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Abstract

The Centre for Environment and Health in Flanders, the Northern part of Belgium, started a biomonitoring program on adolescents
in 2003. 1679 adolescents residing in nine areas with different patterns of pollution participated in the study. Possible confounding effects
of lifestyle and personal characteristics were taken into account. The geometric mean levels of cadmium and lead in whole blood
amounted to 0.36 and 21.7 lg l�1, those of PCBs, DDE and HCB in serum to 68, 94 and 20.9 ng g�1 fat, and those of 1-hydroxypyrene
and t,t0-muconic acid in urine to 88 ng g�1 creatinine and 72 lg g�1 creatinine. Significant regional differences in internal lead, cadmium,
PCBs, DDE and HCB exposure were observed in function of area of residence, even after adjustment for age, sex, smoking (and body
mass index for the chlorinated compounds). Compared to a reference mean, internal exposure was significantly higher in one or more of
the areas: Cd and Pb in the Antwerp agglomeration, Cd in the Antwerp harbour, PCBs in the Ghent agglomeration, PCBs, DDE and
HCB in the Ghent harbour, Cd, PCBs, DDE and HCB in the rural area, DDE in Olen and in the Albert canal areas. Adolescents living in
an area with intensive fruit cultivation (showing overall the lowest values) and, surprisingly, in areas around household waste inciner-
ators (average of six areas), had no significantly increased internal exposures. Subjects from separate areas around waste incinerators
showed significant differences in body load of various environmental contaminants.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Flanders is one of the most populated areas in Europe,
with a dense network of traffic roads, industrial activities
0045-6535/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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and intensive farming close to habitation. The Flemish
Environment and Health Study (FLEHS) of 1999 provided
evidence that levels of internal exposure to pollutants dif-
fered between a rural and an urban area. In addition, small
differences in pollutant levels were associated with obser-
vable differences in effect biomarkers, such as mutation
frequency, tumor markers, sexual development, etc.
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(Staessen et al., 2001; Koppen et al., 2002; Van den Heuvel
et al., 2002; van Larebeke et al., 2006). The current results
entailed a larger-scale, five year (2002–2006) biomonitoring
program on neonates, adolescents and older adults carried
out by the Flemish Centre for Environment and Health.
The objectives were to measure and to compare internal
exposure to pollutants in nine areas differing in pollution
pressure and to assess whether observed differences in
internal concentrations of pollutants were associated with
biological and health effects. A maximum of relevant and
useful knowledge resulting from this program as well as
from existing knowledge will be put at the Flemish govern-
ments’ disposal to support policy for better protection of
humans’ health and environment. All public information
on the project can be found on the website www.milieu-
en-gezondheid.be.

Here we report on the internal exposure of 14 and 15
year old adolescents to environmental pollutants.
2. Materials and methods

2.1. Selection of study areas

Eight different study areas were selected on the basis of a
characteristic, relevant and differing type of pollution pres-
sure: the Antwerp agglomeration, the Ghent agglomera-
tion, the aggregated industrial harbour areas of Antwerp
and Ghent (mainly petrochemical and metallurgic indus-
tries, respectively), the industrial zone around the Albert
canal (chemical industry), the industrial zone of Olen
(non-ferrous industry), the immediate surroundings of
household waste incinerators, a rural area with intensive
fruit cultivation, and a rural area devoid of highways and
of important local industrial emissions and with a popula-
tion density of less than 250 inhabitants per km2. Initially,
eight study areas were selected, but after statistical analyses
of the results, the individual harbour areas of Antwerp and
Fig. 1. Map of the nine areas of interest in which participan
Ghent seemed to be quite different and resembled more
their adjacent urban area. The separation of the harbours
resulted in nine areas instead of eight. The total surface
of the studied area is 3036 km2, corresponding to 22% of
the total surface of Flanders (13521 km2). The 65 selected
municipalities correspond to 20% of the total Flemish
municipalities. Except for ‘rural Flanders’ and for ‘waste
incinerators’, all study areas are contiguous geographical
entities. ‘Rural Flanders’ comprised 24 municipalities,
spread out over 9 contiguous areas in the western half of
Flanders. ‘Waste incinerators’ comprised 12 municipalities,
spread out over the whole of Flanders. Fig. 1 shows the
location of the nine areas of interest in Flanders.
2.2. Selection and recruitment of participants

In the selected areas approximately 1.2 million inhabit-
ants are living which is 20% of the Flemish population. A
sample size of 200 participants per study area was chosen
because a power calculation demonstrated that this
appears to be statistically sufficient to detect differences
of 20% between study areas while the efficiency in estima-
tion is the same for all study areas. As a consequence of
the separation of the harbour areas, the sample size target
of 200 was not met in the individual harbour areas of
Antwerp (n = 76) and Ghent (n = 150). A stratified clus-
tered multi-stage design was used to select 1600 partici-
pants as a random sample of the population under study.
Sampling took place in three steps: first by study area, sec-
ond by entities for access to participants, and third by
selection of the participants in accordance with the inclu-
sion criteria. The adolescents were enrolled via 50 schools
located in the selected regions, and sampled between Octo-
ber 2003 and July 2004. Inclusion criteria were the follow-
ing: being born in 1988 or 1989, studying in the third year
of secondary school, living for at least five years in the
same area, and giving informed consent (both adolescent
ts for the human biomonitoring program were recruited.

http://www.milieu-en-gezondheid.be
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and parents). Of all pupils who received the invitation
38.1% did not respond, and of those who responded
23.8% refused to participate, 8.2% did not fulfill the inclu-
sion criteria, 3.5% were absent at the time of the examina-
tion, 1.4% had insufficient blood/urine samples or
incomplete/no questionnaires and 1.3% were not included
because the required number of participants was reached.
For the areas around waste incinerators it was not possible
to enroll adolescents through schools, because these areas
comprised only a few streets. Therefore, adolescents living
near an incinerator received a home-addressed letter for
participation. The recruitment resulted in a total of 1679
adolescents.

2.3. Blood and urine collection

About 200 ml of urine and 40 ml of blood were sampled
from each participant to carry out various analyses. The
creatinine content in urine was determined spectrophoto-
metrically by ‘Algemeen Medisch Laboratorium’ (AML)
in Antwerp. Na2EDTA (10% v/v) was added to whole
blood while serum was prepared by immediate centrifuga-
tion of the coagulated blood. Samples were stored at
�20 �C until analysis. Length and body weight of the par-
ticipants were also assessed at the same occasion of blood
and urine collection.

2.4. Information from questionnaires and data banks

To obtain information on personal and lifestyle factors,
participants were asked to fill out questionnaires. The par-
ents of the participants completed a self-reporting ques-
tionnaire on their own education, weight, length and
health status, on housing, residence history, family compo-
sition, social and financial situation, density of nearby traf-
fic and in-house use of pesticides. The participating
adolescents completed a self-reporting questionnaire on
health status, exposure to traffic, in-house exposures to pol-
lutants and chemicals, sports, hobbies, contact with pets,
smoking and consumption of alcohol and drugs. They also
completed two food frequency questionnaires in order to
assess the daily consumption of fruit and vegetables on
the one hand, and fat-containing food items on the other
hand during the last year. In addition the consumption
of locally produced food was recorded. The study design
was approved by the medical-ethical committee of the Uni-
versity of Antwerp on 4th of July 2002.

2.5. Chemical analysis of biomarkers of exposure

The analysis entails measurements of biomarkers of
exposure in the human body. Heavy metals (cadmium
and lead) were determined in whole blood by the VUB.
Cadmium levels in blood are generally regarded as a reflec-
tion of current exposure but cadmium levels in blood are
also an estimate of the accumulated body burden of cad-
mium, many years after exposure (Wittman and Howard,
2002). Polychlorinated biphenyls (PCB 138, PCB 153 and
PCB 180) and chlorinated pesticides (p,p0-dichlo-
rodiphenyldichloroethylene (DDE) and hexachlorobenzene
(HCB)) were analysed in serum by VITO and Toxicology
Centre-UA. A general marker of PAH exposure (1-hydrox-
ypyrene), and a marker of exposure to benzene (t,t0-mucon-
ic acid) were analysed in urine by VITO. All laboratories
involved in the analyses of these biomarkers applied
standard agreed quality control/quality assurance
procedures.
2.5.1. Analysis of heavy metals in whole blood

Lead and cadmium concentrations in whole blood were
determined after an acid digestion pre-treatment destroying
the organic matrix followed by high resolution – induc-
tively coupled plasma – mass spectrometry detection. Ultra
clean material, pure reagents, clean room environment and
very sensitive instrumentation were used to determine the
low levels of cadmium and lead in whole blood. Briefly,
500 ll whole blood, 500 ll nitric acid and 100 ll hydrogen
peroxide were digested in closed vessels subjected to an
increased pressure and temperature. The digested blood
was diluted 10 times when analysed by the HR-ICP-MS.
The detection limits for cadmium and lead in whole blood
samples were 0.09 and 2.0 lg l�1, respectively.
2.5.2. Analysis of PCBs and chlorinated pesticides in serum
Serum PCBs (PCB 138, 153 and 180) and chlorinated

pesticides (hexachlorobenzene and DDE, a metabolite of
DDT) were analysed by two laboratories using two slightly
different methods based on those described by Gomara
et al. (2002) and Covaci and Schepens (2001). Summarized,
blood serum was mixed with formic acid, internal stan-
dards were added, and the mixture was equilibrated in an
ultrasonic bath. The sample was eluted through a solid-
phase extraction (SPE) cartridge. The SPE cartridge was
washed, dried and placed on top of a multilayer column
filled with anhydrous sodium sulphate and silica impignat-
ed with sulphuric acid. PCBs and chlorinated pesticides
were eluted and concentrated. The extracts were analysed
using gas chromatography combined with an electron cap-
ture detector. The detection limit of all chlorinated com-
pounds in serum was 0.02 lg l�1.
2.5.3. Analysis of a PAH and benzene metabolite in urine

The methods used to determine 1-hydroxypyrene (a
metabolite of pyrene) and t,t0-muconic acid (a metabolite
of benzene) in urine are based on those of Angerer and
Schaller (1997, 1998). The determination of 1-hydroxypy-
rene was performed with high performance liquid chroma-
tography (HPLC) with fluorescence detector. To release
1-hydroxypyrene from proteins, urine was hydrolysed by
the enzymes b-glucuronidase and arylsulfatase during the
night. Then 1-hydroxypyrene was on-line extracted from
the urine matrix and enriched and separated on an apolar
C-18 reversed phase column with a gradient solvent mix-
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ture of methanol and water. The detection limit was
0.060 lg l�1.

t,t0-Muconic acid was determined in urine by means of
ion chromatography using SPE-SAX columns. HPLC,
with a solvent gradient of methanol and acetic acid (1%
v/v), was used to separate the extract from other com-
pounds and quantification was done by a UV-detector.
The detection limit was 8.6 lg l�1.

2.6. Data treatment

Database management and statistical analyses were per-
formed with SAS for Windows, version 9.1.3 and Statisti-
ca, version 7.1. Data below the detection limit were set
equal to half of the detection limit. Neperian logarithmic
transformation of the exposure markers was performed
because the data were not normally distributed. To assess
differences in e.g., gender and smoking behaviour, a Stu-
dent’s t-test was applied. Differences in biomarkers of
exposure between the nine areas, were initially investigated
using analysis of variance (ANOVA). Subsequently, in
regression analysis, raw data were adjusted for a number
of confounders pre-specified based on literature data. The
confounders included in the analysis were age, sex and
smoking for all biomarkers of exposure and additionally
body mass index (BMI) for the chlorinated compounds
(PCBs, DDE and HCB).

The mean and P90 biomarker values calculated from the
pooled areas were defined as reference mean and reference
P90 values. These reference values were weighted to inhab-
itant distribution, so the importance of each study area was
proportional to the number of total inhabitants in that
area. When the nine areas showed an overall significant dif-
ference in ANOVA, than the mean value of each study area
was compared with the reference mean value and with the
area showing the lowest mean value (Table 3); a statistical
significance level of 5% was used. Correlation between pos-
sible covariates and biomarker values was tested by step-
wise multiple regression analysis in which the 5%
significance level was used for independent variables to
enter and stay in the model. Confounders (age, sex, smok-
ing and BMI for chlorinated compounds) were forced into
the model. The squared semi-partial correlation coefficient
was reported.

3. Results

3.1. Short description of the study population

The sampled group included 1679 adolescents, of which
53.1% males, with a mean age of 14.9 years (range: 13.8–
16.5). The mean body mass index of boys and girls was,
respectively, 20.3 and 20.8 kg m�2 (p > 0.05). In accor-
dance with Flemish reference values of ‘health behaviour
in school-aged children’, 13.6% of the adolescents smoked
more than once a week and 14.2% used regularly alcohol.
Statistical differences (p < 0.05) between the nine areas
were observed in the use of locally produced food, expo-
sure to traffic and education levels and incomes of the
parents.

3.2. Pollutants in blood, serum and urine: raw data

A general observation was that inter-individual differ-
ences in biomarker levels per area are large and exceeding
by far the differences in biomarker levels between the areas.
However, for some of the biomarkers significant differences
between inhabitants of specific areas can be observed.
Table 1 summarizes the raw data concerning internal expo-
sure for all areas. Overall significant differences
(p < 0.0001) between areas were observed for lead, cad-
mium, PCBs, DDE and HCB. For these biomarkers, sig-
nificant higher values were observed in inhabitants of
most areas compared to the area with lowest value. People
with lowest exposure pressure were living in the fruit area
for lead and cadmium, in the region Olen for PCBs and
HCB, in the agglomeration of Antwerp for DDE and in
the rural area for the PAH- and benzene-markers. Male
adolescents had significant higher values than females for
DDE (121 versus 92 ng g�1 fat, p < 0.0001), HCB (22.8 ver-
sus 18.4 ng g�1 fat, p < 0.0001), lead (24.8 lg l�1 versus
18.1 lg l�1, p < 0.0001) and PCBs (78 versus, 54 ng g�1

fat, p < 0.0001).

3.3. Reference mean (RM) and reference P90: adjusted for

personal or lifestyle factors

Reference mean and P90 pollutant concentrations for
the presence of pollutants in blood or urine of adolescents
in Flanders were calculated after adjustment for the num-
ber of inhabitants in each of the areas and after adjustment
for sex, age, and smoking behaviour. Additionally, chlori-
nated compounds were adjusted for body mass index
(BMI). We consider this RM value as the average bio-
marker level in blood or urine of Flanders’ adolescent
(Table 2).

3.4. Differences in internal exposure

Levels of internal exposure after adjustment for con-
founders are shown in Table 3. Mean exposure values in
a single area were compared to the RM values. For all bio-
markers except 1-hydroxypyrene and t,t�-muconic acid,
significant differences were observed between the nine
areas. Elevated exposure to PAHs and benzene was
expected in the industrial zones in view of the reported
emissions to air and surface water (Flemish Protection
Agency, VMM). Differences remained significant after
additional correction for socio-economic status through
inclusion in ANOVA analysis of educational level of the
parents and of income of the family (data not shown). In
the Antwerp region (agglomeration and harbour) internal
exposure to metals was significantly higher than the RM
value, corresponding to high emissions by ferrous and



Table 1
Raw data concerning internal exposure: median values (10th to 90th percentile)

Area Blood Serum Urine

Leada

(lg l�1)****
Cadmiuma

(lg l�1)****
PCBsa

(ng g�1 fat)****
DDEa

(ng g�1 fat)****
HCBa

(ng g�1 fat)****
1-OH-Pyrene
(ng g�1

creatinine)

t,t0-Muconic
acid (lg g�1

creatinine)

Antwerpb

(n = 210;
81.0%c; 7.7%d)

27.5****

(13.5–54.9)
0.55****

(0.10–1.48)
66
(35–113)

67
(33–162)

20.7****

(12.6–32.2)
113
(10–519)

83
(15–262)

Antwerp
harbourb

(n = 76;
80.3%c; 9.2%d)

27.6****

(10.7–55.3)
0.60****

(0.19–1.15)
67
(32–111)

82*

(38–308)
21.2***

(13.0–30.5)
127
(13–708)

86
(10–279)

Ghentb

(n = 207;
76.3%c; 1.4%d)

21.6****

(10.0–42.8)
0.32****

(0.045–0.94)
73****

(39–138)
85**

(43–188)
21.5****

(13.8–33.0)
117
(13–701)

88
(15–263)

Ghent harbourb

(n = 150;
74.7%c; 13.3%d)

24.6****

(11.2–49.8)
0.41****

(0.045–1.46)
78****

(36–155)
113****

(48–343)
21.6****

(15.5–31.9)
115
(14–677)

89
(13–279)

Fruitb

(n = 201;
77.6%c; 6.0%d)

15.9
(6.9–34.6)

0.16
(0.045–0.79)

59
(36–113)

88***

(39–250)
21.1****

(13.9–32.6)
108
(11–626)

81
(11–271)

Ruralb

(n = 209;
66.5%c; 4.8%d)

22.7****

(9.8–43.2)
0.52****

(0.09–1.62)
79****

(44–150)
120****

(53–460)
22.0****

(14.0–34.4)
90

(13–436)
78
(17–265)

Olenb

(n = 220;
79.1%c; 9.1%d)

22.4****

(10.3–48.9)
0.33****

(0.045–1.24)
55
(32–113)

92****

(49–474)
17.6
(11.7 26.6)

136
(14–794)

92
(10–247)

Albert canalb

(n = 199;
79.9%c; 16.2%d)

18.6**

(8.8–43.0)
0.39****

(0.09–1.30)
59
(30–112)

146****

(59–592)
20.3****

(13.5–32.9)
108
(14–778)

87
(12–290)

Incinerationb

(n = 207;
80.2%c; 6.3%d)

21.1****

(10.3–40.7)
0.42****

(0.045–1.10)
66
(33–116)

84*

(41–192)
20.6****

(13.5–29.9)
91

(12–496)
95
(19–280)

Total
(n = 1679;
77.1%c; 8.0%d)

22.0
(9.9–45.4)

0.39
(0.045–1.26)

66
(34–125)

94
(43–335)

20.7
(13.4–31.4)

108
(13–615)

88
(14–269)

a Overall significant differences in ANOVA are marked with *(p < 0.05),**(p < 0.01), ***(p < 0.0045) or ****(p < 0.0001).
b Significant differences with the area with the lowest value for the respective parameter are marked with *(p < 0.05), **(p < 0.01), ***(p < 0.0045) or

****(p < 0.0001).
c Percentage of passive smoking.
d Percentage of active smoking (at least one cigarette per day).
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non-ferrous companies. In the Ghent region (agglomera-
tion and harbour) this was the case for organochlorine
compounds. No emission data are available for these com-
pounds but PAH emissions are twice those in Antwerp har-
bour. A bit surprisingly, the rural area shows increased
internal exposure levels for cadmium, PCBs, DDE and
HCB. A specific investigation to clarify these observations
was launched in 2007. In the fruit area and, surprisingly, in
the area composed of six surroundings of waste incinera-
tors, no internal exposures were significantly increased
compared to the RM value. For lead, cadmium, PCBs,
DDE and HCB, one or more of the nine areas had internal
exposure values significantly below the RM. Compared to
the area with the lowest internal exposure, significantly
higher values were observed in the agglomeration of
Antwerp for lead, cadmium, PCBs and HCB; in the
Antwerp harbour area for lead, cadmium, DDE and
HCB; in the agglomeration of Ghent, the Ghent harbour
area, the rural area and in the composed area around incin-
erators for lead, cadmium, PCBs, DDE and HCB; in the
fruit area for DDE and HCB; and in Olen for lead, cad-
mium, and DDE. Exposure levels in each harbour area
were more similar to those of the adjacent agglomeration
than to those of the other harbour area. Overall, the lowest
internal exposures values were observed in the fruit area. In
Table 3 an exclamation mark indicates those areas with
P90 values that are significantly above the reference P90
value. Increased P90 values were always associated with
increased mean values.

3.5. Individual waste incinerators show differences in

exposure

The mean biomarker values of the area composed of six
areas around waste incinerators were not significantly dif-
ferent from the RM values. However, if the six areas were
considered individually, some of them had significant
higher internal exposure values (after adjustment for



Table 3
Geometric means and 95% confidence interval of internal exposure to environmental pollutants in nine areas

Area Blood Serum Urine 

 Leada

(µg l-1) **** 

Cadmiuma

(µg l-1) **** 

PCBsa

(ng g-1 fat) ****

DDEa

(ng g-1 fat) ****

HCBa

(ng g-1 fat) ****

1-OH-pyrene 

(ng g-1 creatinine) 

t,t’-muconic acid 

(µg g-1 creatinine) 

Antwerpb

(n=210)

25.1****

(23.1-27.3)

0.47****  ! 

(0.40-0.54)

61*

(57-64)

73

(65-82)

19.9****

(19.1-20.8)

95

(78-116)

72

(60-200)

Antwerp 

Harbourb

(n=76)

23.2****

(20.3-26.4)

0.48****

(0.38-0.61)

61

(55-67)

87*

(73-103)

20.0***

(18.7-21.5)

122

(88-169)

68

(50-68)

Ghentb

(n=207)

21.0****

(19.4-22.8)

0.30****

(0.26-0.34)

74****  ! 

(70-79)

87**

(78-97)

21.0****

(20.1-22.0)

116

(96-141)

72

(61-200)

Ghent
harbourb

(n=150)

23.4****

(21.3-25.7)

0.33****

(0.28-0.39)

76.3****  ! 

(71.3-82) 

125****  ! 

(110-141)

22.1****

(21.1-23.2)

106

(84-134)

70

(57-134)

Fruitb

(n=201)

15.4

(14.2-16.8)

0.16

(0.14-0.19)

61

(58-65)

95***

(85-106)

21.5****

(20.6-22.5)

98

(81-118)

71

(60-199)

Ruralb

(n=209)

21.8****

(20.1-23.6)

0.46****  ! 

(0.40-0.53)

78****  ! 

(74-83)

140****  ! 

(126-156)

22.0****  ! 

(21.1-23.0)

89

(74-108)

73

(61-197)

Olenb

(n=220)

22.6****

(20.9-24.4)

0.32****

(0.28-0.37)

58

(55-62)

117****  ! 

(106-130)

17.6

(16.9-18.4)

115

(95-139)

73

(62-199)

Albert canalb

(n=199)

17.5****

(16.1-19.0)

0.36****

(0.31-0.41)

57

(54-60)

166****  ! 

(148-185)

20.4****

(19.6-21.3)

104

(86-127)

76

(63-198)

Incinerationb

(n=207)

21.6****

(19.9-23.5)

0.36****

(0.31-0.41)

62*

(58-66)

87**

(78-97)

19.9****

(19.1-20.8)

96

(79-117)

76

(63-200)

All biomarker results are adjusted for age, sex and smoking, and the chlorinated compounds (PCB, DDE and HCB) also for body mass index.

Significantly lower and higher results compared to the reference mean are indicated in light grey and dark grey, respectively.

Table 2
Reference mean and reference P90 values (geometric mean and 95% CI) for the Flemish population adjusted for the number of inhabitants in each of the
areas included in the study

Age group ? Adolescents (14–15 yr) Neonates Adults (50–65 yr)

Biomarker of exposure ; Reference mean Reference P90 Reference mean Reference mean

Lead (lg l�1) 21.7 (20.8–22.6) 47 (44–49) 14.7 (14.0–15.5) 39.6 (38.4–40.9)
Cadmium (lg l�1) 0.36 (0.33–0.38) 1.32 (1.23–1.40) 0.21 (0.19–0.23) 0.42 (0.40–0.44)
PCBs (ng g�1 fat) 68 (66–70) 116 (111–121) 64 (61–68) 333 (325–341)
DDE (ng g�1 fat) 94 (89–99) 274 (242–306) 110 (104–116) 423 (398–449)
HCB (ng g�1 fat) 21 (20–21) 31 (29–32) 19 (18–20) 57 (55–59)
1-Hydroxypyrene (ng g�1 creatinine) 88 (81–95) 484 (409–559) / 147 (138–157)
t,t0-Muconic acid (lg g�1 creatinine) 72 (66–79) 271 (241–300) / 85 (79–92)

Results of the neonates were adjusted for age of the mother and active smoking during pregnancy. Results of the adolescents and adults were adjusted for
sex, age, smoking behaviour for all markers and also for body mass index for chlorinated compounds.
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confounders) compared to the RM and differences among
the areas showed up as well (Table 4). Adolescents living
in the neighbourhood of the incinerator of Wilrijk had sig-
nificant higher lead concentrations in their blood and those
of Harelbeke showed higher cadmium levels. Mean levels
of PCBs and HCB were highest in blood samples of adoles-
cents from Menen. The mean values of DDE and cadmium
were also high in Menen, but due to the small population
group (large confidence intervals) the significance level
was not reached. The benzene-marker t,t0-muconic acid
was significantly increased in urine samples of adolescents
living nearby the incinerator of Roeselare.



Table 4
Geometric means of internal exposure to environmental pollutants in the neighbourhood of six incinerators

Area Blood Serum Urine 

 Lead

(µg l-1)

Cadmium

(µg l-1)

PCBs

(ng g-1 fat)

DDE

(ng g-1 fat)

HCB

(ng g-1 fat)

1-OH-pyrene 

(ng g-1 creatinine) 

t,t’-muconic acid 

(µg g-1 creatinine) 

Menen (n=14) 18.2 0.56 114 117 28.2 68 98 

Harelbeke (n=26) 19.9 0.54 75 109 22.2 72 61 

Roeselare (n=24) 20.4 0.31 67 63 18.8 64 210

Ghent (n=30) 18.2 0.12 73 72 20.5 115 59 

Wilrijk (n=72) 27.2 0.36 60 73 18.5 81 78 

Houthalen (n=46) 18.1 0.40 51 114 20.5 103 57 

Difference between 
incinerators

(p-value) 

0.011 <0.0001 <0.0001 0.0006 <0.0001 0.1 0.0014 

All biomarker results are adjusted for age, sex and smoking, and the chlorinated compounds (PCB, DDE and HCB) also for body mass index. Significant
lower and higher results compared to the reference mean are indicated in light grey and dark grey, respectively.
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3.6. Factors explaining differences in levels of internal
exposure

Fig. 2 shows the significant factors explaining part of the
variation in internal exposure among the adolescents. Area
of residence and sex were important factors for almost all
biomarkers. Boys had higher concentrations of pollutants
in their body as compared to girls. Smoking was associated
with higher levels of cadmium and 1-hydroxypyrene. Con-
sumption of locally produced food was associated with
higher concentrations of persistent chlorinated compounds
in serum. The latter compounds were also increased in ado-
lescents who had received breast-feeding as newborns:
breastfed and non-breastfed adolescents had PCB concen-
trations of 74.0 and 55.2 ng g�1 fat, respectively.
4. Discussion

Our biomonitoring program showed small differences in
internal exposure levels of adolescents living in nine
selected areas. Compared to German Surveys on pupils,
we obtained similar results for lead, HCB and DDE,
although levels of the later compound were very variable
according the geographical area. Our cadmium levels were
somewhat increased, our PCB values decreased (Wilhelm
et al., 2003, 2006). CDC reported mostly lower values,
except for DDE (CDC, 2005).

Compared to the 17 year-old adolescents studied in the
1999 Flemish environment and health study (Staessen
et al., 2001), no marked differences were observed in the
current study group of 14 year old adolescents, for lead
(19.2 versus 21.7 lg l�1) and cadmium (0.37 versus
0.36 lg l�1). Significant differences were observed for the
marker PCBs (93 versus 68 ng g�1 fat), 1-hydroxypyrene
(68 versus 88 ng g�1 creatinine) and for t,t0-muconic acid
(55 versus 72 lg g�1 creatinine).

During our first biomonitoring campaign (2002–2003)
on neonates and their mothers, lower lead and cadmium
levels were found in cord blood, whereas levels of PCBs,
DDE and HCB were quite similar (Table 2). Differences
in transport through the placenta are suggested. In our
third biomonitoring campaign (2004–2005) on 50–65 year
old adults, all internal exposure levels were higher (Table
2) which might be a consequence of life-time exposure.

Significant differences in internal exposure between ado-
lescents residing in different areas were noted for lead, cad-
mium, PCBs, HCB and DDE. In Flanders, a densely
populated and heavily industrialized region, residents of
areas with a surface of the order of 100 to several hundreds
of square kilometers that harbour quite different economic
activities show quite similar levels of internal exposure to
pollutants. For Antwerp and Ghent there was no signifi-
cant difference between the inner-city and the adjacent har-
bour and incinerator. Somewhat contrasting with this
finding is the fact that residents of small areas, with a sur-
face of less than 10 km2 around a point source (e.g., a
household waste incinerator), may show significant
increases in internal exposure compared to other areas
and to the reference value.

Large inter-individual differences between adolescents
residing in the same area were noted for all pollutants. As
to factors underlying differences in internal exposure to pol-
lutants, recorded distinctions in food consumption, expo-
sure to traffic or other lifestyle or personal factors could
only explain these differences to a limited extent. Indeed,
for lead only 13.4% of variation could be explained by fac-
tors significantly associated with this parameter, for cad-
mium 14.4%, for PCBs 46.6%, for DDE 19.1%, for HCB
28.5%, for t,t0-muconic acid 2.0%, and for 1-hydroxypyrene
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Fig. 2. Relative importance (squared semi-partial correlation coefficients
in stepwise multiple regression analyses) of a series of variables explain-
ing the differences in internal exposure. Area of residence is marked
darker.
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2.5%. For lead and cadmium levels, for t,t0-muconic acid
and to a lesser extent for PCBs, DDE and 1-hydroxypyrene,
area of residence was one of the factors showing the stron-
gest correlation with the parameter of internal exposure. As
expected, BMI and having received breast-feeding were
quite strongly and positively correlated with concentrations
of PCBs, DDE and HCB. Overall, boys had higher concen-
trations of pollutants in blood. Smoking increased the inter-
nal exposure to cadmium and PAHs. The influence of breast
feeding, gender and smoking were in agreement with other
studies (Staessen et al., 2001; De Burbure et al., 2003;
Strömberg et al., 2003; Wilhelm et al., 2003; Wilhelm
et al., 2006). Exposure to traffic, having exercised in the last
three days and having a stove at home were associated with
higher internal exposure to PAHs. Interestingly, consump-
tion of locally produced food items was positively corre-
lated with concentrations of PCBs, DDE and HCB,
suggesting higher pollutant burdens in such food. It is
known that fat intake is to a large extent responsible for
contamination with persistent lipophilic pollutants (Fries,
1995) and that vegetable food is an important factor in con-
tamination with heavy metals (Muñoz et al., 2005). The var-
iation in age between adolescents in this study was too small
to have a significant effect of age on the internal exposure
levels as seen in some other studies.

5. Conclusion

Nine areas in Flanders, each representing a specific envi-
ronmental stress (e.g., metals or organochlorides in indus-
trial areas, pesticides in fruit area, etc.) were selected.
Although Flanders is a densely populated region, with peo-
ple consuming the same food distributed through the same
chains of shops and submitted to similar pollution from
traffic, etc. differences between areas were relatively small.
There was for example no significant difference in exposure
to pollutants between the inner-city, the adjacent harbour
and incinerator, all located in the same agglomeration
(e.g., Antwerp and Ghent). Nevertheless, some point
sources such as the individual waste incinerators, caused
significant differences in internal exposure. In addition,
small differences were observed between some of the nine
areas. Inhabitants of the agglomeration of Antwerp had
higher exposure to heavy metals but lower exposure to hal-
ogenated compounds compared to the reference value. The
halogenated compounds were significantly higher in the
harbour of Ghent and in the rural area. The fruit area
had in general low exposure to all measured pollutants.
Additionally, elevated levels of DDE were mainly found
in Olen and the Albert canal zone. The results of this study
are in line with results from earlier biomonitoring studies in
Flanders and from similar industrialized countries.
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