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Abstract

Environmental exposures to industrial pollutants have been associated with lowered intelligence and behavioural problems. The Flemish
Environmental and Health Study focussed on biomonitoring of exposure and associated health effects.
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This part of the study investigated neurobehavioural performance in adolescents in relation to lead (blood Pb), cadmium (
olychlorinated biphenyls (PCB concentration of congeners 138, 153 and 180) and compounds with ‘dioxin-like’ activity (mea

he CALUX-assay). One-hundred and twenty girls and 80 boys (mean age 17.4 years) were enrolled. The NES battery was us
imple reaction time, switching attention, digit span forward, hand–eye coordination and symbol–digit substitution (SDS). Multiple r
nalysis was performed to study dose–effect relationships between the neurobehavioural outcome variables and the exposure para
nd girls. Slowing of SDS with increasing log PbB and log CdU was seen in boys only (PbB 39–1549 nmol/L, CdU 0.02–0.40 nm
reatinine). No dose–effect relations were found with serum PCB concentrations or CALUX-TEQs. Only one of several tests
erformance decrease related to given environmental exposures to heavy metals. Further studies are needed to clarify whether
esults reflects gender effects or the different exposure characteristics of boys and girls in our study.

2005 Published by Elsevier B.V.
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. Introduction

Exposure to environmental contaminants such as heavy
etals (e.g. lead and cadmium) and polychlorinated aromatic
ydrocarbons (e.g. polychlorinated biphenyls) have been as-
ociated with diminished general intelligence, impaired vi-
uomotor and cognitive ability development, and behavioural
roblems. Especially exposure to lead (Pb), but also to cad-
ium (Cd) may result in behavioural changes and intellec-

ual deficits in young children as well as in adolescents, and
o a lesser extent in adults (Struempler et al., 1985; Feldman,
999; Burns et al., 1999; Viaene et al., 2000). Concurrent ex-
osure to other heavy metals is relatively common (e.g. Cd,

∗ Corresponding author. Tel.: +32 14/57 91 11.
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mercury) and it could result in a more pronounced co
tive decline (Lewis et al., 1992). Although the effects of ver
low environmental exposure to Pb (blood Pb <10�g/dL) is
most probably negligible, the threshold below which the
an insignificant influence of Pb exposure in children is
uncertain (Pocock et al., 1994; Canfield et al., 2003).

Prenatal exposure to PCBs and dioxins has also been
ciated with behavioural changes and poorer cognitive f
tioning in pre-school children. These effects were mostly
ited to the non-breastfed group (Patandin et al., 1999). Effects
on play behaviour were still measurable in school-aged
dren, although the cognitive and motor developmental d
did not persist for the full cohort (Vreugdenhil et al., 2002a,b).

As harmful effects of heavy metals and PCBs have b
reported in many industrialized countries, a campaign o
Flemish Ministry of Health (Belgium) was set up in 1999
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assess regional differences in pollutant concentrations. The
Flanders Environmental and Health Study (FLEHS) focused
on biomonitoring of life time exposure (Nawrot et al., 2002)
and health effects associated with these exposures in adoles-
cent boys and girls. Immunological markers (Van Den Heuvel
et al., 2002), sexual development (Den Hond et al., 2002), re-
nal function and cytogenetic markers (Staessen et al., 2001)
were investigated. The present study investigated neurobe-
havioural performance in adolescent boys and girls living in
one rural and two suburban areas of Flanders in relation to
life-time exposures to Pb, Cd, PCBs and compounds with
‘dioxin-like’ activity [Chemical Activated Luciferase gene
eXpression bioassay (CALUX),Murk et al., 1996].

2. Materials and methods

Study design and analytical methods are described in de-
tail by Staessen et al. (2001).

2.1. Study population

The participants were recruited from grammar schools in
the study areas. The inclusion criteria were: (1) being a stu-
dent of the last two years and (2) life-long residence in the
a years
w
o b-
u r and
t ma-
t ub-
u over
8 girls,
w r age
a

2.2. Questionnaires

Questionnaires and neurobehavioural testing were admin-
istered during school time by trained nurses. Questionnaires
included questions about the educational level of the adoles-
cent (3 levels), smoking (0/1, number of cigarettes), alcohol
consumption (0/1, number of alcoholic beverages during
the week and the weekends; alcohol abuse, i.e. >5 alco-
holic beverages/day), illicit drug use (0/1), and motivation
in performing the tests (%, scored by marking a line running
from 0 to 100%). Ethanol consumption (g ethanol/week) was
calculated. Self-administered questionnaires for parents in-
quired about tobacco, drug and alcohol consumption during
pregnancy by the mother (0/1), birth order of child, breast-
feeding (0/1), complications during pregnancy (0/1), pre-
maturity (<38 weeks, 0/1), divorce (0/1) and social class
(low/middle/high).

2.3. Neurobehavioural test methods

A computer assisted neurological test battery, the Neu-
robehavioural Evaluation System (NES, version 4.38) (Letz,
1991) was used. Time of testing (morning hours, afternoon
hours) was permutated across boys and girls. The tests were
performed in a quiet room, under supervision and with room
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rea selected. Two hundred adolescents (mean age 17.4
ho life-long lived in two polluted suburban areas (n= 100)
r one rural area (n= 100) participated in this study. The su
rban areas were located nearby a non-ferrous smelte

wo (municipal and industrial) waste incinerators, a cre
ory, printingworks and various other industries. Both s
rban locations are crossed by motorways that carry
0,000 vehicles per day. Two groups, 80 boys and 120
ere enrolled in the study. The groups were matched fo
nd area. Group characteristics are summarised inTable 1.

able 1
roup characteristics

esidence (suburban/rural)
ge
chooling level (low, moderate, high)
mokers
lcohol use
edian alcohol use (range) (g ethanol/week)
rug use or alcohol abuse
otivation (<70%/≥70%)
reastfeeding
omplications during pregnancy or prematurity
obacco or alcohol use by the mother during pregnancy
ocial class (low, moderate, high)
iving in the family of origin
bB (nmol/L)a

dU (nmol/mmol creatinine)a

PCB (pmol/g serum lipids)a

EQ (pg/g serum lipids)a

S:p> 0.05.
a Geometric means (range) are presented.

∗∗ Student’st-testp< 0.001.
)emperatures monitored between 18 and 21◦C. Attention was
ssessed by the simple reaction time test (SRT) (mean

ion time in milliseconds on 80 stimuli presented at rand
ntervals of 2.5–5 s) and the switching attention test (SW
mean reaction time in msec to: (i) the location of an arrow
he screen (RT-location); (ii) the direction of the arrow (
irection); (iii) at random to the location (SWAT-locatio
r direction (SWAT-direction) of the arrow as indicated

he screen when the arrow appears]. The first two par
he SWAT-test are measuring sustained attention, the

ls (n= 120) Boys (n= 80)

60/60 40/40
.4± 0.8 17.3± 0.8
34/75/11 (28%/63%/9%) 13/54/13 (16%/68%/1

(26%) 19 (24%)
(29%) 52 (56%)
4.3 (2.3–7.1) 11.4 (4.3–24.7)

31 (26%) 16 (20%)
13 4/76

5 (55%) 48 (61%)
32 (27%) 18 (23%)

31 (26%) 22 (28%)
31/60/9 16/69/15
4 (87%) 75 (95%)
.43 (9.55–363.08) 107.15 (38.90–1548.82)***

6 (0.04–1.05) 0.12 (0.02–0.40)***

8.93 (47.44–891.25) 380.19 (128.82–1108.05***

.90 (3.39–138.04) 36.31 (1.86–231.72)NS
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part of the test requires switching between two kinds of in-
structions (selective attention). Memory and attention were
measured by the digit-span-forward test (EURONEST ver-
sion, mean number of digits calculated from 20 consecutive
trials) (Gilioli, 1993). Visuomotor performance was deter-
mined by the hand–eye coordination test (HEC) (expressed
as the root mean squared error compared to the curve of the
best out of seven trials) and by the symbol–digit substitution
test (SDS) (average of the two fastest performances out of
five trials, expressed in seconds).

2.4. Exposure

Historically the vicinity of the nonferrous smelter is
known for its pollution with Pb and Cd, while the environment
of the suburban areas located nearby the waste incinerators
were only monitored for dioxins. The rural area had no known
industrial pollution. Across areas, mean ambient air concen-
tration of toluene (8.3�g/m3) and benzene (1.5�g/m3) were
very low and were not considered for further analysis.

To measure activity of ‘dioxin-like’ compounds, the
Chemical Activated Luceferase gene eXpression bioassay
(CALUX, Murk et al., 1996) was used. In contrast to the
analysis of individual compounds of PCBs or polychlori-
nated dibenzo-p-dioxins (PCDDs) and furans (PCDFs), this
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at the Analytical Chemistry department of the Medical Insti-
tute of Environmental hygiene (Dusseldorf, Germany). The
method was worked out and described byFastabend (2000).

Blood Pb (PbB) and urinary Cd concentration (CdU) were
determined as well (for detailed description of environmental
factors and analytical methods: seeStaessen et al., 2001).

2.5. Statistical analysis

Distributions of the variables were checked and
log–normal transformation was performed when needed
(PbB, CdU,�PCB, CALUX-TEQ).

The results of the attention tests (five outcome vari-
ables) were grouped by a factor analysis with four fac-
tors (eigenvalues≥0.40 taken into account, explained vari-
ance = 76%). Factor 1 had very high loadings on all the at-
tention variables (RT-location, RT-direction, SWAT-location,
SWAT-direction). The other factors had either high loading
on one test or were not congruent with available literature
data (Emmen et al., 1998). Only individual factor scores for
factor 1 (‘factor attention’) were calculated and used for fur-
ther analysis. Additionally performance parameters of digit
span forward (DSF), hand–eye coordination test (HEC) and
symbol–digit substitution (SDS) were examined as depen-
dent variable in the regression analyses.
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ioassay needs only low volumes of serum and mea
he binding of ‘dioxin-like’ compounds to the aryl hydr
arbon receptor (AhR). It has been shown that most o
oxic actions induced by ‘dioxin-like’ compounds (such
o-planar PCBs, PCDDs and PCDFs) are mediated b
hR signal transduction pathway (Safe, 1990). Safe (1990

ntroduced the concept of ‘dioxin-like’ toxic equivalent fa
or (TEF), allowing conversion of the chemical data set
he AhR-related toxic potency of the mixture of indiv
al ‘dioxin-like’ compounds. Concentrations of individu

dioxin-like’ compounds are multiplied by their respect
EF values and added together to give the ‘dioxin-like’ t

oxic equivalency (TEQ). This concept is also used for
EQ calculations of the WHO. The CALUX-bioassay
een developed to measure the total TEQ value of com
ixtures directly. The CALUX-based TEQs are calcula
y comparing an AhR-controlled luciferase activity indu
y the sample against a dose-response curve generate
,3,7,8-tetra-chlorodibenzo-p-dioxin (TCDD) concentratio
tandards analysed simultaneous (Murk et al., 1996, see als
oppen et al., 2001). The dioxin congener TCDD is the refe
nce compound for polychlorinated aromatic hydrocarb
hich include dioxins, PCBs, and polychlorinated diben

urans (Hansen, 1998). CALUX-TEQs have been report
n literature to have good correlations with total TEQs, (
elation coefficients up to 0.74), and is useful in popula
tudies (Koppen et al., 2001).

In addition serum concentrations of the PCB conge
38, 153, and 180 were measured as biomarkers of exp

o PCBs (Hansen, 1998) and summed (expressed as�PCB
n nmol/g serum lipids). The PCB analyses were perfor
Multiple linear regression analyses were perform
o study dose–effect relationships between the neu
avioural outcome variables and PbB or CdU in boys and
eparately. In addition, the groups were divided in a bre
ed and non-breastfed group to study the effect of�PCB and
ALUX-TEQ.
Covariable selection was based on a search of the l

ure (Medline, languages English, French, German, Du
n the topic of neurobehavioural tests and exposure
ameters. Covariables which were reported to be im
ant in neurobehavioural development of children or
esults of adults were included (educational level of the
escent, educational level of the mother, social class,
ng in the family of origin or not, birth order of the chil
irth weight, complications during pregnancy/prematu

obacco/alcohol consumption by the mother during p
ancy, illicit drug use/alcohol abuse, smoking, and b
ass index). They were all added in regression mode
forward-stepwise procedure. Dose–effect relationship

ween the neurobehavioural outcome variables and exp
arameters were tested in separate models, each inc
ne exposure variable (PbB, CdU,�PCB or CALUX-TEQ)
nd all covariates. Ap-value <0.05 was considered as sta

ical significant.

. Results

Biomarkers of exposure were significantly different
ween both groups, except for CALUX-TEQ (two-sid
tudent’s t-test: PbB,p< 0.001; CdU,p< 0.001; �PCB,
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Table 2
NES-results in girls (n= 120) and boys (n= 80)

NES-testsa Log PbBb Log CdUb

Mean S.D. B S.E. (B) Beta p-value B S.E. (B) Beta p-value

Girls
Digit-span forward (number) 6.25 0.89 – – – >0.05 – – – >0.05
Hand–eye coordination (root mean squared error) 2.18 0.35 – – – >0.05 – – – >0.05
Factor-attention 0.20 0.93 – – – >0.05 – – – >0.05
Symbol–digit substitution (s) 2.32 0.26 – – – >0.05 – – – >0.05

Boys
Digit-span forward (number) 6.57 0.87 – – – >0.05 – – – >0.05
Hand–eye coordination (root mean squared error) 2.01 0.28 – – – >0.05 – – – >0.05
Factor-attention −0.30 1.04 – – – >0.05 – – – >0.05
Symbol–digit substitution (s) 2.32 0.87 0.285 0.132 0.237 0.034 0.291 0.139 0.226 0.040

a For description of tests and results, see Section2.
b Stepwise multiple linear regression analysis (see Section2; B = coefficient; S.E. (B) = standard error (B); Beta = partial correlation coefficient).

Fig. 1. Symbol–digit substitution results in relation to log PbB in boys.r2 = 0.06,p= 0.03. * Residuals were calculated after introducing the covariates
(educational level of the adolescent, educational level of the mother, social class, living in the family of origin or not, birth order of the child, birth weight,
complications during pregnancy/prematurity, tobacco/alcohol consumption during pregnancy, illicit drug use/alcohol abuse, smoking, and body mass index) in
a stepwise multiple regression analysis.

p< 0.001). Exposure parameters were higher in boys than
in girls, except for CdU (Table 1). In boys the upper range
of PbB reached 1542.82 nmol/L (32.1�g/dL), while in girls
this was four times lower (363.08 nmol/L or 7.5�g/dL).1

No significant correlations were found between the re-
sults of PbB and CdU. Also no significant correlations were
present between PbB and CALUX-TEQ or�PCB, and be-
tween CdU and CALUX-TEQ or�PCB. A moderate corre-
lation was seen between�PCB and CALUX-TEQ (r2 = 0.06,
p= 0.001).

1 Conversion factors: 1 nmol Pb = 207.2 ng Pb, 1 nmol Cd = 112.4 ng Cd.

Stepwise multiple linear regression analysis showed no re-
lations between the neurobehavioural outcome variables and
�PCB or CALUX-TEQ in breastfed or non-breastfed girls
or boys (allp> 0.05). A slowing of performance on SDS with
increasing PbB (r2

P = 0.06,p= 0.03) and CdU concentrations
(r2

P = 0.05,p= 0.04) was found in the boys’ group, but not in
the girls’ group (Table 2, Figs. 1 and 2). No other outcome
variable (HEC, Factor Attention and DSF) was significantly
associated with PbB or CdU.

However, in multiple stepwise linear regression analy-
sis relations were found between the neurobehavioural test
results and some covariates. Higher educational level of
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Fig. 2. Symbol–digit substitution results in relation to log CdU in boys.r2 = 0.05,p= 0.04. * Residuals were calculated after introducing the covariates
(educational level of the adolescent, educational level of the mother, social class, living in the family of origin or not, birth order of the child, birth weight,
complications during pregnancy/prematurity, tobacco/alcohol consumption during pregnancy, illicit drug use/alcohol abuse, smoking, and body mass index) in
a stepwise multiple regression analysis.

the adolescent (r2
P = 0.03,p= 0.050) and higher birth weight

(r2
P = 0.05,p= 0.012) were related to a better performance

on the SDS test in girls, but not in boys. In addition, DSF
results were positively associated with the educational level
of the adolescent in both groups (girlsr2

P = 0.17,p< 0.001;
boysr2

P = 0.07,p= 0.013). Only in girls, performance on the
attention tests (Factor Attention) was better for higher so-
cial class (r2

P = 0.04,p= 0.032), higher educational level of
the adolescent (r2

P = 0.06,p= 0.004), and living in the fam-
ily of origin (r2

P = 0.08,p= <0.001). No significant relations
between HEC results and the covariates were found in girls,
but in boys HEC results were negatively influenced by illicit
drug use/alcohol abuse (r2

P = 0.06,p= 0.031). With the other
covariates (i.e. educational level of the mother, birth order of
the child, complications during pregnancy/prematurity, to-
bacco/alcohol consumption by the mother during pregnancy,
smoking, and body mass index) no associations were found
in the two study groups.

4. Discussion

FLEHS focused on biomonitoring of life time exposures
(PbB, CdU,�PCB and CALUX-TEQ levels in serum) in
b and
p e and
o lies,
i ex-
p

et al., 2002). Also for exposure to heavy metals, it is known
from literature that CdU is significantly influenced by the
diet and smoking and PbB levels by diet and traffic emis-
sions (Feldman, 1999).

In this study, an increasing body burden of both heavy met-
als seems to impair SDS test results in boys. The restriction of
this finding to the boys’ group may partly be explained by the
higher mean exposure and range of PbB in boys compared to
girls (e.g. for PbB upper range is higher than 10�g/dL, while
in girls the upper range is below 10�g/dL). For CdU, how-
ever, boys did not show higher values. Otherwise, it could
be a gender-specific effect. Gender-specific effects of Pb-
exposure have been previously reported (Burns et al., 1999;
Tong et al., 2000). In contrast to our findings,Tong et al.
(2000)described a more prominent decline of IQ points per
log unit of PbB in 11–13-year-old girls compared to boys.
However, this remains a matter of controversy, as the excess
of neurotoxicity in girls largely disappeared after adjustment
for socio-economic status (Tong et al., 2000). Burns et al.
(1999)described higher externalizing behavioural problem
scores in boys and more internalizing behaviour problem
scores in girls.

That only the SDS test results showed a significant slowing
related to the Pb and Cd body burdens in boys, may be due to
the fact that SDS is a very sensitive test. It is thought to be one
o en-
t ;
M o-
t tion,
a otor
oys and girls from two different regions of Flanders
ossible associated health effects. Place of residenc
ther environmental factors (smoking habits, food supp

ntake of milk and fat, and duration of breastfeeding)
lained 10.8% of the variance of�PCB in serum (Nawrot
f the most discriminative tests to distinguish early dem
ias or other chronic organic brain disorders (Lezak, 1995
asur et al., 1994). The test requires integration of visuom

or functions, attention, coding and perceptual organisa
nd incidental learning. Moreover, diminished visuom
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skills are frequently reported in relation to Pb and Cd expo-
sure in children (Feldman, 1999; Stellern et al., 1983; Tatcher
et al., 1982). Slowed performance on SDS was also reported
to be significantly related to higher Cd levels in adults (Hart
et al., 1989; Viaene et al., 2000).

Although our model confirmed several important covari-
ates, e.g. educational level of the adolescent, birth weight,
illicit drug use/alcohol abuse, social class and living in the
family of origin, our test results may still be biased as other
covariates were not taken into account, e.g. the HOME-
inventory. But, to our knowledge, it is not known if the quality
of the care-giving environment is still relevant at the age of
late adolescence or early adulthood for the NES tests used in
our study. For instance, the HOME inventory, which is fre-
quently used to measure this factor, is only validated till the
age of 15 years.

In our study no dose–effect relation was found between
any of the neurobehavioural test results and serum PCB con-
centrations at the age of 17. This was expected. Firstly, it
has been shown previously that only PCB concentrations in
maternal serum or umbilical cord blood of non-breastfed pre-
school children (prenatal exposures) could be linked to the
neurobehavioural impairments like diminished mental and
motor development and global IQ (Patandin et al., 1999;
Vreugdenhil et al., 2002a; Walkowiak et al., 2001; Boersma
a re-
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obliged to S. Van Hulle and her co-workers for the coordina-
tion of the field work.
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