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Abstract t 

Objectives:Objectives: Perinatal exposure to Dutch "background" dioxin levels is 
ratherr high, but not much higher than other industrialised nations. 
Exposuree during the sensitive perinatal period may result in permanent 
disturbances,, which prompted us to assess the neurological development 
off  our longitudinal cohort. 
SubjectsSubjects and methods: Magnetoencephalography (MEG) and electro-
encephalographyy (EEG) were performed in 41 healthy 7-12 year old 
childrenn with documented perinatal dioxin exposure. Neuromotor 
functioningg was tested, using the Touwen method, and psychological 
testingg was performed, using standardised WISC-R, TRF and CBCL 
tests.. The prenatal and postnatal dose-response relations of all test data 
weree age corrected. 
Results:Results: Linear regression revealed no relation between verbal, performal 
andd total I.Q. and dioxin exposure, and no relation between exposure and 
thee Touwen test outcomes. In contrast, an increase in social problems 
(p<0.001),, thought problems (p=0.005) and aggressive behaviour 
(p=0.001),, as reported by the teachers, was seen in relation to increasing 
postnatall  dioxin exposure. An increase in anxious/depressed feelings 
(p=0.002),, as reported by the parents, was seen in relation to increasing 
prenatall  exposure, and an increase in social problems was seen in relation 
too both prenatal (p<0.001) and postnatal (p=0.001) dioxin exposure. 
Spontaneouss alpha frequency and alpha amplitude (MEG and EEG) were 
nott affected. However, an increase in latency and amplitude of the 
motionn induced EEG N2b component was found. Combined statistical 
testingg (MEG and EEG) of the first (N2a) and second (N2b) motion 
componentt yielded a significantly increased latency (p=0.007) and 
amplitudee (p=0.015) effect, suggesting a developmental delay of several 
years.. The latency of the N200 (EEG) component elicited by a visual 
oddballl  stimulus was increased. The amplitude of the N200 component 
wass decreased. Combined statistical testing of latency and amplitude 
effectss of N200 (p=0.0021) and P3b (p=0.011) suggest a developmental 
delayy of about one year. 
Conclusion:Conclusion: Perinatal dioxin exposure, even at Dutch background 
exposuree levels around 1990, would appear to result in subtle but 
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significantt neurodevelopmental influences and possibly cerebral damage 
off  cognitive and behavioural performance. This is possibly due to 
disturbedd myelinisation, and in our cohort would seem to have caused an 
averagee neurodevelopmental retardation of approximately 3 years. 

Introduction n 

Dioxins Dioxins 
Polychlorinatedd dibenzo-p-dioxins and dibenzofurans (henceforth jointly 
referredd to as dioxins) belong to the group of most toxic substances 
known,, and have been associated with a lower I.Q. and behavioural 
abnormalities,, malignancies, congenital malformations, immuno-
suppression,, haematological disturbances, pulmonary function deficit and 
prematuree neuromotor maturation (1-7). Dioxins are formed as waste 
productss of combustion processes and municipal incinerators are 
amongstt the primary sources of these compounds in The Netherlands. 
Heatingg of polychlorinated biphenyls (PCBs) is a notable source of 
polychlorinatedd dibenzofurans, as was seen in the food-stuff 
contaminationn incidents in Japan, Taiwan and Belgium. Dioxins, being 
poorlyy degradable in nature, persist in the environment and accumulate in 
thee food chain via fish-oils and animal fats (8). These polychlorinated 
aromaticc compounds are highly lipophilic and are in the human primarily 
storedd in adipose tissues. Their lipophilicity allows them to readily pass 
thee placenta, whereupon they are stored in foetal liver and adipose tissues 
(9;; 10). In 1986 relatively high dioxin concentrations in the breast milk of 
Dutchh mothers was reported, followed by similar findings in other 
industrialisedd countries (11-13). As a result foetuses and breastfed 
childrenn are exposed to relatively high "background" dioxin levels. 

Neurodevelopment Neurodevelopment 
Duringg the first trimester of pregnancy all neurons in the brain are 
formed.. During the second and third trimester, especially around thirty 
weekss of gestational age, the growth and development of the brain takes 
place,, characterised by the forming of dendrites, connecting the neurons, 
andd by the start of glial myelinisation. Structures in the brain necessary 
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too process visual and auditory signals, for instance for language 
development,, are then formed. This process proceeds, albeit somewhat 
slowerr than prenatally, during the first year of life, and still slower 
thereafter,, up until adolescence. 

ZaandamZaandam study 
Inn 1990 in Zaandam a longitudinal study on the effects of background 
exposuree to dioxins was started. The dioxin exposure was measured in 
breastmilkk shortly after birth. Out of a group of 120 mothers and their 
childrenn 44 mothers intended to breastfeed for at least two months and 
thesee mother-baby pairs were included in the study. The concentration of 
dioxinss in breastmilk was used as a measure for the prenatal exposure to 
dioxins.. Postnatal exposure was calculated as the concentration measured 
inn breastmilk multiplied by the amount of breastmilk the baby consumed 
duringg the period of breastfeeding. In this study only the 17 dioxins 
(PCDDs)) and furans (PCDFs) that accumulate in man were measured, 
andd not the PCBs. Levels in breastmilk ranged from 8.74 to 88.8 ng TEQ 
dioxinn (PCDD + PCDF)/kg milkfat. In the group of 44 breastfed children 
signss of enhanced neuromotor maturation were found at the age of 2Vi 
yearss in relation to prenatal dioxin exposure. It was hypothesised that this 
mayy be due to the thyroxine-agonistic action of dioxins (7). 

RotterdamRotterdam and Groningen study 
Followingg the Amsterdam/Zaandam studies, larger studies were done in 
19900 in two other Dutch cities, Rotterdam and Groningen, to investigate 
thee effects of perinatal exposure to background levels of PCBs and 
dioxinss on growth and development (14). The total study group 
consistedd of 400 healthy mother-infant pairs, of which half the infants 
weree breastfed and half bottle-fed. The levels of dioxins (PCDDs and 
PCDFs)) were comparable with the levels found in Amsterdam. Prenatal 
PCBB exposure was estimated by the PCB-sum (PCB congeners 118, 138, 
153,, and 180) in maternal blood and cord blood and the total dioxin toxic 
equivalentt level (TEQ) in maternal breastmilk (17 dioxin and a total of 8 
dioxin-likee PCB congeners - 3 planar, 3 mono-ortho and 2 di-ortho 
PCBs).. Postnatal dioxin exposure was calculated as a product of the total 
dioxinn TEQ level in breastmilk multiplied by the weeks of breastfeeding. 
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Off  the measured PCB congeners 118, 138, 153 and 180, the first is 
dioxin-like,, but the latter three are phenobarbital-like. In general 63% of 
thee total amount of PCBs in human breastmilk is ortho-substituted non-
planarr (PCB-22, -52, -38, -153 and -180) - that is non-dioxin-like (14). 
Thus,, effects detected in relation to PCBs in this study might be caused 
byy the non-dioxin-like PCBs. Follow-up of brain development was done 
inn infancy and at the age of 18 months and 42 months. 
Thee study detected hyperactivity and slower mean reaction times in 
relationn to the current PCB levels in the children at 42 months of age (14). 
Irritabilityy and hyperactivity are well known side effects of the use of 
phenobarbitall  in childhood, and current PCB levels might act as such. At 
thee age of 42 months, attention during free play behaviour was reduced 
relativee to cord and maternal PCB exposure, indicating a persisting effect 
onn behaviour from damage occurring prenatalfy. This is similar to the 
findingss of the Jacobsons (15). Prenatal PCB exposure was also adversely 
associatedd with neurological outcome at 18 months of age (16), but this 
wass no longer seen at 42 months of age (17). A negative relation was 
foundd between cognitive functioning (from 2 to 6-8 points lower I.Q.) at 
422 months and the sum of the PCBs measured in maternal blood collected 
duringg the last month of pregnancy (18). Overall cognitive functioning 
wass negatively influenced, as was the verbal comprehension score. This 
findingg is in accordance with the study of the Jacobsons', who noted a 
negativee effect of prenatal exposure to PCBs on cognitive functioning, at 
thee age of four years (15). Furthermore, at the age of eleven years, in the 
Jacobsonn study I.Q.-test scores were lower in the higher exposed children. 
Difficultiess in verbal comprehension were elicited and the ability to 
concentratee was reduced in the higher exposed children. The latter were 
moree than twice as likely to be two years behind in reading skills and 
wordd comprehension (1). The Rotterdam cohort was folio wed-up at the 
agee of 7 years and fine motor performances were tested. There were more 
left-handedd children in relation to higher prenatal PCB exposure as 
measuredd in maternal blood in the last month of pregnancy. Left-handed 
girlss had more lateralisation between the hands, the dominant hand being 
betterr than the non-dominant hand. Left-handed boys had better 
coordinationn between the two hands in relation to higher prenatal PCB-
exposuree (19). 
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NorthNorth America 
Inn a North Carolina study on the effects of PCBs, hypotonia and 
hyporeflexiaa in relation to prenatal exposure to PCBs were already 
detectedd in the neonatal period, shortly after birth (20). During infancy 
thee higher exposed children exhibited developmental delays in gross 
motorr function (21). In the children of mothers ingesting PCB-polluted 
fishfish from Lake Michigan a poorer visual recognition memory (Fagan 
Test)) was associated with increasing prenatal PCB exposure. The levels 
off  PCBs in the Michigan study were only slightly above US and 
Europeann background levels (22). 
Inn another neonatal study a behavioural assessment study was done in 
neonatess of mothers who had ingested Lake Ontario fish. Results 
revealedd significant linear relationships between the most heavily 
chlorinatedd PCBs, measured in cord blood, and performance impairments 
onn the habituation and autonomic clusters of the score at 25-48 hours 
afterr birth (23). 

GermanGerman study 
AA recent study in Germany clearly demonstrates the negative effects on 
neurodevelopmentt up to 42 months of age arising from prenatal and also 
postnatall  exposure to PCBs. A deficit of 8 and 9 points was seen for 
mental-- and motor development respectively. PCB congeners 138, 153 
andd 180 were measured, all non-dioxin-like. At 42 months an intelligence 
testt was performed to assess higher functions of the brain. With this test 
postnatall  exposure as measured in blood at 42 months was significantly 
relatedd with a lower I.Q. (24). 
Severee effects on I.Q. due to a high exposure in utero of a combination of 
PCBss and PCDFs were found in the Yucheng children (25). 

Inn summary, the above mentioned studies have shown PCB exposure to be 
associatedd with increasing hyperactivity, slower mean reaction times, 
reducedd attention during free play, adverse neurological development, 
specificallyy motor development, lower I.Q. scores, lower verbal 
comprehensionn scores, poorer visual recognition memory, increased 
hypotoniaa and increased hyporeflexia. 
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DioxinsDioxins versus PCBs 
However,, dioxins and dioxin-like PCBs may have different effects on 
brainn development than non-dioxin-like PCBs. This has been described 
inn animal studies (26). A study by Seegal and Schantz demonstrated 
effectss of di-ortho PCB congeners. Monkeys exposed to di-ortho PCBs 
weree impaired on simple spatial discrimination and reversal problems. 
Dioxinss on the contrary were associated with better performance (27). 
Dessenss demonstrated effects of prenatal exposure to the anticonvulsant 
medication,, phenobarbital, in humans. She found impaired spatial 
abilitiess in human adults who had been prenatally exposed to 
anticonvulsantss (mostly phenobarbital) (28). This is in agreement with 
thee findings of Seegal and Schantz for the di-ortho-substituted PCBs, that 
havee a phenobarbital-like effect. While quite some data are available on 
humann neurodevelopmental interference by perinatal exposure to PCBs, 
dataa on dioxin exposure effects are scarce. Hence this study. 

MEGMEG and EEG 
Magnetoencephalographyy (MEG) is a new non-invasive technique of 
brainn function imaging. With a time resolution of milliseconds and 
spatiall  resolution of a few millimetres, it provides objective information 
aboutt neurological functioning of the human brain. MEG mapping (29) is 
performedd by recording minuscule changes in the magnetic field just 
outsidee the head using many dozens of magnetic sensors. The changes in 
thee magnetic field are due to changes of current densities effected by 
strongg coherent neuronal activity. In contrast to electroencephalography 
(EEG),, MEG is not hampered by volume conduction of the various 
cerebrall  tissues or the electrical impedance of the skull. This generally 
resultss in a better spatial resolution of MEG as compared to EEG. In 
additionn to MEG recordings, we simultaneously recorded the EEG using 
sixx leads. This had a two-fold purpose: to facilitate the interpretation of 
thee MEG data by comparing them to the data obtained with the more 
familiarr EEG technique, and in many conditions (sensory evoked 
responses,, epileptic activity) both techniques have proved to be 
supplementaryy rather than complementary. The latter is dependent on the 
strength,, position and current-direction of the source(s) which account 
forr the activity (see e.g. Hamalainen et al. (29)). A source with a current 
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perpendicularr to the skull surface is difficult to detect with the MEG 
technique,, but a source with a current parallel to the skull can easily be 
detected. . 
Itt is generally known that spontaneous brain activity is affected by 
neurologicall  disorders, such as tumors (e.g. (30)), brain hemorrhages 
(e.g.. (31;32)), encephalopathies (e.g. (33-35)), many drugs and toxins 
(e.g.. (36)) and even hypoxia (e. g. (37)), hyperoxia and hypercapnia (e.g. 
(38)).. Alpha activity is in healthy subjects of all ages the most prominent 
spontaneouss activity. (38). This is generally so, however healthy subjects 
mayy lack an alpha rhythm. Since the alpha frequency of the spectral 
alphaa peak is indicative of resting brain activity, a quantitative analysis of 
thee alpha frequency and amplitude was performed to search for a possible 
dioxinn related effect. 
Thee performance of the peripheral pathways and the primary cortical 
processingg can be established to quantify the elicited reponses to sensory 
stimulation.. In humans the most prominent sensory system, in terms of 
corticall  involvement, is the visual system. Dominance in the processing 
off  visual stimuli lies with the processing of moving visual stimuli, or 
motionn stimuli. The N2 components (comprising N2a and N2b) are the 
specificc components seen after a motion stimulus (39;40). 
Cognitivee functioning of the brain was assessed by analyzing the evoked 
responses,, obtained by applying a visual oddball paradigm. In such a set-
upp there is a continuous presentation of a visual stimulus, which is 
infrequentlyy and at random replaced by a deviating stimulus, the oddball. 
Thee subject has some task dictated by the appearance of each oddball. 
Wee hypothesised a reduced cognitive function as a result of perinatal 
dioxinn exposure. By identifying and evaluating the individual 
componentss of the response, measurements of their latency time and 
amplitudee can be made. Visual oddball activity have been strongly 
associatedd with the occurrence of the N200 (after approximately 200 ms) 
andd P300 (latency approximately 300 ms) response components, the 
latterr being further subdivided in P3a and P3b (41). In the EEG 
responses,, the N200 is an occipital negative component, the P3a (not 
quantified)) is a broadly distributed fronto-central positivity and the P3b is 
aa more parietal positive component (42). N200 has been associated with 
thee deviating appearance of the oddball with respect to the frequent 
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(common)) stimulus, and P3b has been associated with the task. 
Resuming,, the visual stimulus (here the motion stimulus) inherently tests 
thee sensory function of the brain, and the oddball stimulus indicates the 
taskk performance capability of the cerebrum. We chose to evaluate the 
abovee mentioned components due to their high specificity for brain 
activityy in sensory, and visual task performance, and because of 
extensivee experience in this field, thereby giving a reliable evaluation of 
cerebrall  functioning. 

StudyStudy Aim 
Wee hypothesised that perinatal exposure to background levels of dioxins 
inn The Netherlands would have neurodevelopmental effects, visible 
throughoutt childhood. In order to test our hypothesis we evaluated: 

-clinicall  signs of neurodevelopmental deficit by means of 
physicall  examination; 

-- signs of cognitive deficit by means of standardised I.Q. tests; 
-- indications of social deficit by means of standardised behaviour 

tests; ; 
-disturbedd resting brain activity by means of alpha frequency 

assessment; ; 
-reducedd sensory and elementary cognitive performance by 

meanss of latency time and amplitude assessment of N200, 
P3b,, N2a and N2b components in MEG and EEG responses. 

Inn our ongoing study of the development of children with documented 
perinatall  dioxin exposure, we thus assessed their neurodevelopmental 
statuss by means of physical examination, psychological tests, 
electroencephalographyy (EEG) and the more sensitive 
magnetoencephalographyy (MEG). Due to the fact that everyone is 
exposedd to background levels of dioxins, comparison with a control 
groupp is not possible. We therefore compared the cohort to itself, in the 
fashionn of a dose-response effect. 

Thee Medical Ethics Committees of De Heel Zaans Medical Centre 
(Zaandam,, The Netherlands) and of the Academic Medical Centre 
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(Amsterdam,, The Netherlands) permitted the study. Informed consent 
wass obtained from the children and their parents/guardians. 

Subjects,, Methods and Materials 

SubjectsSubjects (table 1) 
Eightt years after Pluim's Zaandam study (43), his study participants were 
againn contacted, as was the group from his first study (up to twelve years 
ago)) (44;45). The perinatal dioxin exposure is known for all these study 
participants.. The children were born to healthy, well-nourished 
Caucasiann women, aged between 23 and 38 years (mean 29.2 years), who 
intendedd to breastfeed for a minimum of two months. The mothers were 
recruitedd by their obstetrician or midwife. Out of the original cohort of 61 
subjects,, those born prematurely, bora out of suboptimal pregnancies, or 
whoo were twins, were not included in this follow-up study (9 children). 
Twoo children had emigrated with their families, 5 children chose not to 
participatee in the follow-up study and 5 children were untraceable. The 
prenatall  and postnatal dioxin exposures of the excluded subjects were 
variedd and in no way did their exclusion introduce an unfair population 
bias.. The elder sister of a participant requested to take part in the study 
andd was included in the cohort for this reason. Her breastfeeding period 
wass known and she was assigned the same prenatal dioxin exposure 
(25.44 ng/kg fat) as her younger sister [in reality her prenatal exposure 
wouldd have been higher than that of her younger sister]. Therefore, a total 
off  41 children took part in the current study. The parents/guardians of the 
childrenn had knowledge of the exposures and test results of the previous 
studies,, but did not hint at, nor disclose, the results to the investigators, 
whoo were blinded to these outcomes. The dioxin toxic equivalency and 
cumulativee toxic equivalency values as determined by Pluim in the 
breastmilkk of their mothers, were used as such within this follow-up 
study.. Briefly, the concentration of dioxins, using the I-TEQ method, in 
thee mother's breastmilk, shortly after having given birth, was taken as the 
prenatall  dioxin exposure level of the child (teqdiox, ng/kg fat). The 
postnatall  cumulative dioxin exposure (teqcum, ng) was calculated as: 
prenatall  exposure level multiplied by the amount of breastmilk ingested 
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duringg the breastfeeding period of the child. A 2.5% fat concentration in 
thee milk, 700 g daily milk intake during the exclusively breastfeeding 
periodd (EP, days) and 350 g daily intake during the transition period to 
formulaa feed (TP, days) was assumed (43): 

teqcumm = teqdiox (17.5-EP + 8.75-TP). equation (1) 

Dioxin-likee PCBs are not included in this calculation. In order to 
approximatee the total dioxin concentration (i.e. dioxins plus dioxin-like 
PCBs),, the dioxin concentrations, as presented in this study, need to be 
doubledd (46). Formula feed has undetectable levels of dioxins, with the 
animall  fats having been removed and replaced with plant fats (47). The 
motherss kept a diary during the breastfeeding period for data validation. 
Thee mean of the breastfeeding period was about 3Vi months (range 16 
dayss to 2lA years). With the exception of one outlier {2Vi years of 
breastfeeding),, where a correction was applied, we did not correct for a 
possiblee lowering of dioxin levels in breastmilk due to lactation. The 
lactationn period was relatively short. The prenatal exposure ranged from 
8.744 to 88.8 (mean 34.6) ng TEQ dioxin/kg fat. The postnatal exposure 
rangedd from 4.34 to 384.51 (mean 75.4) ng TEQ dioxin. These are 
exclusivelyy dioxins and PCDFs. The exposure is equivalent to the 
backgroundd exposures in The Netherlands in general during that period 
(11-13;47),, and not much higher than other industrialised nations. 
Subsequentt (childhood) dioxin exposures are about 25 times less than 
duringg the fetal and breastfeeding period, and it can safely be assumed 
thatt all the subjects had similar childhood exposures, seeing as they all 
hadd similar diets (48). 
Urinaryy mercury and blood lead levels were determined. The mercury 
levelss were all under 1 |ig/L, with the exception of one child who had a 
levell  of 5 ug/L, and the lead levels ranged from 16 to 24 ug/L. All 
mercuryy and lead values were thus low and within the Dutch acceptable 
levels,, insinuating that it is unlikely that heavy metal toxicity might 
confoundd the results. 
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Genderr (male) 

Age e 

Breastfeedingg period (days) 

Prenatall  dioxin exposure (ng/kg fat) 

Postnatall  cumulative dioxin exposure (ng) 

Prenatal/postnatall  dioxin correlation coefficient 

nn = 41 

17(41%) ) 

8.7(7.4-12.0) ) 

125.3(7-913) ) 

34.9(8.74-88.80) ) 

73.7(4.34-384.51) ) 

0.799 (sig. 0.000)* 

Tablee 1: Characteristics of the cohort. * Pearson correlation is significant at the 0.01 level 
(22 tailed). 

PhysicalPhysical examination 
AA complete physical examination was performed of each child in the home 
environment,, using the Touwen method of examination (49) with special 
emphasiss on the neuromotor development. The physical examination was 
performedd by one and the same physician (G.W.T.), who was blinded to the 
perinatall  dioxin exposure and previous neuromotor outcomes of the 
children.. The Touwen method of examination is a refined and sensitive 
methodd of assessing minor neurological dysfunction in children, taking into 
accountt age and developmental related aspects of neurodevelopment. It 
formss the basis for a standardised method of neurological developmental 
assessment.. The test produces a score per element of each part of the 
physicall  examination. The scoring system inherently brings more 
objectivityy into the physical examination and hence allows for a more 
accuratee inter-individual comparison. Passive and active neuromotor 
functioningg is tested, as well as muscle strength, reflexes, balance and 
coordination. . 

PsychologicalPsychological testing 
Intelligence Intelligence 
Intelligencee was measured using the Dutch version of the Wechsler 
Intelligencee Scale for Children (WISC-R). The 12 subtests of the WISC-
RR include: general knowledge, similarities, arithmetic, vocabulary, 
comprehension,, digit span, incomplete drawings, picture arrangement, 
blockk design, figure layout, substitution and mazes. This test provides a 

147 7 



full-scalee I.Q. score (total I.Q. score), a Verbal I.Q. score and a Performal 
I.Q.. score (norm score is 100, standard deviation 15). 

Behaviour Behaviour 
Too assess behavioural outcome the Dutch version of the Child Behaviour 
Checklistt for ages 4 to 18 years (CBCL 4-18) and the Teacher Report 
Formm (TRF) were used. Both behaviour questionnaires comprise 113 
descriptionss of behavioural characteristics. Each behaviour description 
receivess a score of 0 when it does not fit the child's behaviour, 1 when it 
iss sometimes true, or 2 when it is often true. The TRF is completed by the 
teacher,, thereby giving an evaluation of the child in a "competitive" 
environment,, and the CBCL is completed by the parents, giving an 
evaluationn of the child in a "comfortable" environment. Scores on eight 
scaless of the checklist (withdrawn behaviour, somatic complaints, 
anxious/depressedd behaviour, social problems, thought problems, 
attentionn problems, delinquent behaviour, and aggressive behaviour) are 
computed.. In addition, two broad-band dimensions of behaviours are 
obtained:: internalised behaviours (comprising the items of withdrawn 
behaviour,, somatic complaints, and anxious/depressed behaviour scales) 
andd externalised behaviours (comprising the items of delinquent and 
aggressivee behaviour scales). By summing all the items a total problem 
scoree (TPS) can be obtained. 

MagnetoencephalographyMagnetoencephalography and electroencephalography 
MEG/EEG MEG/EEG 
Thee children were seated in a comfortable chair and were observed on a 
televisionn screen with communication done via an intercom. Sessions 
weree performed in a three-layer magnetically shielded room 
(Vacuumschmelzee GmbH, Hanau, Germany) with an ambient luminance 
off  3 lux. 
AA whole-helmet MEG machine (CTF Systems Inc., B.C., Canada) was 
used,, with 151 magnetic sensors (channels). EEGs (6 electrodes) were 
alsoo recorded. The recordings were divided in 50 epochs of 5 s (125 Hz 
samplee rate, bandwidth 0 .5 -40 Hz). Off line, all epochs were screened 
automaticallyy for artefact inspection (eye blinks with eyes open, neck-
musclee activity and head movements). 
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Figuree 1: An example of MEG mapping. 
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Spontaneous Spontaneous 
Thee children sat still with their eyes closed for the duration of the test. 
Thee spontaneous electromagnetic and electric fields were measured. 
Thee epochs of all channels were Fourier transformed, resulting in an 
averagedd amplitude spectrum of each channel with a frequency resolution 
off  0.2 Hz. Spectral averages were comprised of 50 epochs (minus the 
rejectedd epochs). Amongst other spectral peaks, the alpha peaks were 
identifiedd and the frequencies and amplitudes were measured (38). 

VisualVisual motion 
Recordingg and analysis of the responses to visual motion stimulation was 
performedd in a similar manner to the spontaneous activity. The children 
fixatedfixated binocularly upon a fixation spot placed centrally on an LCD 
screen.. Left-to-right moving black-and-white checkerboards (7.6° x 5.7° 
visuall  angle, degrees) were displayed on the LCD screen (refresh rate 60 
Hz,, mean brightness 42 cd/m) at a distance of 160 cm. The standard 
conditionss were as follows: a displacement amplitude of two checks, a 
velocityy of 23 °/s and a check size of 57' (min.) and a 10% contrast. The 
periodicallyy presented motion, lasting 83 ms, was alternated with 600 ms 
intervals,, during which the (same) pattern was stationary. 
Offf  line, the raw recordings were digitally filtered. The filtered signal 
wass screened automatically for artefacts (eye blinks, neck muscle activity 
andd head movements). In the event of a channel containing an artefact 
duringg a stimulus period, which occurred more often in the EEG than 
MEG,, the period was rejected in all channels. The recordings were 
subsequentlyy averaged, yielding an averaged response of 100 time 
sampless (0-800 ms) comprised of about 300 stimulus periods. Zero-time 
wass defined as the start of the motion. In the (averaged) response two 
motion-inducedd components, referred to as N2a (latency approximately 
1400 ms) and N2b (approximately 190 ms), were identified in both the 
MEGG and EEG and analysed (39;40). 

VisualVisual oddball 
Inn a similar fashion to the visual motion stimulation, a checkerboard 
stimuluss with small checks was alternated with a coarse checkerboard, 
thee oddball stimulus. The frequency probability of the oddball was 1 in 6 
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stimuli,, randomly placed. In this manner adaptation was prevented. The 
childrenn were instructed to silently count each oddball stimulus, in order 
too guarantee continued concentration on the visual stimulus. At 
completionn of the run the number of oddballs counted by the children 
wass compared to the number of presented oddballs in order to verify that 
thee child continuosly watched the LCD screen. Averaging was 
performedd in the same manner as the motion stimulation, but in such a 
wayy as to obtain the average to oddball stimulation and to the fine 
checkerboardd stimulus. The N200, P3a, P3b and P3c components were 
identifiedd in both the MEG and EEG averages, and the N200 and P3b 
componentss (latency approximately 260 and 400 ms, respectively) were 
analysedd (41;42). 

Analysis Analysis 
Too visualise the strength of the magnetic field at the scalp, a two-
dimensionall  representation (map with head in hemispheric equi-area top-
vieww projection) was constructed by spatial filtering (36 spherical 
harmonics)) of the magnetic field strengths of the (averaged) responses of 
thee MEG channels. Maps of the response every 8 ms were produced 
startingg at the zero-time. The amplitude of an identified component was 
definedd as the maximal peak-peak amplitude in the map with the highest 
amplitude.. The peak-latency of the component was defined by the time 
off  this map (see (50) for a more detailed description). In a similar 
fashion,, frequency maps of the averaged spectra of the spontaneous 
activityy were constructed. Using these maps the peak-frequency and 
amplitudee of the spectral alpha-peaks were produced (see (38) for a more 
detailedd description). 
Thee EEG peak-latencies (or frequencies) and amplitudes of the 
componentss (or alpha peak) were measured directly from the six 
averagedd responses (spectra). 

Statistics Statistics 
Withh the exception of the dichotomous outcomes, linear regression (dose-
response)) analysis, a two-sided test, was performed using SPSS 10.0®. The 
dichotomouss outcomes (Touwen test) were analysed by binary logistic 
regressionn using SPSS 10.0®. P-values were calculated on the slopes. The 
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resultss of the psychological tests were corrected for the educational status of 
thee mother. The MEG and EEG outcomes are inherently subject to 
ageingg effects. Individual linear regression showed that outcomes were 
correlatedd with both dioxin exposure and age. We then performed 
multiplee linear regression analysis with dioxin exposure and age as co-
variables.. This revealed that both age and perinatal dioxin exposure 
influencedd the outcomes, with the former playing the major role. 
However,, the results were too variable to draw conclusions. In order to 
reliablyy correct for an ageing effect we attempted to determine an 
expectedd value as an expression of age. This was done as follows: the 
numberr of subjects was increased with 44 (older) subjects in order to 
constructt a curve representing the latency-age, the amplitude-age and 
frequency-agefrequency-age relation. Using all the subjects in our MEG/EEG 
database,, aged 7 - 79 years of age, norm-amplitude and norm-latency/ 
frequencyfrequency curves (3rd order polynome for latency and 2nd order polynome 
forr frequency and amplitude) were constructed, excluding half the 
children.. The half of the children excluded from this calculation were 
thosee with the highest prenatal dioxin exposure (in order to, as far as 
possible,, limit a dioxin effect). In this manner the expected amplitude 
andd latency/frequency for each age could be predicted. The difference A 
betweenn the measured component outcomes and the expected values, 
accordingg to our norm-curves, was plotted as a dose-Aresponse effect 
againstt both the prenatal and postnatal dioxin exposures. In this manner 
ageingg effects were corrected for. The correlation coefficients (p) of the 
linearr regressions were subjected to a t-test in order to establish 
significance.. This procedure was justified by the low values of p which 
showedd a practically Gaussian distribution (thus making a Fischer test 
nott necessary). 

AA statistical correction was made for the numbers of (sub)tests 
performed,, in order to correct for chance findings. This was done 
accordingg to the formula: na = 0.05, where n is the number of tests and a 
thee level of significance (p value). 
Onn the basis of equation (1), the postnatal exposure is related to the 
prenatall  exposure. However, the postnatal exposure is also determined 
byy the individual length of the breastfeeding period. Therefore the dose-
responsee relationships for prenatal exposure and postnatal exposure were 
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separatelyy analysed. To illustrate: a child with a low prenatal exposure 
mayy have been breastfed for a long period, thereby accumulating more of 
aa postnatal load than a child with a high prenatal exposure breastfed for a 
shortt period of time. 

Results s 

Totall  I.Q. 

Totall  verba! I.Q. 

Totall  performal I.Q. 

I.Q.. Subtests 

Generall  Knowledge 

Similarities s 

Arithmetic c 

Vocabulary y 

Comprehension n 

Digitt Span 

Incompletee Drawings 

Picturee Arrangement 

Blockk Design 

Figuree Layout 

Substitution n 

Maze e 

meann (SD) 

105.11 (11.69) 

103.2(11.14) ) 

106.4(13.48) ) 

prenatall  exposure 

p=0.286 6 

p=0.228 8 

p=0.520 0 

p=0.040' ' 

p=0.233 3 

p=0.350 0 

p=0.532 2 

p=0.755 5 

p=0.466 6 

p=0.884 4 

p=0.244 4 

p=0.349 9 

p=0.412 2 

p=0.147 7 

p=0.143 3 

postnatall  exposure 

p=0.785 5 

p=0.386 6 

p=0.282 2 

p=0.084 4 

p=0.217 7 

p=0.672 2 

p=0.427 7 

p=0.474 4 

p=0.236 6 

p=0.26I I 

p=0.377 7 

p=0.613 3 

p=0.827 7 

p=0.124 4 

p=0.723 3 

Tablee 2: Results of the Wechsler Intelligence Scales for Children 4-18 years (Dutch 
Revision),, corrected for maternal educational status, in relation to prenatal and postnatal 
dioxinn exposure (n=40).J Statistical significance level a = 0.003 (15 tests). 

ClinicalClinical findings (data not shown) 
Twoo of the 41 children were not tested: one child withdrew from the study 
andd one was unable to be tested due to his residing outside of the country. 
Elevenn of the remaining 39 children exhibited mild abnormalities in their 
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neuromotorr functions according to the Touwen method (49). Mild 
abnormalitiess indicate slight asymmetries or slight hypo- or hypertonia not 
leadingg to handicaps in daily life. The other 28 children had a neurological 
developmentt in accordance with their age. However, no relation was seen 
betweenn the presence or absence of abnormalities and prenatal (p value 
calculatedd for slope of regression is 0.476) and postnatal (p=0.718) dioxin 
exposure. . 

WISC-R,WISC-R, TRF and CBCL 
WISC-RWISC-R (table 2) 
Fortyy of the 41 children were tested as one child withdrew from the 
study.. The standardised Wechsler Intelligence Scales for Children 4-18 
yearss (Revised for Dutch children) revealed no relation between the 
prenatall  dioxin exposure and current verbal (p=0.228), performal 
(p=0.520)) and total (p=0.286) I.Q. after correction for the maternal 
educationall  status. Similarly, no relation was seen between postnatal 
dioxinn exposure and current verbal (p=0.386), performal (p=0.282) and 
totall  (p=0.785) I.Q.. The subset "General Knowledge" revealed a 
tendencyy to increase in relation to prenatal (P=0.040 slope 0.05 I.Q. unit 
versuss ng/kg) and postnatal (p=0.084) dioxin exposure. None of the 
otherr eleven subsets revealed any relation to perinatal exposure. The 
increasee in the "General Knowledge" subset is therefore not statistically 
significantt with the corrected significance level being p=0.003. 
Thee psychologists were blinded to the dioxin exposures of the children 
andd to the outcomes of the previous studies. 

TRFTRF (table 3) 
Twoo of the 41 children were not tested: one child withdrew from the 
studyy and one was unable to be tested due to his residing outside of the 
country.. The standardised Teacher Report Form for children 4-18 years 
off  age revealed a significant increase in social problems (p<0.001, slope 
0.03  SE 0.006 unit versus ng) and aggressive behaviour (p=0.001 slope 

)) in relation to postnatal dioxin exposure (corrected 
significancee level p=0.005), and an increase in thought problems 
(p=0.0055 slope . The postnatal exposure also showed a 
significantt increase in relation to the total (p=0.003 slope ) and 
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totall  externalisation (p=0.002 slope ) scores. The outcomes 
weree corrected for maternal educational status. The teachers were 
blindedd to the dioxin exposures of the children and to the outcomes of the 
previouss studies. 

Subtests s 

Withdrawn n 

Somaticc Complaints 

Anxious/Depressed d 

Sociall  Problems 

Thoughtt Problems 

Attentionn Problems 

Delinquentt Behaviour 

Aggressivee Behaviour 

Internalisedd Behaviour 

Externalisedd Behaviour 

Totall  Behaviour Score 

prenatall  exposure 

p=0.404 4 

p=0.052 2 

p=0.461 1 

p=0.105 5 

p=0.126 6 

p=0.861 1 

p=0.894 4 

p=0.928 8 

p=0.801 1 

p=0.919 9 

p=0.827 7 

postnatall  exposure 

p=0.891 1 

p=0.081 1 

p=O.013'(B=O.02) ) 

p<0.0011 «(8=0.03) 

p=0.005*1(B=0.009) ) 

p=0.065 5 

p=0.156 6 

p=0.001*'(B=0.03) ) 

p=0.253 3 

p=0.002*>> (B=0.04) 

p=0.003*1(B=0.12) ) 

Tablee 3: Results of the Teacher Report Form for Children 4-18 years, corrected for 
maternall  educational status, in relation to prenatal and postnatal dioxin exposure (n=39). 
B=slope.. * = Statistically significant;x Statistical significance level a = 0.005 (11 tests). 

CBCLCBCL (table 4) 
Fortyy of the 41 children were tested as one child withdrew from the 
study.. The norm tables for the CBCL are naturally different to those 
usedd for the TRF. The standardised Child Behaviour Check List for 
childrenn 4-18 years of age revealed a significant increase in social 
problemss in relation to both prenatal (p<0.001, slope 0.09+0.02 unit 
versuss ng/kg) and postnatal (p=0.001, 5 unit versus ng) dioxin 
exposuree (significance level p=0.005). The prenatal exposure was related 
too increasing anxious/depressed feelings (p=0.002 slope ) and 
aa tendency towards increasing aggressive behaviour (p=0.06) was seen in 
relationn to postnatal exposure. The internalised behaviour (p=0.007 slope 

)) and total behaviour score (p=0.016 slope ) showed 
aa relational tendency with prenatal exposure. The postnatal exposure 
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showedd a tendency towards increasing total externalisation (p=0.075) 
scores.. The outcomes were corrected for maternal educational status. 

Subtests s 

Withdrawn n 

Somaticc Complaints 

Anxious/Depressed d 

Sociall  Problems 

Thoughtt Problems 

Attentionn Problems 

Delinquentt Behaviour 

Aggressivee Behaviour 

Internalisedd Behaviour 

Externalisedd Behaviour 

Totall  Behaviour Score 

prenatall  exposure 

p=0.062 2 

p=0.046'' (B=0.05) 

p=0.002*'' (B=0.106) 

p<U.0Ul*1(B=0.O9) ) 

p=0.564 4 

p=0.125 5 

p=0.924 4 

p=0.158 8 

p=0.00711 (B=0.20) 

p=0.248 8 

p=0.016'(B=0.47) ) 

postnatall  exposure 

p=0 0 

p=0.961 1 

p=0.477 7 

p=0.394 4 

001*'(B=0.02) ) 

p=0.450 0 

p=0.108 8 

p=0.270 0 

p=0.058 8 

p=0.548 8 

p=0.075 5 

p=0.087 7 

Tablee 4: Results of the Child Behaviour Check List for Children 4-18 years, corrected 
forr maternal educational status, in relation to prenatal and postnatal dioxin exposure 
(n=40).. B=slope. * = Statistically significant; l Statistical significance level a = 0.005 
(111 tests) 

MEGMEG and EEG (table 5) 
Variouss recordings were unusable, as a result of interference, and 
childrenn unable to sit still for the duration of the tests produced 
recordingss that could not reliably be analysed. The numbers of subjects 
producingg reliable recordings thus varied from test to test. 
Afterr correction for age no relation was seen between the spontaneous 
alphaa frequency and prenatal and postnatal dioxin exposure. Similarly, no 
relationn was seen between spontaneous alpha amplitude and prenatal and 
postnatall  exposure. 

Variouss components of the motion and oddball responses showed 
significantt relations with prenatal and postnatal dioxin exposure after 
correctionn for age (see Methods), as is shown in table 5. Outcomes of the 
visuall  motion stimulus revealed a tendency (significance level, p, is 0.01, 
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seee Methods) towards increasing latency in the N2b component of the 
EEGG in relation to both prenatal (p=0.02, slope 8 ms/ng/kg) and 
postnatall  (p=0.06 slope 7 ms/ng) exposure, but this tendency 
wass not seen in the MEG (p=0.32 and p=0.47 for prenatal and postnatal 
exposuree respectively). Similarly, a tendency (significance level p=0.01) 
towardss increasing N2b amplitude was seen in relation to postnatal 
(p=0.033 slope 5 uV/ng) dioxin exposure. No relation was 
seenn with the other components of the visual motion stimulus and 
perinatall  exposures. 
Shouldd there be no correlation between dioxin exposure and A-latency 
andd A-amplitude, then it is reasonable to expect diversity in signs of the 
eightt slopes (A-N2a and A-N2b versus prenatal and postnatal exposure). 
However,, we saw that all eight slopes were positive in the latencies, and 
sevenn of the eight were positive in the amplitudes. Postnatal dioxin 
exposuree is strongly related to prenatal exposure (p=0.78), the MEG and 
EEGG data have a weak correlation (p=0.22), and the N2a and N2b 
componentss are strongly correlated (p=0.48). We therefore 
approximatedd the degrees of freedom of the A-latencies according to the 
formula: : 

d.f.. = 4 + 4 x ( l - p prenatal / postnatal ) ( 1 ~ P MEG/EEG ) ( 1 - P N2a/N2b ) ~ 1-

Thee degrees of freedom proved to be 4. In such a manner the pooled 
motionn induced A-latencies produced a highly significant p-value of 
0.0069.. Similarly the pooled A-amplitudes produced a significant p-
valuee of 0.015. In other words, increasing perinatal dioxin exposure 
meanss increasing latency time and increasing amplitude (both in contrary 
too "normal" cerebral development). Comparing the pooled values with 
thee normal curve from our complete MEG/EEG database showed a 
developmentall  retardation of 5.6 years for latency and premature 
maturationn of 1.2 years for amplitude. 

Usingg a visual oddball stimulus, linear regression revealed a significant 
increasee in A-latency of the N200 component of the EEG in relation to 
prenatall  (p=0.007, slope 7 (SE)) and tendency towards increase 
inn relation to postnatal (p=0.02, slope ) exposures (significance 
levell  p=0.01). This was not seen in the MEG (prenatal p=0.31, postnatal 
p=0.23).. The A-amplitude of the EEG N200 component snowed a 
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tendencyy (significance level p=0.01) towards being negatively correlated 
too increasing prenatal (p=0.05, slope -0.078+0.046) and postnatal 
(p=0.013,, slope ) exposure. The EEG P3b component 
revealedd a significant decrease in A-amplitude in relation to increasing 
prenatall  (p=0.009, slope ) and tendency towards decreasing 
inn relation to postnatal (p=0.05, slope ) exposure 
(significancee level p=0.01). The P3b also tended towards an increase in 
A-latencyy in relation to increasing postnatal (p=0.06, slope ) 
exposuree (significance level p=0.01). No relation was seen between the 
otherr components of the EEG and MEG and the perinatal exposures after 
correctionn for an ageing effect. 
Similarlyy to the pooled motion induced components, the pooled visual 
oddballl  induced latency (eight positive slopes of A-latency) produced a 
p-valuee of 0.002, while the pooled A-amplitudes (seven of eight negative 
slopes)) produced a p-value of 0.01. This would indicate that increasing 
perinatall  dioxin exposure results in increasing P3b latency time, a 
phenomenonn well known in patients with dementia, but also seen with 
cerebrall  damage (e.g. radiation damage, as seen by Schellart 
(unpublishedd data)). 
Whenn the pooled results were compared to our complete MEG/EEG 
database,, a developmental retardation of 1.2 years was seen. 

Discussion n 

TouwenTouwen Test 
Thee previously reported premature maturation of the neuromotor system 
att the age of 2¥z years (7) was no longer visible at pre-adolescence. This 
couldd be explained by a reduced current dioxin body burden through 
decreasingg exposure and/or metabolisation. The current levels were not 
measured.. It is also possible that the Touwen test is too insensitive to 
distinguishh premature maturation, having been developed for evaluating 
childrenn with minimal brain dysfunction (49). Furthermore, the limited 
sizee of the cohort may play a role in the results seen. At this point in 
timee we must conclude that the premature maturation seen at toddler age 
iss no longer evident at pre-adolescent age. 
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Visuall Oddballs 
MEG G 

N200 0 

P3b b 

Visuall Oddballs 
EEG G 

N200 0 

P3b b 

Visuall Motion 
MEG G 

N2a a 

N2b b 

Visuall Motion 
EEG G 

N2a a 

N2b b 

latencyy (n=34) ms 

amplitudee (n=34) fT 

latencyy (n=40) ms 

amplitudee (n=40) fT 

latencyy (n=37) ms 
amplitudee (n=37) uV 

latencyy (n=33) ms 

amplitudee (n=32) uV 

latencyy (n=35) ms 

amplitudee (n=33) fT 

latencyy (n=35) ms 

amplitudee (n=32) fT 

latencyy (n=28) ms 

amplitudee (n=28) uV 

latencyy (n=25) ms 
amplitudee (n=23) uV 

meann (SE) 

217(6.2) ) 

150(8.3) ) 

415(7.8) ) 

1411 (7.1) 

2444 (3.7) 

13.5(0.9) ) 

3988 (7.7) 

9.22 (0.6) 

128(3.0) ) 

899 (6.0) 

1833 (3.0) 

855 (6.3) 

123(3.1) ) 

-2.7(0.3) ) 

180(3.1) ) 

3.8(0.3) ) 

prenatall  exposure 
ng/kgg fat 

p=0.31 1 

p=0.45 5 

p=0.099' ' 
p=0.11 1 

p=0.007'' (B=0.44) 

p=0.0522 (B=-0.08) 

p=0.31 1 

p=0.009«« (B=-0.07) 

p=0.09'' (B=0.27) 

p=0.35 5 

p=0.32 2 

p=0.48 8 

p=0.18 8 

p=0.16 6 

p=0.02'' (B=0.43) 
p=0.22 2 

postnatall  exposure 

p=0 0 

p=0.23 3 
p=0.44 4 

p=0.21 1 
p=0.26 6 

.02»(B=0.12) ) 
p=0.01«(B=-0.03) ) 

p=0 0 

p=0 0 

p=0 0 

p=0 0 

.06'(B=0.21) ) 

0522 (B=-0.02) 

p=0.14 4 

p=0.42 2 

p=0.47 7 

p=0.26 6 

p=0.25 5 
p=0.12 2 

.06'' (B=0.06) 

.03'(B=0.01) ) 

Tablee 5: Results of the magnetoencephalogram (MEG) and electroencephalogram 
(EEG).. P values are calculated on the correlation coefficient of the linear regression of 
thee difference between the measured and expected values versus dioxin exposure (see 
textt for details). B is slope in ms, fT or |JV per ng/kg or per ng. * = Statistically 
significant;; 'Statistical significance level a = 0.006 (8 subtests); Statistical significance 
levell  a = 0.01 (4 subtests). 

Psychology Psychology 
Thee current study revealed an increase in social problems, as reported by 
bothh teachers and parents, with increasing postnatal exposure, and with 
ann increasing trend in relation to prenatal exposure. An increase in the 
aggressivee behaviour was significant in the TRF, and a trend may be seen 
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inn the CBCL, in relation to increasing postnatal dioxin exposure. It is 
alarmingg to find a significant increase in aggressive behaviour and social 
problemss in the TRF and/or CBCL tests in relation to background dioxin 
concentrations.. It is unlikely that these are chance findings considering 
thatt we corrected for the number of tests performed, the clear gradients in 
thee scatter diagrams (not shown) and the fact that both the teachers and 
parentss reported abnormalities (in other words in different environments). 
Furthermore,, there is literature evidence to support these findings of 
neurodevelopmentall  toxicity (51). Children exposed perinatally to high 
concentrationss of PCBs and PCDFs in Taiwan (Yu-cheng) showed long-
termm decreases in cognitive function (25;52) and increased behavioural 
deficitss (25). Yet background concentrations have also been associated 
withh neurodevelopmental toxicity. Children of mothers who had 
consumedd PCB-contaminated fish from Lake Michigan showed a 
memoryy deficit at the ages of seven months and four years, in relation to 
PCBB concentrations in cord serum (53-55). Follow-up at late pre-
adolescencee revealed an inverse relation between prenatal and breastmilk 
PCBB concentrations and I.Q. (1). Similarly, another Dutch cohort 
reportedd cognitive delay at 42 months of age in relation to maternal PCB 
concentrationss in serum during pregnancy (an indication of prenatal 
exposure)) (18). Comparable results were seen in a recent German 
follow-upp study (24). In contrast to the above studies, a North Carolina 
studyy demonstrated neurodevelopmental delay in children only during 
thee first two years of life, in relation to breastmilk PCB concentrations 
(20;21),, No association was seen at the four year follow-up. 
Yet,, it must be remembered that the above mentioned studies all 
evaluatedd the neurodevelopmental toxicity of PCBs, whereas we have 
lookedd at dioxins. These substances, while being related environmental 
contaminants,, may cause different neurological effects (56-58). 
Perinatallyy dioxin-exposed monkeys showed an increase in spatial and 
decreasee in object learning tasks (27). The monkeys were again tested at 
youngg adulthood, having had no further dioxin exposure since the 
perinatall  period. The exposed monkeys performed slightly, though not 
significantly,, better than their unexposed age-matched controls (27). In 
otherr words, perinatal exposure resulted in a persistent effect still seen at 
earlyy adulthood. Prenatally exposed mice (59) and primates (60) showed 
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signss of hyperactivity, which later turned to hypoactivity in the monkeys 
byy the age of 4 years (60;61). 
Thee children born to mothers exposed to high levels of PCBs in Japan 
(Yusho),, following rice contamination, were found to be hypotonic, 
apatheticc and dull (62). Similarly, the offspring of mothers consuming 
PCB-contaminatedd Lake Michigan sportsfish showed reduced activity at 
thee age of four years (15). It comes then as no surprise that the current 
studyy elicited increased social problems and aggressive behaviour at the 
pre-pubertyy follow-up. It is possible that these behavioural disturbances 
aree a result of endocrine disruption, such as pro-androgenic or anti-
oestrogenicc effects. Interference with thyroid hormone metabolism 
and/orr steroids have been offered as possible routes of neuro-
developmentall  interference. We found no relation between perinatal 
dioxinn exposure and thyroid function parameters in this cohort at pre-
pubertyy (63). It has long been known that dioxins bind to the Ah (aryl 
hydrocarbon)) receptor, and it is this binding which might result in altered 
cellularr function with secondary or tertiary effects on for example 
neurotransmitters,, resulting in neurodevelopmental deficit. Finally, the 
toxicc influence might be the persistent result of exposure during the 
sensitivee perinatal period when developmental windows are present, and 
thee blood-brain barrier is not yet complete. Whatever the reason for the 
interference,, it remains that a persistent neurodevelopmental effect has 
beenn found in pre-puberty children exposed to dioxins during the 
perinatall  period. 

MEG/EEG MEG/EEG 
Magnetoencephalographyy is a relatively new and undiscovered tool in 
paediatricc neurofunctional imaging. It is extremely sensitive and allows 
aa consistent three-dimensional measurement of the cerebral magnetic 
fieldsfields (64). The frequencies/latencies and amplitudes measured are 
accurate.. Furthermore, a simultaneous electroencephalograph reading 
allowedd for a good comparison in the frequency/latency times of the 
variouss peaks. 
Itt then surprised us that, after correction for ageing effects, significant 
relationss were seen in the EEG and not the MEG. Why this is so is not 
lucidd at this point in time. While the MEG studies are unique in their 
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sort,, with this cohort probably being the largest group of children in the 
worldd to undergo MEG testing, EEG testing is not. EEGs of children 
boraa to mothers of the Yu-cheng group (and thus perinatally exposed) 
showedd significant increases in the latency times of P300 potentials 
evokedd by an auditory oddball stimulus and significant decreases in P300 
amplitudess (65). It is interesting to note that Chen also noted 
abnormalitiess in the P300 complex. We found a significantly decreased 
amplitudee of the P3b component (a subcomponent of the P300) in 
relationn to both prenatal and postnatal exposures, after visual oddball 
stimulation,, and an increased latency time in relation to postnatal 
exposure.. The MEG P3b A-amplitude also showed a negative slope in 
relationn to increasing prenatal and postnatal exposure, but did not achieve 
statisticall  significance. The P300 has been extensively studied in the 
contextt of behavioural and cognitive disturbances. Increased P300 
latenciess have regularly been reported in children with organic cognitive 
impairmentss (see for example (66;67)). A relation between increased 
P3000 latency and decreased I.Q. was reported amongst the Yu-Cheng 
childrenn (65). The latency is associated with cognitive problem solving 
andd information processing (68). Gifted children have significantly 
shorterr P3 latency times (69). Reduced P300 amplitude in children has 
beenn linked to reading problems, attention deficit hyperactivity disorder 
(ADHD)) and increased aggression (70-74) and is an indication of the 
abilityy to concentrate (75). Dioxins and cigarette smoke have similar 
effectss on the human body, and cigarette smoking has been associated 
withh a decrease in P300 amplitude (76). An increase in latency time was 
alsoo seen in the N200 component in relation to both prenatal and 
postnatall  dioxin exposure, following visual oddball stimulation. 
Increasedd N200 latencies have been seen in ADHD children (71). 
Finally,, the N2b component also showed an increase in latency time to 
visuall  motion stimulation. 

Too our knowledge no other perinatal dioxin study has been performed 
usingg EEG. The fact that Chen and colleagues found similar results to 
whatt we have (65), would point in the direction of a dioxin effect. 
However,, it must be remembered that the Yucheng population were 
exposedd to far higher concentrations than our background levels. It is 
possiblee that the components mentioned here are the only components 
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susceptiblee to a perinatal dioxin effect. Should this not be so, then the 
groupp size may be the limiting factor for why the difference between the 
measuredd latencies and amplitudes and the expected, based on the normal 
curve,, for most of the components are not statistically significant. 

Oncee again, a dioxin effect could work via endocrine disruption or via 
directt toxicity. Ilsen hypothesised that the premature maturation seen in 
thiss cohort at the age of 2Vi years might be ominous, possibly indicating a 
prematuree degeneration at old age (7). Furthermore, the increased 
latencyy may indicate an inhibited signal transduction within neural tissue, 
whichh would be in agreement with Harada et al., who found decreased 
nervee conduction velocities in adults exposed to high concentrations of 
PCBss and PCDFs in Japan and Taiwan (62). This might in turn be 
explainedd by influences in endocrine disruption or dopamine metabolism, 
ass has regularly been propagated. The clinical significance of the 
neurofunctionall  imaging tests then remain to be clarified. However, at 
thiss time we can safely say that there are indications of interference in 
cerebrall  function after perinatal exposure to background levels of 
dioxins.. Cerebral damage almost always results in a decreasing P3b 
amplitudee (and is also possibly the cause of our decreased N200). 
Increasingg latency times may be the result of inhibited myelinisation and 
hencee retarded neurodevelopment. N2a and N2b latency times decrease 
withh increasing age (77) and it is then alarming to see an increasing 
latencyy with increasing dioxin exposure after correction for age. This 
effectt can be interpreted as a delayed neurodevelopment of about five 
years,, when compared to our constructed norm curves. The N200 and 
P3bb amplitude reductions may imply that perinatal dioxin exposure 
resultss in retardation of the normal cerebral developmental process. The 
enlargedd N2a and N2b amplitudes, the magnitude of which can be 
interpretedd as a delayed neurodevelopment of one year, when compared 
too our norm curve, may be based on a defective development of 
inhibitingg pathways. Pearce et al. hypothesised that P3 latency was 
indicativee of myelinisation stage and dendritic arborisation (78). The 
increasedd latency seen in our study would then indicate a reduced 
myelinisation.. The decreased amplitude of the cognitive components 
wouldd indicate an increased risk of hyperactivity, of increased aggression 
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andd increased attention problems. Our study showed an increase in 
sociall  problems and aggression. Based on the norm curves produced 
fromfrom the subjects in our complete MEG/EEG database of motion and 
oddballl  experiments, it would seem that the cerebral development of 
signall  transmission of the children has been retarded by an average of 
approximatelyy three years in relation to increasing perinatal dioxin 
exposure. . 

Ourr findings of increased aggressive behaviour and social problems, 
visiblee seven to twelve years after exposure, are new. The influences of 
backgroundd levels of dioxins evaluated by MEG and EEG are novel. 
Furtherr research is needed in order to confirm the findings reported here. 

Wee found an increase in social problems and aggression, and an increase 
inn latency time of the N200, P3b and N2b components following visual 
stimulation.. An increase in amplitude was seen in the N2a and N2b, and 
decreasee in amplitude in the N200 and P3b component following visual 
stimulation.. No abnormalities were seen in the Touwen physical 
examination,, which is probably less sensitive to the very subtle 
influencess seen, nor in the LQ. scores. Perinatal exposure to background 
levelss of dioxins have possibly disturbed myelinisation, and in our cohort 
wouldd seem to have caused a neurodevelopmental retardation of 
approximatelyy 3 years. 
Concluding,, perinatal dioxin exposure, even at Dutch background 
exposuree levels around 1990, would appear to result in subtle but 
significantt neurodevelopmental influences and possibly cerebral damage 
off  cognitive and behavioural performance, as evaluated using 
magnetoencephalography,, electroencephalography and psychological 
testing. . 
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