Europe has generally been declining in recent years. The decrease of 

emission of mercury between 1990-1996 ranged from 0 to - 56% in 39 countries and increased by 

up to 3% in only 5 countries. For example, the emission rate in the Russian Federation decreased 

from 15.6 t/yr in 1990 to 10.1 t/yr and in 1996 and in Bulgaria from 13.2 t/yr to 4.7 t/year over 

the same time interval (EMEP, 1999).

However, long-range atmospheric transport of mercury has caused a widespread  

contamination of soils  and lakes even in remote areas , including boreal forest zone.  

6.3.5. Toxicokinetics and biological indicators of exposure

6.3.5.1 Elemental mercury

Approximately 80% of inhaled mercury vapour is absorbed via the lungs and retained in the 

body. Elemental mercury is poorly absorbed in the gastroinestinal tract (less than 0.01%). Skin 

absorption is insignificant in relation to human exposure to mercury vapour.

After exposure to mercury vapour the element is found in blood as physically dissolved 

elemental mercury. Within a few minutes, the mercury is oxidized to mercuric mercury in the 

erythrocytes. Before oxidation, Hg

0

 readily crosses cell membranes, including the blood/brain 

and placental barriers. The brain and the kidney are the main sites of deposit of Hg after exposure 

to mercury vapour. After oxidation, the Hg

++

 ions are distributed in the body.
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A small portion of absorbed inorganic mercury is exhaled as elemental mercury vapour, 

but urine and faeces are the principal routes of elimination.

After short-term exposure to mercury vapour, the first phase of elimination from blood 

has a half-life of 2 - 4 days and accounts for about 90% of the dose. This is followed by a second 

phase with a half-life of 15-30 days.

The half-life for the most of mercury in the brain was 19 days during the first 35-45 days 

(human volunteers). Steady state was not reached in the brains of squirrel monkeys exposed for 

two months to mercury vapour. These results indicate a very long half-life of the inorganic 

mercury in the brain.

6.3.5.2 Methyl mercury

From the case studies of human poisoning via inhalation it seems likely that a large fraction of 

inhaled methylmercury is absorbed into the bloodstream. The methylmercury is absorbed almost 

completely in the gastrointestinal tract. The dermal absorption of methylmercury has not been 

confirmed, but the dialkylmercurial compounds are known to be absorbed through skin 

(Toxicological Profile, 1999c).

Distribution of methylmercury takes place via the bloodstream to all tissues in the body. 

The initial phase of distribution is complete within about 3 days. Methylmercury readily crosses 

the blood-brain and placental barriers. In the foetus, it is accumulated and concentrated, 

especially in the brain. As with other forms of mercury, the kidneys retain the highest tissue 

concentration. The brain/blood concentration ratio is about 5:1. Methylmercury accumulates in 

hair in the process of formation of hair strands. The hair /blood ratio is approximately 250:1.

The rate of excretion of mercury in humans dosed with methylmercury may be described 

by a single exponential model. The average elimination constant, based on the results of several 

studies, was 0.014 (t
½

 = 49 days) (Toxicological Profile, 1999c).

Blood and urine mercury concentrations are commonly used as biomarkers of exposure to 

mercury. In addition, hair has been used as a biomarker of exposure to methylmercury.

6.3.6. Health effects 

6.3.6.1. Mercury vapour

The critical organ is the nervous system and the critical effects include hand tremor, and 

increased memory impairments. There is also a slight subjective and objective evidence of 

autonomic dysfunction.
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Several epidemiologic studies in occupational settings were performed between 1989 and 1993. 

The study populations included chloralkali workers exposed to mercury vapour (Piikivi and 

Hanninen, 1989) and workers in a fluorescent lamp factory (Liang et al., 1993). Numerous effects 

of exposure to mercury on the central nervous system were identified. Subjective symptoms 

included memory disturbance, sleep disorders, fatigue, anger and confusion. The exposed cohorts 

performed worse than the control on a number of neurobehavioral tests measuring motor speed 

(finger tapping), visuomotor coordination and concentration, and visual memory. These 

neurobehavioral effects are consistent with the central and peripheral neurotoxicity. Based on 

these neurobehavioral effects observed in occupational settings, time weighted average 

concentrations (TWA) ranging from 0.023 to 0.033 mg/m³ were designated as LOAEL’s for 

workers in an industrial exposure setting. Neurobehavioral effects have also been reported at 

levels as low as 0.014 mg/m³ in dentists (Ngim, et al, 1992). Conversion to general 

environmental conditions (24 h/day, 365 days/year, 70 year lifespan) results in LOAEL’s that 

range from 0.006 to 0.012 mg/m³ (mean =0.009).

US EPA applied an uncertainty factor of 30 for the mean LOAEL of 9 µg/m³ and 

proposed a RfC for chronic inhalation exposure of 0.3 µg/m³ (IRIS, 1995). It has reviewed the 

carcinogenicity of mercury and designated mercury as group D (nonclassifiable) chemical, while 

IARC categorized mercury as a Group 3 chemical.

6.3.6.2. Methylmercury

The effects of methylmercury on the adult differ both quantitatively and qualitatively from the 

effects observed after prenatal or, possibly, postnatal exposure.The critical organ is the nervous 

system and the critical effects include developmental neurologic abnormalities in human infants, 

and paraesthesia in adults.

Prenatal exposure caused psychomotor retardation in infants. Developmental neurologic 

abnormalities in infants are considered the critical effects.

The benchmark dose, the statistical lower limit of a pre-defined effect level for excess risk 

above background, based on a combination of all childhood neurologic endpoints (onset of 

walking and talking, neurologic scores, mental symptoms, and seizures) was calculated by the 

U.S. EPA (IRIS, 1995a). A benchmark level of 11 mg/g in maternal hair has been established, 

equivalent to a maternal blood level of 44 µg/l or a daily intake of 1.1 µg/kg/day. Benchmark 

dose calculations have also been performed for methylmercury-associated delays on evoked 

potential latencies in two cohorts of children from the Faroe Islands and from Madeira (Murata et 
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al., 2002). The obtained BMDL 5 % of approximately 10 mg/g maternal hair was similar to that 

calculated for other neurological variables (Budtz-Jorgensen et al., 2002) in the Faroese children 

and in the New Zealand population (Crump et al., 1998). 

The US National Academy of Sciences’ Committtee on the Toxicological Effects of 

Methylmercury, applying an uncertainity factor of 10, arrived to the value of about 1 µg/g 

meternal hair mecury. A daily intake of 0.1µg/kg/day, the USEPA current RfD , would result in 

such level ( Bellinger, 2000) 

 The nevous system is the critical system for the effects of methylmercury on adults. The 

sensory, visual, and auditory functions, together with those of the brain areas concerned with 

coordination, especially the cerebellum, are to be affected. The earliest effects in the population 

exposed in Iraq were non-specific symptoms, such as complaints of paraesthesia (Bakir et al., 

1973). These findings indicate that in adults a daily intake of 50 µg of methylmercury would 

involve a risk of paraesthesia of about 0.3 %, whereas an intake of 200 µg per day would bring 

about a risk of about 8 %.

6.3.7. Dose-response relationship

Mercury vapour

When exposure in occupational conditions is above 80 mg/m

3,

 corresponding to a urine 

mercury level of 100 mg/g creatinine, the probability of developing the classical neurological 

signs of mercury intoxication (tremor, erethism) and proteinuria is high. Exposure in the range of 

25 to 80 mg/m

3

, corresponding to the level 30 to 100 mg/g creatinine, increases the incidence of 

certain less severe toxic effects that not lead to overt clinical impairment (psychomotor 

performance, objectively detectable tremor, impaired nerve conduction velocity). In a few 

studies, tremor, recorded electrophysiologically, has been observed at low urine concentrations 

(down to 25 –35 mg/g creatinine). 

Methylmercury

At peak mercury levels in maternal hair at above 70 mg/g, there is a high risk (more than 

30 %) of neurological disorder in the offspring, a 5 % risk may be associated with a peak mercury 

level of 10 - 20 mg/g in the maternal hair. Benchmark dose calculations have been performed for 

methylmercury-associated delays on evoked potential latencies in two cohorts of children from 

the Faroe Islands and from Madeira (Murata et al., 2002). The obtained BMDL 5 % of 

approximately 10 mg/g maternal hair was similar to that calculated for other neurological 
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variables (Budtz-Jorgensen et al., 2002) in the Faroese children and in the New Zealand 

population (Crump et al., 1998). 

6.3.8 Sensitive subgroups

The effects of methylmercury on the adult differ both quantitatively and qualitatively 

from the effects observed after prenatal or, possibly, postnatal exposure. The critical organ is the 

nervous system and the critical effects include developmental neurologic abnormalities in human 

infants, and paraesthesia in adults. The fetus is at particular risk. Prenatal exposure leads to 

psychomotor retardation in infants. Developmental neurologic abnormalities in infants are 

considered the critical effects. 

6.3.9 Biological indicators of exposure

Berglund et al. (2005)  determined concentrations of total Hg (THg), inorganic Hg (IHg) 

and organic Hg (OHg, assumed to be methylmercury; MeHg) in whole blood, red blood cells, 

plasma, hair and urine from Swedish men and women. An automated multiple injection cold 

vapour atomic fluorescence spectrophotometry analytical system for Hg analysis was developed, 

which provided high sensitivity, accuracy, and precision. The distribution of the various mercury 

forms in the different biological media was explored. 

 About 90% of the mercury found in the red blood cells was in the form of MeHg with 

small inter-individual variations, and part of the IHg found in the red blood cells could be 

attributed to demethylated MeHg. THg in plasma was associated with both IHg and MeHg, with 

large inter-individual variations in the distribution between red blood cells and plasma. THg in 

hair reflects MeHg exposure at all exposure levels, and not IHg exposure. The small fraction of 

IHg in hair is most probably emanating from demethylated MeHg. The inter-individual variation 

in the blood to hair ratio was very large. The variability seemed to decrease with increasing OHg 

in blood, most probably due to more frequent fish consumption and thereby blood concentrations 

approaching steady state. THg in urine reflected IHg exposure, also at very low IHg exposure 

levels.

 The use of THg concentration in whole blood as a proxy for MeHg exposure will give 

rise to an overestimation of the MeHg exposure depending on the degree of IHg exposure. THg 

in RBC and hair are suitable proxies for MeHg exposure. Using THg concentration in plasma as 

a measure of IHg exposure can lead to significant exposure misclassification. THg in urine is a 

suitable proxy for IHg exposure. 
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Blood

The mean total mercury levels in whole blood and urine in the general population are 

approximately 1-8 µg/l (Toxicological Profile, 1999c). The International Commission on 

Occupational Health (ICOH) and the Commission on Toxicology, International Union of Pure 

and Applied Chemistry (IUPAC) determined that the mean value of 2 µg/l was the background 

blood level in persons who do not eat fish (Nordberg et al., 1992). This background represents 

the average levels in blood in the general population. In communities with high fish consumption, 

individuals have been shown to have blood levels of 200 µg/l, at a daily intake of 200 µg mercury 

(IPCS, 1990).

Urine 

Urine mercury measurement provides rapid identification of individuals with elevated 

mercury levels. It is an appropriate marker of inorganic mercury. According to CDC (2005) the 

GM of mercury in urine in USA amounted to 0.62 mg/g creatinine and PC 

95

 to 3.0 mg/g 

creatinine. In Germany PC 95 amounted to 3.3 mg/g creatinine and a reference value was set at 

1mg/g creatinine (Tab. 3)

Hair

Hair is a biomarker of long-term exposure to methyl mercury. Once mercury is 

incorporated into hair, it remains unchanged. The level of mercury in hair (Hg-H) is dependent on 

the fish consumption. The dose-response relationship between maternal hair concentration and 

frequency of health effects in children was used by the IPCS (1990) for the purpose of risk 

assessment. At peak mercury levels in maternal hair at above 70 mg/g, there is a high risk (more 

than 30 %) of neurological disorder in the offspring, a 5 % risk may be associated with a peak 

mercury level of 10 - 20 mg/g in the maternal hair. Benchmark dose calculations have been 

performed for methylmercury-associated delays on evoked potential latencies in two cohorts of 

children from the Faroe Islands and from Madeira (Murata et al., 2002). The obtained BMDL 5 

% of approximately 10 mg/g maternal hair was similar to that calculated for other neurological 

variables (Budtz-Jorgensen et al., 2002) in the Faroese children and in the New Zealand 

population (Crump et al.,1998). 

The present background level of Hg-H associated with no or low fish consumption or low 

fish methyl mercury concentration amount at present to 0.25 µg/g in Germany (Drasch et al., 

1997), 0.8 µg/g in Denmark (Grandjean et al., 1992), 0.28 µg/g in the north of Sweden 
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(Oskarsson et al., 1996) and 0.38 µg/g in Hong-Kong (Dickman and Leung, 1998). Much higher 

Hg-H levels result from the consumption of large amounts of fish or sea mammals. In the Faroe 

Islands the mean Hg-H levels ranged from 1.6 µg/g (1 fish meal per week) to 5.2 µg/g (4 fish 

meals per week) (Grandjean et al., 1992), in fishermen from Madeira (Portugal) and their families 

levels of 38.9 µg/g were found in men and 10.4 µg/g in women (Renzoni, 1998).

Lindberg et al. (2004) investigated exposure to methylmercury in non-fish-eating people 

in Sweden. The T-Hg in hair (median, 0.06 mg/kg; range, 0.04-0.32 mg/kg) was significantly 

associated (r = 0.89; P<0.001) with the MeHg in blood, but not with the I-Hg in blood. Therefore, 

the T-Hg in hair seems to reflect MeHg exposure and not I-Hg exposure even in persons with no 

intake of fish. 

Bjornberg et al. (2005) investigated methyl mercury exposure in Swedish women with 

high fish consumption. Fish consumption was assessed using a food frequency questionnaire 

(FFQ), including detailed information about consumption of different fish species, reflecting 

average intake during 1 year. The average total fish consumption, as reported in the food 

frequency questionnaire, was approximately 4 times/week (range 1.6-19 times/week). Fish 

species potentially high in MeHg, included in the Swedish dietary advisories, was consumed by 

79% of the women. About 10% consumed such species more than once a week, i.e., more than 

what is recommended. Other fish species potentially high in MeHg, not included in the Swedish 

dietary advisories, was consumed by 54% of the women. Eleven percent never consumed fish 

species potentially high in MeHg. T-Hg in hair (median 0.70 mg/kg; range 0.08-6.6 mg/g) was 

associated with MeHg in blood (median 1.7 mg/l; range 0.30-14 mg/l; r
s
 = 0.78; p < 0.001). Hair 

T-Hg and blood MeHg increased with increasing total fish consumption (r
s
 = 0.32; p < 0.001 and 

r
s
 = 0.37; p < 0.001 respectively).

The results obtained by Bjornberg et al. (2005) show that not only on the islands such as 

Faroe Islands or Madeira  but also in the continental Europe, high fish consumption can result in 

hair mercury levels several times higher than 1 µg/g recommended by the US Academy of 

Sciences.

Mercury in hairs can be determined by means of flameless ASA or ICP. Reference 

materials and external quality assurance system at environmental level available .

6.3.10 Conclusions

Inorganic mercury emitted both from natural and anthropogenic sources is bound to organic 
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matter in the soil. Then it can be converted biologically to methyl mercury transferred to water.

Methylmercury bio-accumulates and the the Hg concentrations in fish are likely to increase 

further during several centuries and to reach levels much higher than the current ones.

Methylmercury is a potent neurotoxic chemical. Unborn children are the most susceptible 

population group. The exposure is through fish in maternal diet. 

Human biomonitoring and diet modelling data indicate that tolerable dietary intakes of 

methylmercury are exceeded among subpopulations that consume large amounts of fish 

(Scandinavia, Madeira, France).  

6.4. Polycyclic aromatic hydrocarbons

6.4.1. Sources, presence in the environment

PAHs are a large group of compounds, they consist of two or more fused aromatic rings made 

entirely from carbon and hydrogen. They are formed during incomplete  combustion or pyrolysis 

of organic material  and in connection with the use of oil, gas, wood and coal  in energy 

production. PAHs are present almost everywhere.  In Europe the lowest range of concentrations 

amounts to 0.1-0.5 ng/m

3

. The higher ranges 0.5-6 ng/m

3

, are generally connected with areas of 

high emission (WHO, 2003). 

PAHs released to the atmosphere in the gasous phase or sorbed on the particulates are 

subject to short- and long-range transport. They are removed by wet or dry deposition to soil,

water and vegetation.  Half-lives in the air are estimated to be in the range of a few minutes to 

one week and in soil in the range from two to about 400 days (WHO, 2003).  

6.4.2. Bioaccumulation

Biomagnification of PAHs has not been observed in aquatic systems because most organisms 

have a high biotransformation potential for PAHs. Oreganisms at higher trophic levels in 

foodchain show the highest potential for biotransformation.

6.4.3. Human exposure

Raw food does not normally contain high levels of PAHs, but they are formed by processing, 

roasting, backing or frying. Vegetables can be contaminated by the deposition of airborne 

particulates. The levels of individual PAHs in different kinds of food were within the range 0.01-

10 µg/kg. Concentrations of over 100 µg/kg were found in smoked meat and up to 96 µg/kg in 

smoked fish. The median exposure via inhalation of ambient air was estimated to be 0.16 µg/day 

(from 0.02 – 3 µg/day). Smoking one pack of unfiltered cigarettes per day increases exposure by 
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additional 2 – 5 µg/day. Potential indoor combustion sources of PAHs include tobacco smoke , 

non-vented space heaters and food processing ( WHO, 2003).

6.4.4. Toxicokinetics

 In humans , the major routes of uptake are through the lungs , the gastrointestinal tract  after 

ingestion of contaminated food or water , and the skin as a result of contact with PAH- containing 

material. Irrespective of the route of absorption, PAHs are rapidly and widely distributed in the 

organism. 

PAHs are metabolized initially by microsomal cytochrome P-450. CYP 1A1 appears to be 

the only enzyme with metabolic capacity towards a wide variety of PAH molecules.  The 

structural similarity of PAHs contributes to the similarities that exist in their biotransformation.  

Benzo]a]pyrene ( BaP)  metabolism  can be  used as a model for alterant PAHs ( such as 

benz[a]anthracene, chrysene and dibenz[a,h]anthracene and metabolism of benzo[b]fluoranthene 

as a model for nonalterant PAHs.     

BaP is metabolized initially to epoxides. Once formed, these epoxides may rearrange 

spontaneously to phenols, be hydrated to dihydrodiols, or react covalenty with glutathione either 

chemically or in a reaction catalysed by glutathione S-transferase. Phenls and dihydrodiols can be 

conjugated to glucurondes and sulfate esters. 

Most metabolites of PAHs are excreted in feces and urine. There have been several 

literature reports assessing the toxicokinetics of the urinary elimination of 1-hydroxypyrene (1-

HP) after oral, dermal or inhalation exposure to PAHs in humans. After ingestion of 250g of 

broiled beef maximum excretion occurred 6.3 h after ingestion and declined thereafter with a 

half-life of 4.4 hours ( Buckley and Lioy, 1992).In another experiment  human volunteers were 

exposed to 500 µg pyrene by ingestion  or by dermal application . Following the absorption 

phase, 1-HP was excreted with a half-life of 12 hours for both exposure routs (Viau et al., 1995). 

After inhalation exposure the two-comparment toxicokinetic model, with half-lifes of 1-2 days 

and 16 days was found (Jongenellen, et al., 1988).  Buchet et al.( 1992) described  te elimination  

of 1-HP by the one-compartment model with a mean half-life of 18 hours.      

6.4.5. Health effects in humans

The toxic effect of most concern from exposure to PAHs is cancer.  Increased lung tumor rates 

owing to exposure to PAHs have been found in coke-oven workers, asphalt workers and workers 

in Södeberg potrooms of aluminium reduction plants. 
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Unit risks for inhalation exposure have ben obtained both as result of experimental studies 

and epidemiological studies. The lifetime unit risk estimates per ng/m

3 

 for PAHs, with BaP as 

indicator substance, derived from the epidemiological studies  are quite consistent : the range is 

described by a factor of 18.7.  Three of these values are similar: the American coke-oven workers 

study (8.7 x 10

-5

), the aluminium smelter study (9.0 x 10

-5

 )  and the RIVM “ most appropriate” 

estimate  of 10 x 10

5

. Risk estimates considered in the USA for coke-oven emissions were used 

in the Air Quality Guidelines for Europe (2000). Individual lifetime unit risk estimate associated 

with continuous exposure to 1 µg/m

3

 of benzene soluble compounds from coke-oven emissions 

in ambient air was approximately 6.2 x 10

-4

.  Using BaP as an indicator of general PAH mixtures 

from emissions in coke ovens and similar combustion process in urban air, and reported value of 

0.71% BaP in the benzene soluble fraction of coke-oven emissions, a lifetime risk of respiratory 

cancer of 8.7 x 10

-5

 per ng/m

3

 was calculated. 

6.4.6. Biological indicators of exposure

6.4.6.1. Metabolites in urine 

 Several methods have been developed to assess internal exposure to PAHs after workplace 

exposure. In most studies, PAHs metabolites were measured in urine. The metabolites measured 

in urine and feces include urinary thioethers, 1-naphtol, b-naphtylamine, hydroxy phenanthrenes 

and 1-hydroxypyrene (1-HP) (IPCS, 1998). 

Thioethers

No difference in thioether excretion in urine was observed between the controls and coke oven 

workers or workers at coke and graphite-electrode-producing plants. It was concluded that the 

determination of thioethers in urine was of little value, since smoking is a strong confounding 

factor (Ferreira et al., 1994; Ferreira et al, 1994a; Reuterwall et al., 1991). Becher and Bjorseth 

(1983) developed an analytical procedure to measure PAHs in human urine after reducing 

metabolites to parent compounds. Total PAHs were elevated as compared to the levels for 

nonsmokers; however, when individual PAHs were examined, no significant differences could be 

observed. Further application of this method to analysis of urine samples from workers at an 

aluminium plant (Venier et al., 1985) and from coke oven workers (Haugen et al., 1986) did not 

show differences in PAH levels in urine between the exposed workers and controls. 
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1-Hydroxypyrene

1-HP, a pyrene metabolite, was introduced as a biomarker of exposure to PAHs by 

Jongenellen et al. (1986) and has been widely used as such since then. Its advantage lies in that 

pyrene is present in all PAHs mixtures in relatively high concentrations. Pyrene is metabolized 

predominantly to 1-HP. In contrast to other PAHs metabolites, which are excreted mainly in 

feces, 1-HP is excreted mostly in urine. 

When 1-HP was used as a biomarker for PAHs exposure, the oral, dermal, and inhalation 

routes were all shown to be important. Furthermore, low levels of exposure could also be 

determined. A great advantage is that the determination of urinary 1-HP is quick and easy and 

thus well suited for the use in large-scale epidemiological studies. 

Determination of 1-HP in urine can be used today to trace the trends of exposure in a 

given enterprise and to evaluate the effectiveness of prophylactic measures undertaken. For 

example, the use of dermal protection in the form of impermeable polyvinyl chloride suits led to 

a substantial decrease in the urinary concentrations of 1-HP (Boogaart and van Sittert, 1994). 

Comparison of different areas may, however, be difficult because the proportion of pyrene 

as compared to that of BaP and other potentially carcinogenic PAHs, may vary. For example, the 

creosote oil used in a wood impregnation plant contained about 3.4 % pyrene and less than 

0.0004% BaP. Polluted ambient air contains about 6.5% BaP and 1.8-2.7 % pyrene (IPCS, 1998).

Several authors tried to establish admissible levels of 1-HP in urine for specific exposures. 

According to Jongeneelen (1992), in coke-oven workers, the urinary concentration of 1-HP of 4.4 

mg/g creat. reflects the concentrations of coal tar pitch and BaP in the air of 0.2 mg/m

3

 and 2 

mg/m

3

, respectively. A similar value, of 4 mg/g creat., was proposed by Levin et al. (1995). A 

higher value of 6.1 mg/g creat. was suggested by Van Roij et al. (1993). In the study on workers 

at an aluminium reduction plant, Tjoe Ny et al.(1993) assumed that exposure to 0.2 mg/m

3

 of 

coal tar pitch or 5 mg/m

3

 of BaP will result in the urinary concentration of 1-HP of 8.6 mg/g 

creat. 

Based on the logistic regression between the prevalence of abnormal high frequency cells 

(HFC) in peripheral lymphocytes and PAHs in the air or 1-HP in postshift urine of nonsmoking 

workers exposed to PAHs, Buchet et al. (1995) concluded that the concentrations of PAHs in the 

air or 1-HP in urine should be kept below 6.4 mg/m

3

 and 2.7 mg/g creat., respectively. 

Jongenellen (2001) has proposed a three-level benchmark guideline for urinary 1-

hydroxypyrene as a biomarker of occupational exposure to PAHs. The reference value, as a 95

th

percentile in non-occupationally exposed controls, is 0.24 mmol/mol creat (0.46 mg/g creat.) and 
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0.76 mmol/mol creat. (1.44 mg/g creat.) for nonsmokers and smokers, respectively. This is the 

first level of the benchmark guideline. A no biological effect level of 1-hydroxypyrene in 

exposed workers was detected at 1.4 mmol//g creatinine (2.66 mg/g creatinine). It is the lowest 

reported level at which no genotoxic effects were found (second level of the benchmark 

guideline). The correlation between airborne concentrations and urinary 1-HP in coke oven 

workers and workers in the primary aluminium industry was used to estimate the level of urinary 

1-HP corresponding to the current occupational exposure limit (OEL) for PAHs. The 

concentration of 1-HP in urine, equal to the OEL, is 2.3 mmol/mol creat. (4.37 mg/g creat.) and 

4.9 mmol/mol creat. (9.31 mg/g creat.), respectively, in these two industries. However, the 

scattering of results in this case is substantial and these values represent the lowest reported 

estimate for the concentration equal to the OEL. 

Methods for determining 1-hydroxypyrene in urine are well validated.  LOD amouts to 

about 0.1 mg 1-HP/l of urine (Jongeneelen et al., 1987).

External quality assurance system and reference materials for internal control available.

1-,2-,3-and 4-Hydroxyphenantrene and phenantrene tetrol  in urine

Phenolic metabolites are generally regarded as excreted detoxification products of PAHs 

reflecting the endogenous body burden (internal dose) but no hazardous effects ( effective dose). 

To overcome this problem Hecht et al. (2003) reported on the determination of phenantrene tetrol 

in urine samples as hydrolysis product of the bay-region dihydrodiol epoxide. Thus phenantrene 

tetrol is thought to serve as indicator of the human bay-region dihydrodiol epoxides, which are 

the most important carcinogenic metabolites of higher molecular weight PAH such as 

benzo[a]pyrene.  

Seidler et al. ( 2006) presented  data on the  excretion levels  of PAH metabolites in two 

cohorts  consisting  each of 100 non-smoking women from Poland and Serbia&Montenegro. 

Levels of   the sum of 1-,2-,3-,and 4- hydroxyphenentrene  and phenetrene terol amounted to 2.01 

and 1.77 mg/g creat in Poland and to 1.06 and 1.1 mg/g creat. in Serbia. These levels were much 

higher than in Italy (0.34 and 0.41 mg/g creat. respectively).  

The higher concentrations of urinary PAH metabolites in the Polish and Serbian cohorts 

clearly point out to the differences between  European populations. 
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6.4.6.2. Mutagenicity in urine

The mutagenicity in urine from persons exposed to PAHs has been assayed by the Ames’ test in a 

number of studies. Tobacco smoking was found to be mutagenic. No increase in mutagenic 

activity was found in most studies of workers exposed in occupational settings such as coking, 

coal tar distillation, aluminium plants, anode plants or, graphite electrode plants (IPCS, 1998). 

Only a heavy exposure to coal–tar formulations in patients with psoriasis (Clonferno et al., 1989; 

Santella et al., 1994) and in coke oven workers (MielŨyŒska and Snit, 1992) resulted in 

mutagenic urine. 

The Ames’ test, therefore, appears not to be sensitive enough to detect the presence of 

urinary mutagens due to occupational exposure to low levels of PAHs.

6.4.7. Conclusions

PAHs are formed during incomplete combustion or pyrolysis of organic material and in 

connection with the use of oil, gas, wood and coal in energy production. Concentration of PAHs 

in the general environment can be considered as one of the main indices of outdoor and indoor 

contamination.

In Europe the lowest range of concentrations in the air amounts to 0.1-0.5 ng/m

3

. The 

higher ranges 0.5-6 ng/m

3

, are generally connected with areas of high emission (WHO, 2003).

The toxic effect of most concern from exposure to PAHs is cancer.  The most important 

exposure route for lung cancer appears to be inhalation.  A unit risk for BaP (lifetime exposure to 

a mixture represented by 1 ng/m

3

 BaP) is estimated to be 8.7 x 10

-5. 

Determination 1-HP in urine can be considered as very valuable tool for assessing the 

internal exposure to environmental PAHs. Interlaboratory quality control and reference materials 

are available. 

Phenantrene tetrol is thought to serve as indicator of the human bay-region dihydrodiol 

epoxides, which are the most important carcinogenic metabolites of higher molecular weight 

PAHs  such as benzo[a]pyrene. Therefore phenantrene tetrol may be used as biomarker of 

exposure to PAHs but requires further validation. 
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6.5. Cotinine

6.5.1. Sources, presence in the environment, human exposure.

Environmental tobacco smoke (ETS) is a complex mixture of thousands of compounds in 

particulate and vapor phase, and cannot be measured directly as a whole. Instead markes such as 

nicotine are used to quantify environmental exposure.  Inhalation of tobacco smoke is the main 

source of nicotine exposure for the general population. Cigarettes contain about 1.5 % nicotine by 

weight. In the United States, nicotine concentrations in homes where smoking occurs ranged 

from less than 1 µg/m

3

 to over 10 µg/m

3

 (WHO, 2000). 

6.5.2. Toxicokinetics

Up to 92 % of the nicotine delivered in smoke is absorbed from the lungs into the blood stream.  

Nicotine has a half-life in blood plasma of several hours. Cotinine is a metabolite of nicotine and 

has a half life in blood plasma of about 16 hours (CDC, 2005).   

6.5.3. Health effects in humans

Tobacco use is the most important preventable cause of premature morbidity and mortality. The 

consequences of smoking are well known and include an increased risk for cancer, emphysema, 

cardiovascular disease, and possibly other diseases.

Tobacco smoke is considered a human carcinogen by IARC and NTP. Lung cancer is the 

leading cancer-related killer, and smoking is by far the leading cause of lung cancer. More 

recently, coronary heart disease and prothrombic risk factors have been associated with (ETS) 

exposure. ETS may exacerbate asthma among susceptible children and increase the risk for lower 

respiratory-tract illnesses, such as bronchitis and pneumonia, among young children. Exposure to 

ETS has also been associated recently with decrements in pulmonary function in adults with 

asthma (CDC, 2005). 

Based on the combined evidence from several studies, WHO has estimated that some 9 -

13 % of all cancer cases can be attributed to ETS in a nonsmoking population of which 50 % are 

exposed to ETS. In infants, the proportion of lower respiratory illness attributed toETS exposure 

can be estimated at 15-26%, assuming that 35% of the mothers smoke at home.  Those estimates, 

when applied to the European population, will result in approximately 3000-4500 cases of cancer 

in adults per year, and between 300000 and 550000 episodes of lower respiratory illness in 

infants per year, which are expected  to be related to ETS exposure. The US EPA also estimated 

that ETS is  responsible  for between 150000 and 300000 lower respiratory tract  infections 
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annually in the roughly 5.5 milion children  under 18 months of age, and that it excerebrates 

asthma  in about 20% of asthmatic children (WHO, 2000).   

6.5.4. Sensitive subgroups

Infants exposed to ETS at their homes. 

6.5.5. Biological indicators of exposure

Cotinine is a metabolite of nicotine and is currently regarded as the best biomarker in active 

smokers and in nonsmokers exposed to environmental tobacco smoke. Measuring cotinine is 

preffered over measuring nicotine because cotinine persists longer in the body (plasma half-life is 

about 16 hours). Cotinine can be measured in serum, urine, saliva, and hair.

Cotinine in urine

A sensitive and rapid method to assay urinary cotinine level of non-smokers using liquid 

chromatography-electrospray ionization and tandem mass spectrometry (LC-ESI/MS/MS) was 

developed and validated by Song et al.(2005) Urine samples were extracted with methylene 

chloride (liquid-liquid extraction on Chem Elut column). Sample was analysed with HPLC 

method on RPC18 column and then examined using a mass spectrometer with electrospray 

ionization source in multiple reaction monitoring (MRM) mode. LOD for cotinine was 0.3 ng/ml. 

Method was validated using cotinine concentration of 0.8 to 102.4 ng/ml. 

Cotinine in serum.

Nonsmokers exposed to typical levels of ETS have serum cotinine levels of less than 1 ng/ml 

with heavy exposure to ETS producing levels in the 1-10 ng/ml range. Active smokers almost 

always have levels higher than 10 ng/ml range and sometimes higher than 500 ng/ml . 

Serum cotinine levels were measured in a subsample of nonsmoking NHANES 

participants aged 3 years and older. Participants were selected within the specific age range to be 

representative of the US population. Nonsmoking was defined as a serum cotinine level of less 

than or equal to 10 ng/ml. Geometric mean for the whole investigated group (n = 6813 in 2001-

2002) was 0.062 ng/ml. In the age groups 3 – 11 years; 12 – 19 years, and 20 years and older 

GMs amounted to 0.11; 0.086 and 0.052 ng/ml (CDC, 2005). 

Cotinine in saliva

Saliva is collected with a special device – Salivette (Sardstedt) to obtain 0.5 – 4 ml of clear 

sample. The chromatographic methods used for quantification of cotinine in saliva are: packed 
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column gas-chromatography with a nitrogen-phosphorous flame-ionization detector, capillary 

column gas-liquid chromatography with coupled by mass-spectrometer employing electron 

impact or chemical ionization; selected ion monitoring (SIM GC-MS) and liquid chromatography 

atmospheric pressure ionization tandem mass-spectrometry. The detection limits for the above 

mentioned methods range from 0.05 – 5 ng/ml.

Liquid chromatography-atmospheric pressure chemical ionisation tandem-mass spectrometry 

(LC-APCI-MS-MS) has been described as a sensitive and specific method, and has been 

developed for saliva cotinine and 3-hydroxycotinine concentration (Bentley et al. 1999) (Bentley 

et al. 1999) with the limit of detection of 0.05 ng/ml and 0.10 ng/ml, respectively. The method 

involved automated solid phase extraction of analytes from saliva. Median concentrations of < 

0.05 ng/ml for self-reported unexposed nonsmokers, 0.65 ng/ml for nonsmokers reporting some 

ETS exposure and 1.28 ng/ml for nonsmokers living with smokers were found (Phillips et al. 

1999).

In a measuring nicotine intake in population surveys (Jarvis et al. 2003), cotinine assays in 

plasma and saliva were performed using gas chromatographic method with LOD 0.1 ng/ml, and 

coefficient of variation about 13% at the concentration of 1 ng/ml, and 3% for concentrations of 

100 ng/ml and above (Jarvis et al. 2003). On average, concentrations in saliva were 25% higher 

than in plasma.

Cotinine in hair

In one of a pioneer study of nicotine exposure measurement in hair nicotine and cotinine 

collected from 24 infants 3-36 months old (samples of 10-20 mg of hair) were analysed with 

liquid chromatography and UV detector (HPLC/UV – 254 nm); LC8DB column, and mobile 

phase: water-acetonirtile-buffer pH=4.7; with LODs of 0.2 ng nicotine/mg hair and 0.1 ng 

cotinine/mg hair. Nicotine concentration in non-exposed infants (1.3 ± 1.7 ng/mg hair) was 

significantly different (p<0.0001) from that in occasionally exposed infants (6.8 ± 2.1 ng/mg 

hair) and that in infants passively exposed to smoke (15.4 ± 6.7 ng/mg hair) – p<0.0001 (Pichini 

et al, 1997).

The new methods of radioimmunoassay with highly specific monoclonal antibody may be 

used for determination of cotinine in hair with LOD of 0.02 ng/mg hair (when 5 mg sample is 

analysed) (Klein J. et al., 2004)
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6.5.6. Conclusions

ETS has been shown to increase the risks for a variety of health effects in nonsmokers exposed at 

typical environmental levels. Acute and chronic respiratory health effects on children have been 

demonstrated at the homes where smokers dwell. There is no evidence for a safe exposure level. 

The unit risk of cancer associated with lifetime ETS exposure in a home  where one person 

smokes is approximately 1 x 10

-3

 ( WHO, 2000)

Cotinine is a major metabolite of nicotine and in levels in biological material are used to 

track exposure to ETS among non-smokers. 

Validated analytical methods, reference materials and external interlaboratory quality 

assurance systems are available

6.6. Phtalates

6.6.1. Sources, presence in the environment

Di(2-ethylhexyl)phtalate ( DEHP) is widely used as a plasticiser for PCV and other synthetics. 

Apart from this application, accounting for ca. 90-95% of the total volume produced, DEPH is 

also used in dispersions, glossy paints and as an emulsifier. Moreover, phthalates are used as 

repellents, as substrate fluid in biocide formulations and in cosmetics. An annual amount of 

10.000 to 150.000 t, or 1 – 5 % of the total DEHP production, is estimated to be released directly 

into the environment. 

On top of this, DEHP can evaporate, get solubilized or abraded from the synthetics, since 

the compound is not chemically bound to the main constituents.

Due to its migration into surronding media, the uptake via DEHP-contaminated food 

plays a major role in exposure. 

6.6.2. Health effects in humans

There is an increasing number of scientific workers who consider phtalates in general and DEHP 

in particular as endocrine disruptors of the non-classic type, or refer to them as “Trojan horses”. 

This means that DEHP interferes with the endocrine system by deregulation of hormone 

synthesis and hormone metabolism rather than by means of an inherent hormonal activity. Such 

mechanism of action is postulated not only for DEHP but also for another important phtalate, 

dibutylphtalate (DBP), where effects similar to those of DEHP have beeen observed. 

Human biomonitoring data from the NHANES conducted in the USA (CDC, 2003 and 

2005) as well as data from Germany (Koch et al., 2004) have demonstrated for the first time that 

the general population is ubiquitously exposed to DEHP and other plasticisers. Several studies 

were conducted in a selected cohort in Southern Germany and among kindergarden children 
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(Koch et al., 2003 and 2004) on the excretion of DEHP metabolites in urine. These studies 

suggest that both the TDI and the RfD levels are exceeded in a considerable part of the 

population. Moreover, children who are the most vulnerable group appear to be subject to a 

higher exposure than adults (Koch et al., 2004). 

6.6.3. Biological monitoring

The secondary metabolites of DEHP in urine , namely 5OH- and 5oxo-MEHP (2-ethyl-5-

hydroxy-hexylphtalate and 2-ethyl-5-oxo-hexylphtalate) constitute parameters of biomonitoring 

which are extremely reliable  and provide much better evidence of DEHP exposure than the 

formerly used parameter , MEHP( mono(2-ethylhexyl)phtalate) or measurements of the external 

DEHP exposure ( Latini,2005).

In order to perform such kind of chemical analysis, relatively sophisticated 

instrumentation ( LC/LC-MS/MS) and laboratory performance is required ( Silva et al., 2003).

7. Other biomarkers of exposure used on routine basis for the evaluation of the magnitude 

of exposure against the reference values or to compare the levels and trends of 

exposure in different regions or countries. 

7.1. Volatile organic solvents (VOC’s)

7.1.1. Biomarkers of exposure  
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Volatile organic compounds belong to a broad scale of chemicals with high production 

levels all over the world and widespread applications in industry, trade and private households. 

According to the definition given by the European Communities the expression “ volatile organic 

compounds means any organic compound having, at 293.15 K, a vapor pressure of 0.01 kPa or 

more, or having a corresponding volatility under the particular conditions of use (Heinrich-Ramm 

et al., 2000). Different chemical substance classes with different solubility and toxicity profiles 

are covered by this term.

In principle, two different types of exposure can be found for VOCs, exposure in the 

environmental settings and workplace exposure. In environmental settings, the exposure profile is 

often unknown. Therefore, a qualitative overview of the VOCs present in the body fluids of the 

study group might be of interest before selecting VOCs for a quantitative analysis. 

Environmentally caused VOCs levels are at last one order of magnitude lower compared to 

occupational limit values in biological material. 

HBM of VOCs may be accomplished both by determining unchanged compounds in 

blood, exhaled air or urine or metabolites in urine. In every case kinetics of elimination must be 

known. Generally for compounds with half-life (t
1/2

) of elimination < 6 h, elimination from the 

body will be completed within 16 h after termination of exposure. When t 
½

 > than 6 h VOCs are 

accumulated in the body and the time necessary for reaching the steady state level depends on the 

t
1/2

 value. 

In occupational settings the BM of exposure to volatile organic compounds (VOCs) is 

based mainly on the determination of specific metabolites in urine. This approach has been 

developing since biological monitoring started to be applied and most of the recommendations on 

exposure assessment concern the level of metabolites in urine. However, 

VOCs are almost as a rule present in mixtures. The other disadvantages involve unspecificity in 

terms of either an observed baseline level for unexposed persons or because the metabolite may 

be formed by several exposure chemicals. 

   Relevant literature reports mainly determining unchanged compounds in blood and exhaled air

for a simultaneous screening and quantitative determination of VOCs in biological material. 

However, the determinations of unchanged compounds in blood and exhaled air have not gained 

wide acceptance mainly because the first one is invasive and in the second one the sampling is 

difficult. What is more, the half-life of the first phase of VOCs elimination from blood and 

expired air is very short and the concentration can decrease by half within several minutes after 

exposure termination. 
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Determination of unchanged VOCs in urine was recommended mostly for short-chain 

alcohols and ketones (ACGIH, 2005; DFG, 2005). They possess a high–to medium water 

solubility and are easily excreted in urine without metabolism by a simple diffusion process 

(acetone, methyl isobutyl ketone, methanol). 

Determination of unchanged compounds in urine has been recommended in occupational 

settings by few scientific groups also for the biomonitoring of other chemical classes of VOCs. 

Ghittori et al. (1987) proposed what they called a ‘biological equivalent exposure limit’ for nine 

solvents (acetone, 2-cyclohexane, 1,2-dichloropropane, n-hexane, methyl-ethyl ketone, 

perchloroethylene, styrene, toluene, 1,1,1-trichloroethane). High correlation (r = 0.87-0.96) was 

found between the concentration of these solvents in the air and the concentration of unchanged 

compounds in urine samples collected during the first four hours of work shift. There were also 

attempts to use the determination of unchanged VOCs in urine to assess exposure to low

concentrations of gasoline vapour components during the offloading of tankers and railway 

wagons (Hakkola et al.,2001), during tank lorry loading (Vainiotalo et al., 1998) and in road 

tanker drivers (Saarinen et al., (1998). During the offloading the concentrations of VOC vapours 

were very low. For benzene, toluene, xylenes, trimethylbenzenes, MTBE and MTAE, the 

geometric mean concentrations amounted to 0.10; 0.61; 0.68; 0.50 0.69 and 0.27 mg/m

3

respectively. In spite of the very low exposure, the correlation coefficients between the 

concentrations in the breathing zone and in urine samples collected at the end of shift amounted 

from 0.411 to 0.981. Vainiotalo et.al.(1998) and Saarinen et al. (1998) found a correlation 

between MTBE and TAME concentrations in the breathing zone and the excretion of unchanged 

compounds in urine collected after the shift. Determinations of toluene and xylenes (Tageuchi et 

al., 2002) or tetrachloroethylene (Ghittori and Sarello, 1994) were also performed, showing a 

correlation between the concentration of these compounds in the air and in urine samples 

collected at the end of exposure. 

The conditions concerning urine sampling and sample storage were investigated and 

general conclusions have been reached (Ikeda, 1999; Fustitioni et al, 1999). Determinations can 

be performed by means of gas chromatography after VOCs’ separation from urine by means of 

traditional ‘head space’ (HS) or head space solid phase microextraction (HS-SPME) (Fustitioni et 

al., 1999; Fustitioni et al., 2000). Limit of detection for the HS-SPME procedure amounts to 

about 0.1 mg/l of urine and the within series imprecision to ± 5%. 

Generally, the results reported in literature show that the measurement of urinary 

excretion of unchanged solvents provides a highly sensitive and specific exposure index. This 
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method and can be applied to the biological monitoring of occupational exposure to low levels of 

solvents or, what is more important to solvent mixtures. 

 The arguments for the use of this method are the noninvasive specimen collection, the 

possibly minor kinetic influence in comparison with VOC levels in blood, and the simultaneous 

quantification of mixture compounds in a single urine sample. The arguments against include the 

small percentage of lypophilic VOCs excreted in urine, increased analytical requirements, 

probability of VOCs loss during the pre-analytical phase, and a more complex sample handling. 

Taking into account the toxicity and possible exposure of certain groups of general 

population only benzene can be taken into account as the possible choise for HBM in Europe.

7.1.2. Benzene

7.1.2.1. Sources, presence in the environment, human exposure

Benzene is widely distributed in the environment. The exposure scenario of most concern   

is low-level inhalation over long period of time. General population is exposed to benzene mainly 

through inhalation of contaminated air, particularly in heavy taffic areas and around gas stations, 

and through inhalation of tobacco smoke from both active and passive smoking. 

Measured levels of benzene in outdoor air range from 0.00006 to 0.1 mg/m

3

. People 

living in cities are generally exposed to higher levels of benzene in air than those living in rural 

areas. Also the people living near hazardous waste sites, petroleum refining operations, 

petrochemical manufacturing sites, or gas stations may be subject to a higher-level exposure 

(Toxicological Profile, 2005).

Due to the suspected carcinogenic properties (leukemia) the occupational exposure TWA 

limits were lowered to 1.6 mg/m

3

 (U.S.ACGIH), 3 mg/m

3

 (U.S. OSHA), 0,32 (U.S. NIOSH), 3 

mg/m

3

 (E.U.). In Germany the TRK value amounts to 8 mg/m

3

. 

7.1.2.2. Toxicokinetics

Absorption of benzene may occur through inhalation of vapor or through skin. 

Approximately 60 % of inhaled benzene is absorbed in the lungs. 

After termination of exposure 16 – 50 % of the absorbed benzene is exhaled unchanged. 

The elimination of benzene from blood follows first order kinetics with 3 consecutive half-times 

of approximately 10-15 min, 40 – 60 min and 16-20 h.. Benzene is metabolized in the liver. The 

main product of metabolism is phenol which is eliminated in urine in the form of glucuronide or 
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sulphate at levels of about 45 % of the amount absorbed. The biological half time amounts to 

about 5–6 h. Other metabolites, diphenols, quinones, t,t-muconic acid ans S-phenylmercapturic 

acid make up about 1 –3 % of total amount of benzene absorption. 

7.1.2.3. Health effects in humans

Benzene is classified by IARC as a Group 1 human carcinogen several recent studies have 

demonstrated that exposure to benzene at low levels does increase the risk of leukemia. 

According to the  review  of epidemiological studies made by Brautbar and Wu  (2006)  benzene 

is  non-threshold hematotoxin and leukaemogen at levels just above zero , ranging in the order of  

ppb ( 3.2 mg/m

3

 )  to less than 10 ppm ( 32 mg/m

3

). 

Under US EPA’s most recent guidelines, benzene is characterized as a known human 

carcinogen for all routes of exposure based on convincing human evidence as well as supporting 

evidence from animal studies.  Based oh human leukemia data, EPA derived a range of inhalation 

unit risk values of 2.2 x 10

-6

–7.8 x 10

-6

 ( mg/m

3

) ( Toxicological Profile, 2005). 

7.1.2.4. Biological indicators of exposure

At present only three forms of biological indicators of exposure to benzene are recommended: 

unchanged compound in blood and t,t-muconic acid (MA) and S-phenylmercapturic acid (S-

PMA) in urine. In the past phenol in urine was the main indicator of internal dose, however it is 

suitable for monitoring exposure to benzene in concentrations greatly above the current OELs.

Benzene in blood

The method is invasive. The time of blood collection is of great importance because of very rapid 

concentration decrease during the first minutes after termination of exposure. According to DFG 

(2005) EKA value of 5 mg/l of blood collected at the end of exposure corresponds to the benzene 

concentration in the air of 3.3 mg/m

3

.

S-phenylmercapturic acid in urine (S-PMA)

According to different sources between 0.05% and 0.29 % (van Sittert et al., 1993, Boogaard et 

al., 1995) and 0.9 % (Stommel et al.1989) of absorbed benzene excreted in urine as S-PMA. The 

average urinary half-time of elimination was nine hours in the first phase and 45 hours during 

second phase (van Sittert et al., 1993). 

In nonexposed nonsmokers the mean concentrations of S-PMA in urine amounted to 1.5 

(Ghittori et al., 1995), 1.99 mg/g creatinine (Boogaard and van Sittert., 1995) and 0.84-1.53 mg/g 
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creatinine (Hotz et al., 1997). In smokers excretion was higher and amounted to 9.4 (Ghittori et 

al, 1993) and 3.61 mg/g creatinine (Boogaard and van Sittert, 1995).

Hotz et al. (1997) performed studies on  population of 410 workers nonexposed and 

exposed exposed to low levels of benzene. In this group, 95% and 97 % of the workers were 

exposed to less than 1.6 and 3.2 mg/m

3

. According to the regression equation, in workers 

exposed to 1.6 mg/m

3 

benzene the predicted concentration pf S-PMA in urine was 7.2 mg/g 

creatinine. This concentration was much lower than the concentration of approximately 25 mg/g 

creatinine reported by Boogaard and van Sittert (1995) and by Ghittori et al. (1995). The median 

concentration of S-PMA reported by Popp et al.(1994) was 6.9 mg/g creat. among car mechanics 

(median concentration of benzene in the air 2 mg/m

3

). 

ACGIH (2005) recommends monitoring S-PMA in urine, collected at the end of work 

shift. The value of 25 mg/g creat. is recommended as BEI. The test is specific, but inhalation of 

tobacco smoke will elevate the background values. Also according to the German DFG (2002) 

concentrations of S-PMA in urine of 25 mg/g creat. corresponds to the 1.9 mg/m

3

 of benzene in 

the air. 

The recommended analytical method is GC-MS and the limit of detection should amount 

to 1 mg/l urine (ACGIH, 2005). External quality control available 

Relationships between external exposure to benzene and excretion on S-PMA in urine 

have been evaluated in field studies. Controlled laboratory and simulation studies were not 

available. 

t,t- Muconic acid in urine (t,t-MA)

The percentage of inhaled benzene that is eliminated in urine as t,t-MA amounts to about 1.4 –

2.0 %. t,t-MA is considered to have a half-life comparable to that of phenol (5.7 hours) (ACGIH, 

2005). 

 The mean urinary t,t-MA biological levels in nonsmokers were generally below 0.15 mg/ g creat. 

and the mean values reported by different authors amounted to 0.13 mg/g creat. (Lee et al., 1993), 

0.06 mg/g creat. (Lauwerys et al. (1994), 0.067 mg/g creat. (Ghittori et al. (1996), 0.065 mg/g 

creat. (Ruppert et al., 1997). In smokers the respective values were higher and amounted to 0.19; 

0.13; 0.207; 0.13 mg/g creat.

t,t-MA has been shown to be a minor metabolite of sorbic acid, a well known food 

additive. According to Ducos et al. (1990) after ingestion of 200 mg dose of sorbic acid t,t-MA 

concentrations in urine of two volunteers increased from below 0.04 to 0.61 – 0.66 mg/l. Ruppert 
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et al. (1997) deducted that typical dietary intake of sorbic acid of 6 to 30 mg/day accounts for 10-

% to 50 % of background t,t-MA in nonsmokers and 5 to 25 % in smokers.

Relationship between external benzene exposure and excretion of t,t-MA in urine have 

been evaluated in numerous field studies. In papers published between 1992-1998 concentration 

of t,t-MA in urine calculated  based on regression equations as the equivalent to the 1.6 mg/m

3

 of 

benzene in the air amounted from 0.208 to 1.000 mg/g creat. (ACGIH, 2002). 

ACGIH (2005) recommends BEI of 0.5 mg/g creat. in urine samples collected at the end 

of work shift as equivalent to 1.6 mg/m

3

 benzene in the air. According to the German DFG 

(2005), urine t,t-MA concentration of 1.6 mg/l corresponds to the 1.9 mg/m

3

 of benzene in the 

air. 

Analytical methods, external quality assurance and reference material available. 

Benzene in urine

 Fustinoni et al. (2003) investigated groups of filling attendants, urban policeman and 

controls exposed to benzene in mean concentrations of 61, 22 and 6 mg/m

3

. The concentrations 

were much lower than in the previous studies mentioned above. Significant differences were 

found among groups. The mean values of end-shift S-PMA were 6.6, 5.9 and 5.0 mg/l, the mean 

values of t,t-MA 73, 129 and 40 mg/l and the mean values of benzene in urine 603, 220, and 154 

ng/l. A significant correlation was found between urinary benzene, but not t,t-MU or S-PMA, and 

personal exposure to benzene. 

7.1.2.5 Conclusions 

`t,t-MA and S-PMA are the minor metabolites of benzene and taking into account genetic 

differences, analytical problems, and influence of smoking or intake of sorbitol it is not surprising 

that their concentrations in urine being equivalents of exposure to benzene in concentration of the 

present ACGIH TLV-TVA 1.6 mg/m

3

 were not clear. In addition the relationships between 

external exposure to benzene and excretion in urine have been evaluated only in field studies. 

The presently recommended value of S-PMA and t,t-MA can be considered  rather poor 

indicators of exposure. However, on the group basis they can provide information on the 

potential additional absorption through the skin. Determination of both metabolites requires 

sophisticated methods of instrumental analysis such as GC-MS (S-PMA) and HPLC (t,t-MA). 

The concentration of benzene in urine voided after the workshift was shown to be related 

to the concentration of benzene in the breathing zone (Ghittori et al., 1993). At the very low 
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concentrations of benzene, this method of evaluation of exposure was better than determination 

of S-PMA or t,t-MA (Fustinoni et al., 2003). This method is quite promising but controlled 

laboratory studies aiming at validation of these three methods will be necessary.

7.2. Pesticides 

7.2.1. Classification 

Pesticides are ubiquitous contaminants of our environment. They comprise a large group 

of chemical compounds used in pest control, including insecticides, fungicides, herbicides, 

rodenticides, molluscicides, and others. In the United States there was about 620 pesticidal active 

ingredients, which were formulated into approximately 20 000 different products registered with 

the Environmental Protection Agency (EPA) (Barr et al., 1998). 

Pesticides are classified in a number of different ways (e.g. by chemistry, mode of action, 

or type of application).

Herbicides

Herbicides can be classified by several methods, including selectivity, mode of action 

method of use, and chemical structure. Common structural components are chlorophenoxy, 

chloroacetamide, bipyridynium, and triazine herbicides. 

Chlorophenoxy Herbicides

Include 2,4-dichlorophenoxy)acetic acid ( 2,4-D), 2,4,5- trichlorophenoxy)acetic acid 

(2,4,5-T),2-(2,4,5-trichlorophenoxy)propioni acid (SILVEX), [4-chloro-a-tolyl]acetic acid 

(MCPA).  

Chloroacetamide herbicides

Include alachlor, metolachlor, acetochlor and propanil. 

Bipirydinium herbicides

Include paraquat, diquat and difenzoquat.

Triazines

The traizine herbicides consist of a six-member ring with three nitrogens arranged 

symmetrically around the ring. Some of the more commonly used herbicides are atrazine, 

simazine, metribuzin, cyanazine, and propazine.    

Insecticides

Chlorinated hydrocarbon insecticides
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Have beeen categorized into three groups:

DDT-type compounds:  1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane (DDT), methoxychlor, 

dicofol, ethylan.

Hexachlorocyclohexanes (HCH): mixture of eight isomers.The gamma isomer lindane is 

particularly toxic  

Cyclodienes: group of highly chlorinated cyclic hydrocarbons that contain endomethylene bridge. 

Include chlordane, heptachlor, aldrin, dieldrin, endrin, endosulfan. 

Organophosphate insecticides

Organophosphates are a large class of pesticides with characteristic basic structure: 

R

1

 and R

2

  are usually simple alkyl- or aryl- groups , both of which  may be bonded directly to 

the phosphorous atom or linked by an –O or an –S bridge.  The characteristic of the leaving 

group, R

3

, result in the placement of most organophosphates into four major categories: 

1/ R

3

 contains quaternary nitrigen,

2/ R

3

 = F

3/ R

3

 = CN, OCN, SCN,  or a halogen other than F,

4/ R

3

= other moieties such as alkyl, alkoxy, or alkylthio, aryl, or heterocyclic.

The most popular include: ethyl parathion, malathion, diazinon, fonofos, profenofos.  

Carbamate insecticides

Carbamates are derivatives of carbamic acid, RO-C-N(CH
3
)R’, where R can be an oxime, 

an alcohol, or a phenol. R’ is often hydrogen or a methyl group.  The most popular include: 

carbaryl, carbofuran, methomyl, aldicarb. 
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Pyrethroids

Include: permethrin, deltamethrin, cypermethrin, fenvalerate, allethrin, resmethrin. 

7.2.2 Human exposure

Unlike other man-made chemicals, exposure to pesticides may affect a large part of the human 

population, including workers involved in their industrial manufacture, formulation and 

application in agriculture and a part of the general population who may experience exposure 

through domestic use and consumption of contaminated food and water. 

In the case of pesticides where occupational exposure, mainly in agriculture, fluctuates in 

time and the skin is a significant route of absorption (Zhang et al. 1991), biological monitoring 

constitutes an important tool for obtaining information on exposure and the possible early health 

effects.

7.2.3. Health effects in humans

The most common pesticide poisonings arise from exposure to organophosphates and 

carbamates. Exposure to these insecticides produces broad spectrum of acute effects, all of which 

appear to be of cholinergic origin although chronic effects are of increasing concern. Chronic 

effects of exposure to pesticides include neurotoxicity, immunological effects, reproductive 

effects, developmental effects, and carcinogenicity. Increased risk of spontaneous abortions and 

dercreased birth weight were reported. Substantial toxicological evidence suggests that low-level 

exposure to organophosphate pesticides affects neurodevelopment and growth in developing 

animals (Anwar, 1997).  

7.2.4. Biological indicators of exposure

Unfortunately, biological monitoring of occupational exposure to pesticides is not usually 

carried out in routine field activities. At present the number of biological exposure indices 

recommended by ACGIH (2005) is limited to organophosphorous pesticides (OP) (measurements 

of cholinesterase (AchE) activity in red blood cells and p-nitrophenol, the metabolite of parathion 

in urine) and pentachlorophenol (PCP) in urine and plasma. The German BAT values are 

available for lindane (blood, serum), for AchE activity and parathion (DFG, 2005). Biological 

limit values for dieldrin, endrin, DDT, coumarins, 4-chloro-2-methylphenoxyacetic acid 

(MCPA), and 2,4-dichlorophenoxyacetic acid (2,4-D) were also proposed by a Study Group of 
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the Scientific Committee on Pesticides of the International Commission on Occupational Health 

(Maroni et al., 2000). 

It seems that this situation is dynamic and the biological monitoring of pesticide exposure 

is gaining more and more attention both in occupational (agriculture) and environmental settings 

(Duggan et al., 2003). 

A considerable progress has been made in the field of analytical methods. Most of the 

studies aim at measuring metabolites or unchanged compounds in urine and/ or blood. The choice 

of the method should be based on the study objective. For monitoring the general population the 

limit of detection (LOD) of the analytical methods must be about 1 mg/l, higher values apply to 

the monitoring of the occupationally exposed workers. Aprea et al.(2002) reviewed the analytical 

methods currently used in this field. In the case of organophosphates it is possible to measure 

unchanged compounds or their metabolites, mainly alkylphosphates (AP). The most commonly 

used analytical methods are GC with photometric detection (GC-FPD), or mass detection (GC-

MS). The LODs for AP amount to about 1 mg/l of urine. Recently CDC has developed a 

scientifically sound GC-MS-MS methodology to quantify the non-specific AP (Bravo et al., 

2002). GC with electron capture detector (GC-ECD) is used for the measurement of 

organochlorine pesticides. The LODs for these methods are between 1 ng/l and 1 mg/l..

There is rapidly growing body of evidence from biomonitoring studies aimed at evaluation of 

exposure, mainly to OP compounds, among pesticide applicators (Simcox et al., 1999; Maroni et 

al., 1998; Tuomainen et al., 1996; Leng et al., 1997; Harris et al., 2001; Anwar, 1997) and their 

families as well as in members of the general population (pesticide residues in food and 

pesticides in the communal environment). There is a special concern about the biological 

monitoring of environmental exposure of children which, depending on age, may come into 

contact with dust and soil as well as of pregnant women’s exposure (Curl et al., 2003; Adgate et 

al., 2001; Fenske et al., 2002; Aprea et al., 2000; Whyatt et al., 2003; Loewenhertz et al., 1997).

    The analytical methods for biological monitoring of pesticide exposure have been 

developing much faster than the capacity for interpreting the results of the 

determinations. Angerer (2002) presented the results of the studies conducted among 1000 

representatives of the general population in Germany. The study revealed metabolites of 

organophosphorous pesticides, dimethylphosphate and dimethylthiopohosphate in about 80 % of 

the study population while diethylphosphate was detected in about 70 %. 

The health-based interpretation of results is lacking as a rule and the biological 

monitoring is used mainly to assess the exposure, by comparing the findings with  pre-exposure 
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levels or reference values. As the LODs of the analytical methods for biological monitoring 

continue to decrease the reference doses also become lower. CDC established the reference 

ranges for several pesticides based on metabolite measurements in urine from randomly selected 

adults in the US population. These data have been used to evaluate pesticide absorption among 

the spouses and children of farmer applicators. For example in the children of pesticide 

applicators, the 2,4-D levels in the urine  exceeded the reference range (<1.0 to 1.8 mg/l) Barr et 

al.(1999). Biological monitoring was also used to calculate the daily intake that can then be 

compared with respective recommended values. For example Koch et al. (2001) determined the 

concentrations of 3,5,6 –trichloro-2-piridinol (TCPyr), a specific metabolite of organophosphates, 

chlorpyrifos (CHP) and chlorpyrifos-methyl (CHPM). The median excretion of TCPyr in non 

occupationally exposed persons was 1.4 mg/l, which corresponds to a daily intake of 2.5 mg CHP 

+ CHPM. The acceptable daily intake (ADI) amounts to 10 mg/kg bodyweight. Similar results 

were obtained in other countries. A study carried out in the USA (Hill et al., 1995) yielded the 50 

percentile of 3 mg/l, and an Italian study (Aprea et al., 2002) the geometric mean of 2.8 mg/g 

creatinine.

7.2.5. Conclusions

HBM of environmental exposure to pesticides is technically feasible. HPLC with the 

tandem MS-MS detector seems to be the method of choice. Pesticides are included in the CDC 

scheme. However different pesticides are used in particular countries and thus reaching an 

international consensus may be difficult. 

7.3. Arsenic

7.3.1. Sources, presence in the environment

Inhalation of arsenic from ambient air is usually a minor exposure route for the general 

population. The estimated daily intake may amount to about 20-200 ng in rural areas and 400-600 

ng in cities. 

Drinking water may contribute significantly to oral intake in regions where there are high 

arsenic concentrations in well-water or in mine drainage areas. More common drinking-water 

sources generally contain arsenic in concentrations of less than 10mg/l. Unusually high levels 

have been reported in carbonate spring waters (0.4-1.3 mg/l) or in artesian wells (Taiwan, China, 

India) up to 1.8 mg/l. 
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Marine organisms may contain large amounts of organo-arsenicals (e.g. arsenobetaine). 

These arsenic derivatives do not produce acute toxic effect because of their low biological 

reactivity and their rapid excretion in urine.

7.3.2. Health effects in humans

The clinical picture of chronic poisoning with arsenic varies widely. The US EPA, which 

considered hyperpigmentation, keratosis and possible vascular complications (blackfoot disease) 

as the critical effects, adopted the value of 0.3 mg/kg per day as the reference dose for human 

chronic exposure.

Significantly elevated standard mortality ratios for cancer of the bladder, liver, kidney, 

skin and colon were found in the populations living in the area of Taiwan, where arsenic 

contamination of the water supply was endemic. According to US EPA the maximum likelihood 

estimate (MLE) of skin cancer risk for a 70 kg person drinking 2 l of water per day ranged from 1 

x 10 

-3

 to 1 x 10

-2

 for the arsenic intake of 1 mg/kg/day. Expressed as a single value, the cancer 

unit risk for drinking water is 5 x 10

-5

 per mg/l (IRIS. 1994). 

Arsenic is a human carcinogen. Lung cancer is considered to be critical effect following 

inhalation. At an air concentration of 1mg/m

3

 an estimate of lifetime risk is 

1.5 x 10

-3

. This means that the excess lifetime risk level is 1:10 000 at an air concentration of 

about 66 ng/m

3 

(WHO, 2000). 

7.3.3. Biological monitoring

In the case of exposure to inorganic arsenic, the only significant arsenic species excreted 

in urine are monomethylarsonic acid (MMA), about 15%; dimethylarsinic acid (DMA), about 

64%; and inorganic arsenic (Asi), about 21% (Hopenhayn-Rich et al., 1993). Among copper 

smelter workers, the mean half -time of urinary arsenic excretion were approximately 8, 12, 20 

and 40 for AS

V

, As

III

, MMA and DMA (Hakala and Pyy, 1995). 

The determination of total urine concentration of inorganic arsenic metabolites (Asi, 

MMA, and DMA) has been generally accepted as the method for biological monitoring of 

environmental exposure to inorganic arsenic. Measurement with direct hydride-technique AAS 

gives an estimate of the sum of inorganic arsenic species. It has been assumed that this 

measurement is not influenced by the presence of organoarsenicals (arsenobetaine) of dietary 

origin. However it seems, that consumption of certain types of seafood may result in a slightly 

increased excretion of DMA in urine. 
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According to Wilhelm et al., (2004) the new reference value of 15 mg/l is only valid if a 

consumption of fish or seafood during the last 48 h before sample collection can be excluded. 

7.4. Polychlorinated Dibenzo-p-dioxins, polychlorinated dibenzofurans, and coplanar and 

mono-ortho-substituted polychlorinated biphenyls 

7.4.1. Sources, presence in the environment

Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/PCDFs), often 

called “dioxins”, consist of two groups of tricyclic aromatic compounds with similar chemical 

and physical properties. The number of chlorine atoms and their positions are of utmost 

importance for the toxicological potency of each congener. PCDD/PCDFs have never been 

produced intentionally. 

The number of chlorine atoms in each molecule can vary from one to eight. Among the 

possible 210 compounds, 17 congeners have chlorine atoms at least in the positions 2,3,7 and 8 

of the parent molecule and these are the most toxic. 

7.4.2 Health effects

In animals 2,3,7,8-TCDD has been shown to be carcinogenic. The LOAEL of TCDD was the 

development of hepatic adenomas in rats at an intake of 10 ng/kg bw per day, and the NOAEL 

was 1 ng/kg bw per day. TCDD also causes thyroid tumors in male rats. 

There are many studies on the carcinogenicity of 2,3,7,8-TCDD in accidentally exposed 

workers. Epidemiological studies on the cohorts most highly exposed to 2,3,7,8-TCDD produced 

the strongest evidence of increased risks for all cancers combined, along with less evidence of 

increased risks of for cancers of particular sites.

Studies of non-cancer effects in children have indicated neurodevelopmental delays and 

neurobehavioral effects. 

As 2,3,7,8-substituted PCDD/PCDFs and coplanar polychlorinated bifenyls (PCBs) are 

believed to act through a common toxicological mechanism, a toxic equivalency factor (TEF) 

concept has been established. The toxic potencies of all substances are related to the most potent 

substance of the group 2,3,7,8-TCDD. The toxicity of TCDD is set to 1.0 and all the other 

substances are given individual toxicity factors, which are fractions of 1.0. Thus the combined 

toxicity of all congeners in the sample, expressed as a toxic equivalent (TEQ) can be calculated 

by multiplying the amount or concentration of the individual substances with the respective TEF 

and adding the products. 
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Commercial polychlorinated biphenyls (PCBs) products are always a mixture of different 

congeners. Theoretically, 209 individual congeners are possible, but only about 130 of these have 

been identified in commercial products. Among the 209 individual PCB congeners, some have a 

chemical structure that enables the molecule to fit into the ligand-binding domain of the Ah 

receptor. These congeners exhibit numerous biological effects similar to those caused by dioxins, 

and they are thought of as dioxin-like. Typically, dioxin-like PCB congeners have chlorine 

substituents in para and meta positions and, at the most, in one ortho position. To date they are 

twelve PCB congeners that have been assigned toxic equivalency factors (TEF).

7.4.3 Human exposure

The WHO expert group calculated that reliable LOAEL probably could be found in the 

range of 14-37 pg/kg bw. By applying an uncertainty factor of 10 it proposed a TDI of 1 – 4 

pg/kg bw per day. The group emphasized that the TDI represents a tolerable daily intake for 

lifetime exposure, and that occasional short-term excursions above the TDI would have no health 

consequences provided that the average intake over long periods was not exceeded. In 2001, the 

European Commission and the Scientific Committee for Food proposed a temporary TWI of 14 

pg/kg bw for 2,3,7,8-PCDD/PCDFs and dioxin like PCBs. 

Information from food surveys in industrialized countries indicates a daily intake of 

PCDD/PCDFs in the order of 50 – 200 pg I-TEQ/person per day for a 60-kg adult, or 1 – 3 pg I-

TEQ/kg bw per day. If dioxin-like PCBs are also included, the daily total TEQ can be higher by a 

factor of 2 – 3 (WHO, 2003). 

7.4.4. Biological monitoring

WHO Regional Office for Europe

PCDD/PCDFs accumulate in human adipose tissue, and the level reflects the history of intake by 

individual. Breast-milk represents the most useful matrix for evaluating time trends of dioxins 

and many other POPs. Several factors affect the PCDD/PCDFs content in humans breast-milk, 

most notably the mothers age, the duration of breast feeding and the fat content of the milk. 

Studies should therefore ideally be performed on samples from a large number of mothers. The 

differences between countries and a clear decline can be seen. 

The WHO Regional Office for Europe carried out a series of exposure studies aimed at 

detecting PCBs, PCDDs and PCDFs in human milk. The first round took place in 1987-88 and 

the second in 1992-93. A third round was organized in collaboration with the GEMS Food and 

IPCS (van Leeuwen et al., 2002). Results are currently available from 21 countries. Fig 1. 
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presents the temporal trends of levels of PCDDs and PCDFs expressed in WHO-TEQ. Compared 

to adults, the daily intake of PCDD/PCDFs and PCBs by breastfed babies is 

1 – 2 orders of magnitude higher. 

Figure 1

US CDC

Lipid-adjusted serum measurements and whole-weight based measurements of PCDD/PCDFs 

and coplanar PCBs were measured in the subsample of NHANES 2001-2002 participants aged 

20 years or more. Participants were selected within the specified age range to be a representative 

sample of the U.S. population. The generally low values reported support the observation that 

human serum levels decreased by more than 80% since the 1980s. 

Only the following polychlorinated PCDD/PCDFs and coplanar and mono-ortho-

substituted PCBs had demonstrable 90

th

 percentile levels in the NHANES 2001-2002 subsample 

and those in bold letters had sufficient data for calculation geometric means:
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1,2,3,4,6,7,8,9 –octachlorodibenzo-p –dioxin GM     2.2 pg/g of serum  ( n = 1171)

1,2,3,4,6,7,8- heptachorodibenzo-p-dioxin GM 39.0 pg/g of lipid     ( n = 1220)

1,2,3,4,7,8-hexachlorodibenzo-o-dioxin

1,2,3,6,7,8-hexachlorodibenzo-p-dioxin 
* 

GM   34.6 pg/g of lipid      ( n = 1234)

1,2,3,7,8,9-hexachlorodibenzo-p-dioxin

1,2,3,7,8-pentachlorodibenzo-p-dioxin*

1,2,3,4,6,7,8-heptachorodibenzofuran GM    9.64 pg/g of lipid   ( n = 1219)

1,2,3,4,7,8-hexachlorodibenzofuran

1,2,3,6,7,8-hexachlorodibenzofuran

2,3,4,7,8-pentachlorodibenzofuran*

coplanar polychlorinated biphenyls 126* and 169 GM     22.7 and  17.9  pg/g of lipid

mono-ortho substituted PCBs 74,118* and 156*

About 80% - 90% of the total TEQ can be estimated from six of the congeners (indicated by 

asterisks).

External quality control for PCBs (6 congeners). Validated methods available (HR GC-HR MS) 

but expensive. Reference materials (PCBs and Dioxin/Furan in serum available).

7.4.5. The CALUX bioassay as an integrated approach to measure compounds with dioxin-

like activity.

Polychlorinated dibenzo-p-dioxins (PCDD) and dibenzofurans (PCDF) are two highly 

halogenated aromatic hydrocarbon families that exhibit a widespread distribution in both animal 

and human tissue and are bioaccumulated along the food chain. PCDD/Fs are generally 

chemically analyzed using a GC-HRMS method (Firestone 1991) in different human tissues, 

especially breast milk and serum. However, because of the costly and time-consuming nature of 

this method, several bio-analytical alternatives were developed for rapid screening of dioxin 

analysis. 

The CALUX bioassay (Chemical-Activated Luciferase gene eXpression) generally uses a 

genetically modified hepatoma cell line transformed with an Aryl Hydrocarbon receptor 

controlled luciferase reporter gene construct, and is more and more widely used for dioxin 

determination in blood, milk or food matrices in e.g. Belgium (Koppen et al 2001, Schroijen et al 

2004). 



80

CALUX has a number of properties that makes it an efficient and well-established biomarker for 

the determination of dioxin-like compounds in human tissues:

§ Excellent dose-response relationships for PCDD/Fs and dioxin-like PCBs;

§ Generally a good agreement between TEQ measurements obtained through the CALUX 

bioassay and chemical analyses such as GC-HRMS (e.g. Koppen et al 2001, Van Wouwe 

et al 2004);

§ Harmonization of methods and QA/QC issues are established in the DIFFERENCE 

Project (Van Loco et al 2004);

§ Critical parameters determining the sensitivity of the CALUX procedure have been 

identified and can be taken into account (Nawrot et al 2002, Windal et al 2005; Schroijen 

et al 2004);

§ A holistic and integrative measure like CALUX can take into account synergistic and 

additive effects of different dioxin-like compounds;

§ Relatively cheap with a high specificity and sufficient sensitivity to be used for human 

biomonitoring campaigns (Van Wouwe et al 2004).

Though CALUX routinely is used to investigate the presence of dioxin-like compounds in foods 

and feed, the method has also been used in a number of human biomonitoring studies. Koppen et 

al (2001) reported CALUX-TEQ values in serum of 35-37.2 pg TEQ/G fat for 50 to 65 year old 

women living in two regions of Flanders, which was comparable to CALUX-TEQ values in 

much younger women reported by Pauwels et al (2000), but considerably lower than the mean 

CALUX-TEQ values of 103.7 pg TEQ/g fat reported for young Dutch women (Brouwer et al 

1997). After the Seveso incident, Warner et al (2005) reported average CALUX-TEQ values of 

24.4 pg/g TEQ/g fat for 32 women. A large biomonitoring study (1196 mother-child cohorts) in 

Flanders, Belgium, established reference values of 23 pg TEQ/ g fat in cord blood, with P
90

values of 55 pg TEQ/G fat (Steunpunt Milieu en Gezondheid 2005). Finally in Denmark, Laier et 

al (2003) reported CALUX-TEQ values of 20.5-55.8 pg TEQ/G fat in human milk samples. 

Although it is at this point not advisable to completely replace the chemical determination of 

dioxin-like compounds by CALUX, it would be desirable to use CALUX as a relatively cheap, 

sensitive, reproducible and quantitative screening and prioritization tool and only use GC-HRMS 

as a second tier for the further and more detailed analysis of suspected samples.  
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8. Biomarkers used at present for research purposes, mostly in molecular epidemiology

8.1. DNA and protein adducts

Exposure to genotoxic carcinogens results in the formation of covalently bound adducts between 

the genotoxin and DNA, which if not repaired may lead to a mutation and alteration of gene 

function. Genotoxic carcinogens also react with many other nucleophilic sites intra- and extra-

cellularly (eg.protein, glutathione). Protein adducts are not repaired and are regarded simply as 

exposure monitors, but DNA adducts may also give further information with regard to the 

mutagenic significance of exposure. 

According to Farmer (2004) the sensitivity of the currently available methods (

32

P 

postlabelling, HPLC-MS-MS) for adduct measurement has been shown to be sufficient for 

detecting the background level of DNA and protein damage, i.e. the one observed in non-

smoking people without known exogenous exposures to electrophilic carcinogens. It appears that 

the total extent of adduct formation in normal human DNA (excluding oxidative damage) seems 

to be at least 1 modification per 10

7

 nucleotides which stands for at least 600 modified nucleotide 

molecules per adult cell and over 10

16

 modified nucleotide molecules per adult human body. This 

would indicate that the effectiveness of repair of the steady state damage is high, so that 

mutations do not accumulate excessively. 

DNA-adducts

The measurement of DNA adducts in human tissues would provide an excellent means to assess 

the genotoxic damage. A major limitation is the requirement of DNA from biopsy samples; an 

invasive procedure. An alternative, non-invasive source of tissue would be desirable. Buccal 

mucosa tissue has been successfully used to measure DNA adducts in smokers (Turesky and 

Vouros, 2004) and exfoliated urothelial cells for compounds that are associated with urinary 

bladder cancer (Bhatnagar and Talaska, 1999). White blood cells are another alternative tissue 

source. However, there are doubts as to what extent the DNA adducts in leukocytes reflect DNA 

adduct formation in target tissues. For example DNA adducts in white blood cells of rats and 

humans exposed to 2-amino-1-methyl-phenylimidazolo[ 4,5-b]pyridine (PhIP), a heterocyclic 

aromatic amine, declines rapidly and does not appear to reflect PhIP-DNA adduct formation in 

the colon or breast (Turesky and Vouros,1999). Also the relationship between smoking history 

and DNA adducts in the leukocytes has not been clearly demonstrated (Jahnke and Thompson, 

1990). According to Bhatnagar and Talaska (1999) it is not clear whether blood leukocytes are 

valid surrogate for the target tissue level in every exposure. 
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Individual differences can influence the DNA-adducts levels. As regards the polycyclic 

aromatic hydrocarbons, exposures that lead to the excretion of high concentrations of 1-HP in 

urine also lead to elevated DNA adduct levels. However, in all the populations studied, there was 

a substantial individual variation in PAH-DNA adduct levels, after oral or inhalation exposure, 

that was greater than that described for 1-HP excretion in urine. In one study, about 50-fold 

individual variations were reported among controls and about 100-fold ones among coke-oven 

workers (Rojas et al., 1995). The variations were probably due to differences in the induction of 

arylhydrocarbon hydroxylase (AHH) activity in lymphocytes and in the resulting detoxification 

of carcinogenic PAHs, the ability to repair DNA lesions, and the turnover of damaged cells. 

These individual variations resulted in a wide overlap in the ranges of values between the 

exposed and unexposed subjects in all studies. 

The levels of DNA adducts in the controls ranged from 0.2 to about 10 adducts per 10

8

nucleotides in leukocytes. Workers exposed to PAHs had elevated mean levels of adducts and a 

higher percentage of positive samples than the controls. In cases of high exposure, for example in 

coke-oven workers, 5–70 adducts per 10

8

 nucleotides have been detected. DNA adducts are much 

less sensitive in human exposure assessment than the excretion of 1-HP in urine. This method, 

however, makes it possible to identify subjects who are highly susceptible to the DNA-damaging 

properties of PAHs and who are therefore predisposed to lung cancer (Schettgen et al., 2002). 

Protein adducts

Electrophilic carcinogens can be bound to amino acid residues on such molecules as 

albumin or hemoglobin. Monitoring carcinogen-protein adducts is possible due to the relative 

abundance of certain proteins like hemoglobin and albumin in the central compartment. Blood 

samples are relatively easy to obtain. Because of the long life span of the proteins used for 

protein adduct determination as well as the stability of these adducts, that allows for their 

accumulation over the protein life-span, there are some practical advantages of determining 

protein adducts as a marker of exposure. 

Several laboratories have studied the binding of aromatic amines and alkylating agents to 

hemoglobin or albumin. Recently this has reffered to such compounds as ethylene oxide, 

propylene oxide, acrylonitrile, acrylamide (Schettgen et al.,. 2002; Hagmar et al., 2001), 1,3-

butadiene(Boogaard et al., 2001), styrene, styrene –7,8-oxide and benzene(Rappaport and 

Yeowell-O’Connel (1999), heterocyclic amines (Sabbioni (2002),dimethylformamide, 

trinitrotoluene, 4,4’-methylenedianiline (DFG,2002). Boogart et al.(2001) showed that in the case 

of low level (0.015-1.1 mg/m

3

) occupational exposure to 1,3-butadiene the correlation between 



83

airborne concentrations of 1,3-butadiene and its hemoglobine adducts 1- and 2-hydroxy-3-

butenyl valine was much better than for its urinary metabolites. Also in workers exposed to 4,4’-

methylenedianiline at concentrations below the detection limit the adducts were detected in a 

high percentage of samples (DFG, 2002). Hagmar et al. (2001) established the dose-response 

relationship between hemoglobine adducts of acrylamide and peripheral nervous system 

symptoms in tunnel workers. However, protein adducts can be seen in supposedly unexposed 

controls (Farmer, 2004; Schettgen et al., 2002; Rappaport and Yeowell-O’Connel, 1999). 

According to Bhatnagar and Talaska (1999) the determination of unchanged carcinogenic 

compounds or their metabolites with relatively short half-lives makes possible to evaluate only 

the most recent exposure (1-2 days’). Protein adducts integrate exposure over the half-life of the 

cells/ protein sampled. The estimated lifespan of hemoglobin is 120 days. With such a long 

lifespan, the day-to-day variation is minimal once exposure has reached the steady state. 

Sampling for these markers should be performed semi-annually, or annually to complement the 

medical screenings. 

The practical application of adduct measurement to improve the prevention of diseases 

caused by hazardous substances in industry is a subject of particular interest in Germany. During 

the recent DFG round table discussion on biological monitoring, two sessions were devoted to 

this problem (DFG, 2002).

Also the use of adduct measurements for evaluating occupational exposure has been 

proposed only in the German DFG recommendations (2005). The authors postulate the 

measurement of aniline released from the aniline-haemoglobin conjugation in whole blood after 

exposure to aniline and nitrobenzene the recommended concentration is 100 mg aniline released 

from the conjugate. This conjugate can be measured after a period of at least three working days 

has elapsed. The proposed value is based on the studies of 1000 workers exposed regularly to 

aniline and more than 50 employees with acute aniline intoxication. It was found that at 

methemoglobin levels of less than 5 % also less than 100 mg aniline was released from the 

hemoglobin conjugate per litre of whole blood. This approach has not been applied in any other 

recommendation. The authors of the ACGIH documentation (ACGIH,2005) stressed that the 

kinetics of this indicator was studied only in one volunteer and that the concentration of aniline 

hemoglobin conjugates varied, depending on the population (fast acetylators have a concentration 

10 times lower than slow acetylators). Also the measurement of hydroxyethylvaniline after 

exposure to ethylene oxide and ethylene was recommended by DFG. 
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The area of DNA and protein adducts measurement is developing very fast. Recent 

progress has been reviewed in the raport prepared within ECNIS, the Network of Excellence 

within the EU, 6FP (ECNIS, 2006). It appears, however, that in spite of technological 

advancement still little is known to date about the diagnostic meaningfulness of the results of 

measurements. Considerably more studies are required in order to validate this group of 

biomarkers of exposure and early effects.

8.2. Toxicogenomics

Toxicogenomics is a broad field that seeks to define the levels, activities, regulation, and 

interaction of genes, mRNA transcripts (transcriptomics), protein (proteomics), and metabolites 

(metabolomics) in a biological sample or system. The molecular signature is derived from the 

complete data set of mRNA, protein, or metabolite signals from a biologic sample using data-

reduction approaches. A useful signature is composed of an ensemble of markers that allow 

exposures or states to be distinguished with high sensitivity and high specificity.

Toxicogenomics-based methods are used in laboratory settings to develop biomarkers of 

exposure, early biologic response, and susceptibility. The approaches have been used for 

classifying exposssures to some chemicals and drugs or for calssifying health outcomes of 

cardiovascular disease and cancer based on disease status and severity (Chung et al., 2002; Coen 

et al., 2003; Griffin et al., 2004; Petricoin et al., 2004; Robertson et al., 2000; Troyer et al., 2004). 

Toxicogenomics approaches have been used for predicing the mechanism of action of toxicants 

and drugs (German et al., 2003; Toraason et al., 2004). The primary basis of classification and 

discovery in these studies is the molecular signature. The signature itself provides little 

information about the underlying mechanisms of biological response. However, once the 

discriminating elements of the molecular signature are identified, biological function can be 

inferred by mapping components to known biological pathways and verifying functionality in 

follow-up studies. 

Toxicogenomics provides an opportunity to move beyond traditional approaches to 

exposure assessment based on one chemical agent in one environmental medium (air, water, soil) 

at a time, to more realistic view of exposure involving multiple exposures at potentially low 

environmental concentrations, and multiple biologic response pathways. Achieving this goal will 

require new information and sophisticated modeling capabilities to annoate the components of 

biological patways and to describe their interactions under normal homeostatic conditions and 

after perturbation by environmental agents. Model development is time consuming, however, and 
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requires a critical mass of appropriate data from human and experimental laboratory studies to be 

collected and organized. 

Bacground levels of expression and variability for mRNA transcripts, proteins, and metabolites in 

human tissues are currently not known but must be defined if toxicogenomics methods are to be 

used to assess personal exposures in epidemiologic studies. Expression levels are expected to 

vary widely because of differences in diet, lifestyle, health status, and genetic predisposition. In 

addition, expression changes due to low-level environmental exposures may not be 

distinguishable from baseline, given to this inherent variability. 

Efforts to develop data and technology standards for transcriptomics, proteomics, and 

metabolomics are under way (Weis et al., 2005). 

8. Conclusions

This report contains basic information on the presence in the environment, health effects and the

possibility of biomonitoring of human exposure to several substances or groups of substances 

considered the priority risk factors for the general population in Europe. 

According to the Third Recommendation from the Implementation Group of Human 

Biomonitoring (September 2006) at least one of the following candidates for human biomarker of 

exposure should be measured in all Member States participating in Pilot Project: methylmercury, 

lead, cadmium cotinine. In addition to these, biomarkers of additional pollutants are 

recommended, under the condition that at least five Member States are interested in the same 

compound. Additional candidate pollutants so far are phthalates, PAHs, brominated flame 

retardants, bisphenol A, perfluoroalkylated compounds. 

This list of pollutants that can be regarded as priority for human biomonitoring, is 

generally concordant with that of priority risk factors published in 2005 by PINCHE (Appendix

1) as result of  the program Policy Interpretation Network on Children’s Health and Environment 

financed by DG research as a Thematic Network in the 5 FP, Key Action 4: Environment and 

Health. .  

PINCHE classified mercury and environmental tobacco smoke as the high and lead and 

cadmium as the medium priority for action. However, the recently published research findings 

discussed in the present report indicate that cadmium and lead should still be regarded as the high 

priority chemicals. Of the aditional candidate pollutants suggested in the Third Recommendation 

brominated flame retardants and PAH’s were regarded by PINCHE as medium priority for 

action. Bisphenol A and perfluoroalkylated compounds were not evaluated. 
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Considering the data presented in this report and the PINCHE assessment, the choise of 

the four pollutants that should be measured in the Member States participating in the Pilot Project 

is fully justified.
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7.6 Priority risk factors

PINCHE tried to reach firm and practical conclusions. What are the priorities? What should

the EU and Member States address right now? To answer these questions, the

environmental stressors studied in PINCHE were qualitatively assessed.

The following criteria were used to assess the priority:

• the number of children exposed and the quantity of exposure;

• the severity and persistence of adverse health effects and the likelihood that these health

effects will occur at the current level of exposure;

• the extent to which children are more susceptible than adults;

• the extent to which children are more exposed than adults; and

• the possibility of influencing exposure.

A low priority does not mean that exposure or effects are negligible or that action should not

be taken. Under all circumstances, the precautionary principle should apply and levels safe

for children should be targeted. As children’s environment and health priorities differ

substantially across Europe, action that may be regarded as a priority in one country may not

be relevant to another. Further, the ministries and other authorities responsible for

implementing or enforcing the different actions usually vary from country to country; countries

therefore need to identify their own priority actions and the relevant implementing sectors

based on their specific needs.

The following table provides information for all the environmental stressors according to the

above-mentioned criteria. The second column compares the susceptibility of a child with that

of adults as well as whether children’s exposure is higher than the exposure of adults. For
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Van den Hazel, Peter; Zuurbier, Moniek; Busby, Chris (eds), PINCHE project:

Final report WP6 Science-Policy Interface, Public Health Services Gelderland
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some environmental stressors, children have higher exposure relative to their body weight

than adults, such as because of a higher food intake per kilogram of body weight.

The priorities in PINCHE are focusing on the most important issues. It was not always

possible to reach unanimously the same qualification for prioritising the recommendations.

The level of proof or the contribution by some compounds to the burden of disease were

some of the factors which influenced the priority setting. There was common agreement that

all of the issues discussed were important. The discussion was more about the timing of

taking action or the amount of urgency to deal with certain problems. So there are children’s

environmental health problems that might receive higher priority in the near future. The

partners in PINCHE had sometimes different priorities for the brominated flame retardants,

lead, PCBs, dioxins, ionising radiation and some of the noise sources, such as discothèques.

There was immediate agreement on giving high priorities to the reduction of exposure to

outdoor air pollutants and environmental tobacco smoke. For the heavy metals, the

halogenated compounds (dioxins, PCBs, brominated flame retardants) and ionising radiation

there were different opinions on whether exposures to these stressors should be rated

medium or high. The final list of priorities is reported below.

Environment al 

stressor

Children’s 

susceptibility or 

intake compared 

with that of adults

Children’s 

exposure 

Health risk at 

current exposure 

levels

Priority for action

Acrylamide Children’s intake is 

relatively higher. No 

specific 

susceptibility of 

children is 

suspected.

All children are 

exposed to low 

levels.

Cancer risk is low at 

low exposure levels.

Low, because children’s 

exposure is low.

Allergens Early exposure 

might have some 

protective effects 

when the mother 

has developed 

protection herself, 

but this is under 

debate.

All children are 

exposed to 

allergens. Indoor 

allergen exposure 

can be high.

More children will 

develop allergic 

reactions when 

exposure increases. 

Air pollution 

exacerbates allergic 

symptoms.

High, because many 

children experience 

allergic symptoms. The 

societal impact is great.

Environment al 

stressor

Children’s 

susceptibility or 

intake compared 

with that of adults

Children’s 

exposure 

Health risk at 

current exposure 

levels

Priority for action

Arsenic Children’s intake is 

relatively higher. 

Prenatal exposure 

is important. No 

specific 

susceptibility of 

children is 

suspected.

Mainly children in 

eastern Europe are 

exposed.

Risk of developing 

gastrointestinal 

disorders, cancer 

and adverse 

pregnancy outcome.

Medium, because only n 

some parts of Europe 

are children exposed to 

levels causing health 

effects.

Asbestos No specific 

susceptibility of 

children is 

suspected.

Exposure is 

generally low but can 

be high for children 

living near asbestos 

mines and in regions 

with unregulated use 

of asbestos (such as 

some eastern 

European countries).

Children have a low 

risk of developing 

mesothelioma in the 

regions with higher 

exposure.

Low, because children’s 

exposure is very low, 

except for a few hotspots 

near mines and 

production plants.

Benzene Children’s intake is 

relatively higher. No 

specific 

Children in urban 

areas are exposed to 

quite high levels.

Current exposure 

levels will cause a 

number of additional 

High, because many 

children are exposed to 

high levels and there is a 
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susceptibility of 

children is 

suspected.

cases of cancer. strong causal 

relationship with cancer.

Beryllium No specific 

susceptibility of 

children is 

suspected.

Children are 

exposed to low 

levels.

Beryllium can cause 

cancer in 

occupational 

settings. The cancer 

risk is very low at 

low exposure levels.

Low, because children’s 

exposure is very low.

Brominated 

flame retardants

Children may be 

more susceptible; 

there is some 

evidence for 

developmental 

effects. Children 

may be exposed 

through breast-milk.

Children are 

exposed to low 

levels, but levels 

have increased 

rapidly in recent 

decades.

There is some 

evidence of adverse 

health effects, with 

suggestions of 

endocrine disruption 

similarly to that with 

PCBs nd dioxins. 

However, data are 

lacking.

Medium: more research 

is needed. Based on the 

precautionary principle, 

the exposure should now 

be kept as low as 

possible. The potential 

impact could be large.

1,3-Butadiene No specific 

susceptibility of 

children is 

suspected.

Children are 

exposed to low 

levels. Levels are 

somewhat higher in 

areas with high road 

traffic density and in 

houses where 

people smoke.

The risk of 

additional cancer is 

low at low exposure.

Low, because children’s 

exposure is low.

Cadmium Children’s intake is 

relatively higher. No 

specific 

susceptibility of 

children is 

suspected.

All children are 

exposed, mainly 

through the diet and 

through 

environmenttal 

tobacco smoke. A 

few percent have an 

ntake exceeding the 

tolerable intake. 

Children living near 

copper smelters and 

in eastern Europe 

are exposed to 

higher levels.

At current exposure 

levels there is a risk 

for developing 

kidney disorders 

and a low cancer 

risk.

Medium, because some 

children are exposed to 

levels that may cause 

health effects.

Chlorinated by-

products

Some data suggest 

that children are 

more susceptible.

Children are 

exposed in 

swimming pools and, 

in many countries, 

through chlorinated 

tap water.

The risk of an 

increase in asthma 

symptoms after 

swimming is low. On 

the other hand, 

disinfection of water 

is extremely 

important.

Low, because the health 

risks are not clear, and 

disinfection of water is 

necessary.

Chromium There are no data 

on children’s 

susceptibility.

Children are 

exposed to low 

background levels. 

Parents working in 

the chromium 

industry can 

inadvertently take 

chromium home.

The cancer risk is 

low.

Low, because children’s 

exposure is low.

Cleaning 

products

Children’s exposure 

may be higher. No 

specific 

susceptibility of 

children is 

suspected.

All children are 

exposed to some 

cleaning products. 

Most dangerous 

cleaning products 

are no longer used.

The exposure is not 

likely to cause great 

health effects. There 

may be an 

increased risk of 

asthma symptoms.

Low, because children’s 

exposure is not 

suspected to lead to 

severe health effects.

Environment al 

stressor

Children’s 

susceptibility or 

intake compared 

with that of adults

Children’s 

exposure 

Health risk at 

current exposure 

levels

Priority for action

Coal tar pitch There are no data Children living near There is a low Low, because children’s 
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on children’s 

susceptibility.

coke ovens are 

exposed to coal tar 

pitch.

cancer risk at 

current exposure 

levels.

exposure is very low.

Diesel engine 

exhaust

No specific 

susceptibility of 

children is 

suspected. The lung 

burden of children 

per lung surface 

area may be higher.

All children are 

exposed to diesel 

engine exhaust. 

Levels are higher in 

urban settings.

About 1% of all 

children in Europe 

will develop 

bronchitis, and 

nearly 1% will get 

asthma attacks 

because of the 

particulate matter 

from diesel engine 

exhaust.

High, because many 

children are exposed to 

levels leading to 

respiratory effects.

Dioxins and 

PCBs

Children may be 

more susceptible 

(developmental 

effects), and 

children are 

exposed to higher 

levels pre- and 

postnatally.

All foetuses are 

exposed prenatally; 

the main postnatal 

exposure arises if 

the diet is high in 

dioxins and PCBs. 

Levels have been 

falling but are now 

stabilising.

Current exposure 

levels lead to some 

cognitive, 

developmental and 

behavioural effects. 

There may be endo-

rinedisrupting 

effects. The cancer 

risk is low.

Medium, because even 

though exposure levels 

have been decreasing, 

the health effects 

demonstrated at these 

levels are potentially 

serious.

Endotoxins Early exposure 

might have some 

protective effects 

when the mother 

has developed 

protection herself, 

but this is under 

debate.

Indoor exposure 

varies enormously 

between houses. 

Houses with pets 

and homes of 

farmers have higher 

levels of endotoxins. 

In rural areas, 

exposure is higher.

Exposure may 

cause airway 

inflammation and 

exacerbate asthma. 

Positive effects on 

allergy development 

for exposure at a 

young age is under 

debate.

Low, because 

respiratory effects from 

exposure are not clear

and early exposure may 

benefit health. 

Environment al 

tobacco smoke

Children are more 

susceptible, and 

children are 

exposed to higher 

levels pre- and 

postnatally.

All children are 

exposed. About 40% 

of European children 

live in homes in 

which one or two

parents smoke.

Postnatal exposure 

may lead to 

infections in the 

lower respiratory 

tract, chronic 

respiratory 

symptoms and 

asthma. Prenatal 

exposure leads to 

lower birth weight, 

sudden infant death 

syndrome and 

cognitive and 

respiratory effects.

High, because many 

children are exposed 

and many health effects 

are associated with 

exposure.

Ethylene oxide There may be a risk 

of miscarriage due 

to exposure during 

pregnancy. No 

further data are 

available.

All children are 

exposed to low 

levels. Higher 

exposure is possible 

near plastic and 

chemical industry 

and hospitals.

The risk of nervous 

system, 

reproductive and 

carcinogenic effects 

is low at low 

exposure levels.

Low, because children’s 

exposure is low.

Formaldehyde No specific 

susceptibility of 

children is 

suspected. 

All children are 

exposed. Indoor 

exposure may be 

high.

Especially asthmatic 

children will develop 

respiratory 

symptoms. 

Carcinogenic effects 

are not likely at low 

levels.

Medium, because 

formaldehyde is 

ubiquitous because of its 

broad use. There are 

situations in which it 

leads to health effects.

Lead Children are more 

susceptible. Young 

children’s exposure 

is 2-3 times higher 

relative to body 

weight. In utero 

exposure occurs by 

mobilisation of lead 

Children are 

exposed to lead via 

air, food, and 

sometimes water. 

Exposure is 

declining, but there 

are still sources of 

exposure, such as 

Current low 

exposure causes 

reduced birth 

weight, decreased 

IQ and decreased 

growth. The higher 

exposure that can 

occur at some 

Medium, because most 

sources of lead exposure 

have been regulated, but 

lead is still a problem in 

some places and 

associated with severe 

health effects.
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from the mother’s 

bones.

(old) lead paint, and 

lead is still used in 

petrol in some areas.

hotspots can 

damage the brain 

and kidneys.

Manganese Children may be 

more susceptible, 

because they are 

less able to control 

elimination and 

absorption.

All children are 

exposed to low 

levels through diet 

and in areas also 

from motor vehicle 

emissions where 

manganese is used 

as an anti-knock 

agent.

Manganese is also a 

necessary nutrient 

for bone 

mineralisation. No 

adverse health 

effects are 

suspected at current 

exposure levels.

Low, because exposure 

is low and manganese is 

a nutrient.

Environment al 

stressor

Children’s 

susceptibility or 

intake compared 

with that of adults

Children’s 

exposure 

Health risk at 

current exposure 

levels

Priority for action 

Mercury Children are more 

susceptible, and 

especially foetuses. 

Children are 

exposed to higher 

levels because of 

higher intake per 

body weight and 

because of prenatal 

exposure and 

exposure through 

breast-milk. 

Most children are 

exposed to methyl 

mercury levels 

(mostly from fish) 

lower than the 

tolerable intake. 

Perinatal exposure 

from breast-milk and 

through the placenta 

can be high.

Mercury is 

associated with 

nervous system 

effects even at low 

exposure levels.

High, because many 

children are exposed to 

levels that are shown to 

be associated with 

serious health effects.

Mould No specific 

susceptibility of 

children is 

suspected. All 

children are 

exposed to mould 

indoors. Many 

households face 

problems with 

mould indoors. 

Exposure leads to 

increased asthma 

symptoms. Mould 

growth could be a 

marker for other 

types of exposure.

Medium, because 

exposure to mould 

(or associated types 

of exposure) leads 

to respiratory 

problems.

Nickel

There are no data 

on children’s 

susceptibility. 

Children may be 

exposed to low 

background levels. 

Parents working in 

nickel industry may 

inadvertently take 

nickel home.

There is a low 

cancer risk. Nickel is 

an active sensitiser 

that affects about 

10% of the 

population.

Low, because 

environmental 

exposure causes a 

very low cancer risk.

Nitrosamines (NDEA, 

NDMA)

No specific 

susceptibility of 

children is 

suspected. 

All children are 

exposed to very low 

levels, mainly from 

environmental 

tobacco smoke and 

smoked or nitrite-

cured meat.

Current exposure 

levels will give a very 

small cancer risk.

Low, because 

children’s exposure 

is low.

Nitrogen dioxide (NO2)

Children are more 

susceptible.

Children are 

exposed to high 

levels of NO2 in 

urban areas.

Exposure leads to 

respiratory effects. 

The effects may not 

be due to NO2 itself 

but to related 

pollutants.

High, because 

exposure is high 

and current 

exposure to NO2 or 

related pollutants 

leads to many 

respiratory effects.

Ozone (O3) 

Children’s 

exposure is 

higher, because of 

their higher 

respiratory rate, 

which is of 

particular 

importance for 

Children in rural 

areas are exposed 

to more ozone. 

Exposures during 

“summer smog” 

episodes may be 

very high.

The ozone levels 

lead to respiratory 

effects, especially 

among children who 

are exercising or 

outside more often 

when ozone levels 

are high.

Medium, because 

ozone leads to 

respiratory effects, 

but the formation of 

ozone cannot 

(easily) be changed.

Particulate matter
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exposure to 

ozone.

Children are more 

susceptible. 

Exposure to 

particulate matter is 

high, especially in 

urban areas and 

areas with high 

density of road 

traffic.

Exposure leads to 

respiratory effects 

and neonatal 

mortality. Increased 

school absenteeism 

is an important 

indirect effect.

High, because 

exposure leads to 

respiratory effects in 

many children.

Pesticides 

Children are more 

susceptible during 

the prenatal 

period and 

perhaps also 

during childhood.

Exposure to 

pesticide residues is 

generally low but is 

higher in farming 

areas with high 

pesticide use, such 

as in regions in 

eastern Europe.

In regions with 

higher exposure, 

children may risk 

developing 

reproductive and 

developmental 

disorders and 

perhaps cancer.

Medium, because 

exposure is low in 

most regions, but 

children’s exposure 

may be higher in 

some regions and 

may cause health 

effects.

Polycyclic aromatic 

hydrocarbons

The foetus may be 

more susceptible: 

prenatal effects 

are associated 

with lower birth 

weight and 

intrauterine growth 

retardation.

Children are mainly 

exposed to 

polycyclic aromatic 

hydrocarbons 

through tobacco 

smoke and smoke 

from fuel 

combustion. 

Background 

concentrations are 

higher in urban and 

traffic dense areas.

Exposure to 

polycyclic aromatic 

hydrocarbons may 

lead to lower birth 

weight and 

intrauterine growth 

retardation. The 

exposure levels give 

a small cancer risk.

Medium, because 

current exposure 

leads to some 

health effects.

Environment al 

stressor

Children’s 

susceptibility or 

intake compared 

with that of 

adults

Children’s 

exposure 

Health risk at 

current exposure 

levels

Priority for action Sulphur dioxide (SO2)

The foetus may be 

more susceptible: 

prenatal effects 

are associated 

with lower birth 

weight.

Exposure has 

declined 

considerably since 

the 1980s. 

Exposure is still 

high near industrial 

plants and power 

plants.

Prenatal exposure is 

associated with 

lower birth weight. 

Exposure leads to 

increased asthma 

symptoms. The 

effects may not be 

due to SO2 itself but 

to related pollutants.

Low, because 

current exposure 

levels are low due to 

policy measures 

taken in the past.

Tetrachloroethylene

No specific 

susceptibility of 

children is 

suspected.

Background 

exposure is very 

low but can be quite 

high near dry-

cleaning plants.

There is no health 

risk at normal 

exposure. Exposure 

near dry-cleaning 

plants may lead to 

health effects. The 

cancer risk is very 

low.

Low, because 

children’s exposure 

is low. There are 

some local hotspots.

Trichloroethylene

No specific 

susceptibility of 

children is 

suspected.

Background 

exposure is very 

low but can be 

higher near industry 

or near waste sites.

Near industry or 

waste sites the 

cancer risk is very 

low.

Low, because 

children’s exposure 

is low. There are 

some local hotspots.

Vinyl chloride

Children may be 

more susceptible.

Exposure levels are 

low; exposure may 

be higher near the 

plastic industry.

At low exposure 

levels, no 

carcinogenic effects 

are expected.

Low, because 

children’s exposure 

is low.

Volatile organic 

compounds

The foetus is more 

susceptible; young 

children may be 

more susceptible.

Children are 

exposed indoors 

and outdoors. 

Indoor 

concentrations can 

reach high levels.

Exposure increases 

the prevalence of 

asthma symptoms in 

children. Prenatal 

exposure may lead 

to nervous system 

effects.

Medium, because 

exposure occurs in 

different settings, 

and this can lead to 

some irritation and 

nervous system 

effects.

Noise in general
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Children are more 

susceptible in 

acquiring noise-

induced hearing 

impairment. 

Children may be 

less susceptible to 

developing stress 

symptoms.

Children are 

exposed indoors 

(noise from audio 

and video 

equipment, and 

transport noise) and 

out-doors 

(transport, industrial 

and building noise 

and noise at 

shopping malls).

Exposure leads to 

health effects in 

certain settings and 

with certain types of 

behaviour.

Medium, because 

many children are 

exposed to noise 

levels that cause 

health effects.

Noise and schools

Children are 

exposed to noise 

in schools and in 

child-care centres.

Exposure to noise is 

high near airports, 

roads and railways. 

Noise levels are 

lower in acoustically 

treated classrooms.

Exposure of children 

near roads, railways 

and airports causes 

deficits in reading 

and in longterm 

memory.

Medium, because 

many children are 

exposed to noise in 

the classroom, 

which may lead to 

small cognitive 

effects.

Transport noise

Children are 

equally exposed, 

but in such 

demanding 

environments as 

schools, the 

adverse effects 

can have a bigger 

impact.

About 15% of 

European children 

are exposed to 

noise levels that 

impair their (clinical) 

health. About 30% 

are exposed to 

levels that affect 

subjective well-

being.

Exposure may lead 

to stress, cognitive 

impairment and 

cardiovascular 

problems.

Medium, because 

many children are 

exposed to levels 

that may lead to 

adverse health 

effects.

Noise in discothèques

Adolescents are 

exposed to high 

noise levels in 

discothèques and 

bars and during 

concerts.

Adolescents visit 

discothèques and 

bars 1-3 times a 

month; 10-20% visit 

them once or twice 

a week.

Exposure leads to 

permanent hearing 

impairment and 

permanent and 

temporary tinnitus 

(ringing in the ear).

Medium, because 

adolescents are

exposed to high 

noise levels in 

discothèques, which 

can lead to hearing 

impairment.

Environment al 

stressor

Children’s 

susceptibility or 

intake compared 

with that of 

adults

Children’s 

exposure 

Health risk at 

current exposure 

levels

Priority for action Personal audio 

equipment

Children use 

personal audio 

players with 

headphones or 

earphones more 

often and with 

higher sound 

levels.

Exposure levels can 

be very high. On 

average children 

are exposed 5-9 

hours per week. 

Exposure leads to 

permanent hearing 

impairment and 

permanent and 

temporary tinnitus.

Medium, because 

children are 

exposed to high 

noise levels from 

these devices, 

which lead to 

hearing impairment.

Noisy toys 

Exposure to noisy 

toys is specific to 

children.

Exposure starts at 

an early age with 

rattles and squeeze 

toys; older children 

are exposed to high 

noise levels during 

computer games.

Repeated high 

sound levels may 

lead to permanent 

hearing impairment; 

this could occur in 

children playing 

computer games. 

Short, loud 

exposures from toy 

cap guns may lead 

to acoustic trauma 

and tinnitus.

Low, because 

although the 

exposure level can 

be high and can 

occur at a very 

young age, extreme 

exposure does not 

occur often.

Noise from firecrackers

Teenagers use 

more firecrackers.

Peak noise levels 

can be extremely 

high.

Exposure can lead to 

permanent hearing 

impairment and 

permanent and 

temporary tinnitus.

Low, because 

exposure levels can 

be high, but 

(extreme) exposure 

does not occur 

often.

Noise in neonatal 

intensive care units

Child-specific Exposure can reach Exposure leads to Low, because Ionising radiation
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setting (babies). 

Premature babies 

may be more 

susceptible.

high levels. disturbed sleep. 

Other health effects, 

such as hearing 

impairment and 

impact on the 

developping brain, 

are probably small.

exposure has only 

been proven to be 

related to sleep 

disturbance and not 

to other (more 

serious) health 

effects.

Children are more 

susceptible 

prenatally.

All children are 

exposed to 

background 

radiation levels. 

Additional sources 

are radiation 

therapy and some 

exposure from 

nuclear 

reprocessing plants.

Exposure to 

background levels is 

suspected to cause 

10% of all cancer 

cases among 

children and adults. 

Radiation therapy 

may cause cancer 

but has also 

beneficial effects. 

Exposure to 

humanmade 

isotopes may be an 

additional cause of 

cancer among 

children.

Medium: 

background levels 

cause cancer, and 

these levels cannot 

be changed. 

Human-made 

(internal) exposure 

may cause 

additional cancer.

Radon

No specific 

susceptibility of 

children is 

suspected.

Radon exposure 

depends on the 

region.

Exposure to radon 

gives cancer risk in 

adulthood.

Medium, because 

radon is associated 

with lung cancer and 

exposure can be 

changed.

Solar radiation

Children are more 

exposed during 

playing in the sun. 

Children may be 

more susceptible.

Exposure largely 

depends on the 

latitude where 

children live and 

their behaviour.

Exposure leads to 

skin cancer, but 

exposure is also 

necessary for vitamin 

D production in the 

skin.

Medium, because 

exposure can lead 

to skin cancer, but 

vitamin D production 

is important as well.

PINCHE concludes that reducing exposure to most of the air pollutants related to 

motorvehicle

transport, including benzene, diesel engine emissions, nitrogen oxides and

particulate matter, has the highest priority in protecting children’s environment and health.

Exposure to these outdoor air pollutants is high in most areas of Europe and causes serious

health effects. Reducing exposure to environmental tobacco smoke, a fully preventable

exposure, also has high priority because of high exposure and serious health effects.

The priority of reducing allergic symptoms is considered to be medium to high, because

allergens are ubiquitous and millions of children in Europe are sensitised to allergens.

Exposure of sensitised children to allergens greatly affects their daily performance.

PINCHE further concludes that reduction of exposure to ozone, another outdoor air pollutant,

has medium priority. It is of specific importance for a susceptible group of children, those with

asthma, in relation to outdoor activities. Reducing exposure to polycyclic aromatic

hydrocarbons, which mainly originate from motor-vehicle emissions and smoking, has

medium priority; it can negatively influence the development of the foetus. Further, exposure

to the metals arsenic, lead, cadmium and mercury has a medium to high priority for action.

Exposure to these metals has decreased, but some sources or settings still cause enough

exposure to produce severe health effects.

Indoor exposure to mould, radon, formaldehyde and other volatile organic compounds (which

also occurs outdoors, but indoor concentrations can reach especially high levels) also has

medium priority for action. For each of these stressors, situations can be identified in which

children can be exposed to high concentrations. Relevant indoor levels can cause adverse

health effects.

Exposure to PCBs and dioxins has decreased but is now stabilising, and current exposure

levels can still cause some health effects; the priority is therefore medium. The concentration

of brominated flame retardants required to produce health effects is not known, but concern
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is raised because of their toxic similarities to some persistent organic pollutants and their

abundance. In addition, the levels of brominated flame retardants have increased rapidly in

the last decades. The priority is medium, based on the precautionary principle, since more

research is required.

Reducing exposure to noise at schools and from road traffic as well as “voluntary” exposure

to noise from personal audio players and to noise in discothèques also has medium priority.

This exposure can lead to cognitive and auditory effects.

Reducing exposure to ionising radiation from human-made sources has a medium priority,

because this exposure might lead to additional cases of cancer, but the beneficial effects of

therapy and diagnostics might outweigh the harm of these sources. Further, reducing

exposure to solar radiation has medium priority. Reducing exposure is very important

because of the relationship with skin cancer. Especially acute sunburn should be prevented.

Nevertheless, the vitamin D produced through exposure to sunlight is important, and a

shortage of sunlight should therefore be avoided as well.

Finally, reducing exposure to pesticides is rated to have medium priority. This is because of

the major differences in the use of pesticides, and thus children’s exposure to pesticides, in

different regions in Europe. Exposure to pesticides in countries with pesticide-intensive

farming (often small-scale farming) may be high because, for example, the parents take

pesticides home with them on their clothes, and this exposure may cause negative health

effects in children.

Based upon the information available the other risk factors have all been rated to have a low

priority. It must be noted, however, that near certain hotspots or in certain regions some of

these compounds can have a high priority.


