@)ev-ne | 8

REVIEW PAPERS

International Journal of Occupational Medicine and Environmental Health 2013;26(1):16-38

DOI 10.2478/513382-013-0073-7

REVIEW OF CURRENT EVIDENCE ON THE IMPACT
OF PESTICIDES, POLYCHLORINATED BIPHENYLS
AND SELEGTED METALS ON ATTENTION
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Abstract

The aim of this review was to investigate the association between attention deficit / hyperactivity disorder (ADHD) or AD-
HD-related symptoms and industrial chemicals, such as organophosphates and organochlorine pesticides, polychlorinated
biphenyls (PCBs), lead, mercury and manganese. Medline, PubMed and EBSCO searches were performed to identify the
studies that analyzed the association of prenatal and postnatal child exposure to such toxicants and ADHD or ADHD-re-
lated symptoms. The review is restricted to human studies published in English in peer-reviewed journals since 2000. Most
of the presented studies focused on pesticides, PCB and lead. The impact of mercury and manganese was investigated less
frequently. The findings indicate that children’s exposure to organophosphate pesticides may cause symptoms consistent
with pervasive developmental disorder, ADHD or attention problems. Exposures to organochlorine pesticides and PCBs
were associated with ADHD-like behaviors such as alertness, quality of alert response, and cost of attention. The studies
provided evidence that blood lead level below 10 ug/dl was associated with ADHD or ADHD-related symptoms. Informa-
tion on the association between exposure to mercury and neurotoxicity is limited, and requires further confirmation in
future research. Two studies indicated that exposure to manganese is related to ADHD; such exposure and its impact on
children neurodevelopment need to be further investigated. Future studies should use a prospective design with multiple
biological samples collected over time for better assessment of exposure and its critical windows. Additionally, inclusion of
potential confounding factors and co-exposures is crucial.
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INTRODUCTION

In recent years, increasing awareness has been observed
concerning the role of different toxicants in neurodeve-
lopmental disorders, including attention-deficit / hyperac-
tivity disorder (ADHD). Developmentally inappropriate
high levels of inattention, impulsivity, and hyperactivity
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are characteristics of ADHD according to DSM-IV [1-3].
Current ICD-10 uses a different name, hyperkinetic dis-
order (HD), but it provides very similar symptoms for this
disorder [4]. Regardless of the name used, ADHD/HD
is one of the most common neurobehavioral disorders in
childhood, affecting 3-10% of children worldwide [1,2].
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Symptoms of ADHD often persist into adolescence and
adulthood, and are associated with substantial social and
medical costs. ADHD is a highly heritable disorder, with
pooled data from twin studies suggesting a heritability
rate of 76% [5]. Emerging evidence indicates that neu-
rodevelopmental disorders, including ADHD, result from
complex interactions of genetic, environmental, and so-
cial factors. The developing brain is uniquely vulnerable
to neurotoxins at exposure levels that have no lasting ef-
fects on adults. Although public health activities and regu-
latory initiatives limiting the level of exposure to indus-
trial chemicals are remarkably successful, there are still
concerns of their impact, even at low level, on children’s
health and neurodevelopment.

This paper reviews literature published since 2000 investi-
gating the association between ADHD or ADHD-related
symptoms and industrial chemicals, such as organophos-
phates and organochlorine pesticides, polychlorinated bi-
phenyls (PCBs), heavy metals, and manganese.

Criteria of the selection of studies to the review

Medline, PubMed and EBSCO searches were performed
to identify studies that analyzed the association of prenatal
and postnatal children’s exposure to industrial chemicals
and ADHD or ADHD-related symptoms. Relevant stud-
ies were also identified via a review of references cited in
published studies. The review is restricted to human stud-
ies published in peer-reviewed English journals since 2000.
The following keywords were used: ADHD, hyperactivity,
inattention, impulsivity, pregnancy, prenatal period, child,
environmental exposures, industrial chemicals, organo-
phosphate pesticides, organochlorine pesticides, PCBs,
heavy metals, lead, mercury, and manganese. The follow-
ing information was reviewed from each paper, which met
the eligible criteria: study design and population, sources
of exposure and methods used for its assessment, methods
of assessment of ADHD or ADHD-related symptoms and
confounding factors included in analysis.

Out of the total 95 identified articles, 31 met the eligibility
criteria and were included in the present review.

Organophosphates pesticides and ADHD

or ADHD-related symptoms

Organophosphate (OP) pesticides are a group of insecti-
cides commonly used for agricultural purposes. OP pesti-
cides are potent toxicants that target the nervous systems
of insects and other pests [7]. Exposure to some of these
organophosphate compounds was shown to cause hyper-
activity and cognitive deficits in animal studies [8]. Re-
cent studies have shown that fetuses and young children
have lower levels of detoxifying enzymes (paraoxonase
or chlorpyrifos-oxonase) that deactivate OP [9,10] than
adults, suggesting that they may be more vulnerable to
these exposures.

Several biological mechanisms might cause an association
between OP pesticides and ADHD. The primary action
of organophosphates, particularly with respect to acute
poisoning, is inhibition of acetylcholinesterase [11], and
disruptions in cholinergic signaling [12]. At doses lower
than those inhibiting acetylcholinesterase, certain organo-
phosphates affect different neurochemical targets, several
neurotransmitter and second messenger systems, includ-
ing growth factors [13,14]. Developmental exposure to or-
ganophosphates might have persistent effects on multiple
neural systems that may cause ADHD behaviors, such as
inattention and cognitive deficits, similar to the effects of
developmental nicotine exposure [15,16].

The associations between organophosphate pesticides,
ADHD and attention-related outcomes were examined in
five studies performed in the United States among young
children [17-21] (Table 1).

Rauh et al. [17] found that concentrations of chlorpyrifos
in maternal serum were consistently associated with the
mothers’ report of symptoms of pervasive developmental
disorder (PDD) as well as that of attention deficit / hyper-
activity disorder (ADHD) or attention problems. Mental
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and psychomotor developments were also investigated in
a cohort of farmworkers’ children living in the Salinas Val-
ley of California [18]. In the study, adverse associations
of prenatal OP metabolites with mental development and
pervasive development disorders at 24 months of age were
observed. The same cohort study of children assessed
at 3.5 and 5 years of age, showed exposures to dialkyl
phosphates (DAPs) that were adversely associated with
attention as assessed by maternal report, psychometrician
observation, and direct assessment. These associations
were slightly stronger at 5 years than at 3.5 years of age
and were stronger in boys [20].

A recent cross-sectional study reported associations be-
tween child OP metabolite concentrations and ADHD
in 8- to 15-year-olds characteristic (or typical) of the U.S.
population [19]. Children with higher urinary dialkyl
phosphate concentrations, especially dimethyl alkylphos-
phate (DMAP) concentrations, were more likely to be
diagnosed with ADHD. For the DMAP metabolite, chil-
dren with levels higher than the median of detectable con-
centrations had a twice higher chance of having ADHD,
compared with children with the undetectable levels [19].
Adverse associations of child urinary DAPs and attention-
related performance errors on the Wisconsin Card Sort-
ing Test were reported in another cross-sectional study of
Hispanic children living in an agricultural community [21].
The findings of the reviewed studies indicate that chil-
dren’s exposure to organophosphate pesticides may cause
symptoms consistent with pervasive developmental dis-
order (PDD) [8,17] as well as attention deficit / hyper-
activity disorder (ADHD) [17,19,20] or attention prob-
lems [17,20,21].

Organochlorine pesticides and polychlorinated biphenyls
and ADHD or ADHD-related symptoms

Organochlorines, including polychlorinated biphe-
nyls (PCBs) and pp’-dichlorodiphenyl dichloroeth-
ylene (pp’-DDE), are environmentally persistent

[JOMEH 2013;26(1)

contaminants that readily cross the placenta, posing a po-
tential risk to the developing fetus. Associations of PCBs
with ADHD-like behaviors have been observed in ro-
dents and nonhuman primates [22-24]. There is a lack of
sufficient knowledge of the biologic mechanism for the
observed effect of PCBs and organocholrine pesticides
on ADHD and attention in humans [25]. PCBs can dis-
rupt dopaminergic functions, as reflected in alterations in
dopamine levels in the cell culture and in the brains of
laboratory animals [26,27]; this is one possible mechanism
whereby PCBs may affect attention-related behaviors,
since decreases in cellular dopamine have been correlated
with attention disorders such as ADHD [28].

A number of epidemiological studies, which assess the
neuropsychological consequences of exposure to PCBs,
have been performed over the last 11 years [29-35]
(Table 2). Only two studies have examined the asso-
ciation between cord PCBs and organochlorine pesti-
cides (p,p’-DDE) and the risk of ADHD-related beha-
viors [25,36] (Table 2).

The Netherlands Cohort Study found associations be-
tween PCBs and a longer response time and more varia-
tions in the response time among 9-year-olds [29]. A study
of children born to Lake Michigan fish consumers re-
ported associations between prenatal PCB exposure and
poorer concentration and verbal, pictorial and auditory
working memory among 11-year-old children; the exam-
ined children also demonstrated greater impulsivity [30].
Investigators from the Oswego Newborn and Infant De-
velopment Project reported associations between pre-
natal PCBs and errors of commission (false — positive
responses) on the Continuous Performance Test at 4.5,
8, and 9.5 years of age, suggesting potential impairment
of response inhibition [31,32]. The suggestion of poten-
tial impairment was supported by observing associations
of PCBs with poorer performance on the Differential Re-
inforcement of Low Rates of Response test (in the same
cohort study at the age of 9.5 years), which measures the
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Vreugden-
hil 2004
(29]

Higher prenatal PCB

Type of feeding,
duration of

Tower of London (TOL)

Cohort Sum of PCB 118,

207 children at
the age of 9

Europe, The

levels were associated
with longer response
times (RTs), more

138, 153 and 180 in
maternal and cord

plasma and breast

milk

Netherlands
—The

breastfeeding, sex,
parity, parental

Netherlands

variation in RTs, and

education level,

Cohort Study

lower scores on the Tower

of London (TOL)

parental verbal

1Q, HOME, age at

examination

PCB126 - 3,39,4,49,5-pentachlorobiphenyl; HPCDD - 1,2,3,4,6,7,8-heptachlorodibenzo- p-dioxin; OCDD - 1,2,3,4,6,7,8,9-octachlorodibenzo-pdioxin; HPCDF - 1,2,3,4,6,7,8-heptachloro-

dibenzofuran; HCH - b-hexachlorocyclohexane; p,p-DDE - p,p9-dichlorodiphenyltrichloroethane; TNA - trans-nonachlor; HCB - hexachlorobenzen; PCB 118 - 2,3°,4,4’5-pentachlorobi-

phenyl; PCB 138 - 2,2",3,4,4,5’-hexachlorobiphenyl; PCb 153-2,2’4,4,5,5-hexachlorobiphenyl; PCB 180 - 2,2°,3,4,4°,5,5’-heptachlorobiphenyl; SES - socioeconomic status.

Other abbreviations as in Table 1.

ability to withhold a rewarded response for a specific time
delay [33]. The Faroe Islands study found associations be-
tween PCBs and attention measured by the Continuous
Performance Test among children aged 7 years only in the
context of high mercury exposure, suggesting a potential
interaction between these contaminants [34].

Conversely, the study by Lee et al. [35] among 278 child-
ren aged 12-15 years did not find a link between the cur-
rent child PCB levels and the attention deficit disorder.
To investigate an association between cord serum poly-
chlorinated biphenyls (PCBs) and p,p’-DDE levels and
measures of attention, Sagiv et al. [25] performed a study
among 788 infants (5-22 days) born in the years 1993-
1998 to mothers residing near a PCB-contaminated
harbor and the Superfund site in New Bedford, Massa-
chusetts. Consistent inverse associations between cord
serum PCB and DDE levels and alertness, quality of
alert responsiveness, cost of attention, and other poten-
tial attention-associated measures including self-quieting
and motor maturity were observed [25]. The following
study performed by Sagiv et al. [36] assessed the expo-
sure to PCBs and DDE and ADHD among children
aged 7-11 years from the same cohort study. The authors
found higher risk for ADHD-like behaviors at the levels
of p,p-DDE (> 1.58 ng/g lipid) and the levels of the sum
of 4 PCBs (> 1.26 ng/g lipid).

The outcome of the presented studies has proven an as-
sociation between exposure to organochlorine pesticides
and PCBs and ADHD-like behaviors: alertness, quality of
alert responsiveness, cost of attention, and other potential
attention-associated measures including self-quieting and
motor maturity [25,36]. In addition, studies found that ex-
posure to PCBs can be linked with a longer, more variant
response time, impairment of response inhibition [31-33],
poorer concentration and verbal, pictorial and auditory
working memory [30] and attention problems [34]. Only
one study did not find an association between ADHD
and ADHD-like behaviors and PCBs exposure [35].
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Mercury and ADHD or ADHD-related symptoms

There are three basic forms of mercury: elemental, inor-
ganic and organic. Deep-sea fish are commonly contami-
nated with organic methylmercury, which may be toxic
to the brain when a moderate to large amount is ingest-
ed [37]. So far, there is scarce evidence on mercury-relat-
ed ADHD behaviors in children, especially in areas with
relatively low fish consumption. Mercury can adversely af-
fect enzymes, the cellular membrane function, and neuro-
transmitter levels [38,39]. Mercury causes oxidative stress,
lipid peroxidation, and mitochondrial dysfunction and
disrupts synaptic transmission, microtubule formation,
amino acid transport, and cellular migration in the devel-
oping brain [40], which can be associated with neurodevel-
opmental problems in children.

Studies, which investigated the possible link between ex-
posure to mercury and ADHD or ADHD-related beha-
viors, were performed in China [37], Romania [41], South
Korea [42], Faroe Islands [43,44], and in the Republic of
Seychelles [45] (Table 3).

In a study performed in China, children with blood mer-
cury level above 29 nmol/l had almost a 10-time higher
risk of having ADHD after adjustment for confounding
variables [37]. The ADHD behaviors were evaluated in
the study performed in Faroe Islands among 14-year-old
adolescents. Indicators of prenatal methylmercury ex-
posure were significantly associated with deficits in fin-
ger tapping speed, reaction time on a continued perfor-
mance task, and cued naming [43]. Additionally, among
the same cohort of children in Faroe Islands, sustained
attention was influenced by the prenatal methylmercury
exposure [44]. The study performed by Myers et al. [45]
in the Republic of Seychelles among 9-year-old children
reported decreased performance in the grooved peg-
board using the non-dominant hand in males, and im-
proved scores in the hyperactivity index of the Conner’s
teacher rating scale associated with exposure to mercu-
ry (Table 3).

[JOMEH 2013;26(1)

Conversely, Nicolescu et al. [41] did not find a signifi-
cant association between concurrent mercury levels
and ADHD symptom scores in a cross-sectional study of
Romanian children. The findings are in agreement with
the study of bigger sample sizes that did not find a signifi-
cant relationship between mercury exposure and ADHD-
related outcomes [42].

The results of the studies presented above are inconsis-
tent. Ha [42] and Nicolescu [42] did not find a significant
relationship between mercury exposure and ADHD,
whereas Cheuk [37] found higher risk of ADHD among
children with exposure to mercury.

Some studies suggest a link between exposure to mercury
and ADHD behaviors: increased hyperactivity scores [45],
sustained attention [44] and deficits in finger tapping
speed and reaction time [43], but as the number of studies
is rather limited, the observations need to be confirmed in
other epidemiological studies.

Lead and ADHD or ADHD-related symptoms

Lead is one of well-established environmental toxicants,
and its adverse effects, particularly in children, continue
to be a major public health issue worldwide. It is well
known that lead can cause cognitive impairment and cor-
relate with decreased 1Q scores and impaired attention.
The World Health Organization and U.S. Centers for
Disease Control and Prevention recommended that child
blood lead levels not exceed 10 pg/dl [46]. Furthermore,
recent studies have shown that cognitive deficits and be-
havioral problems in children still exist, even with blood
lead level < 10 pg/dl, and that no threshold below which
lead does not cause neurodevelopmental toxicity can be
defended [46,47].

Lead is a potent developmental neurotoxin that can af-
fect multiple neurochemical pathways and interfere with
blood-brain capillary integrity, synaptogenesis, myelina-
tion, and catecholamine metabolism in the central ner-
vous system [48]. These multiple potent effects occur in
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the dopaminergic neurons of the striatal-frontal circuitry.
Among the psychological functions related to these cir-
cuits, there are response suppression and response varia-
bility [49,50].

Eleven studies evaluating the impact of lead exposure
on ADHD or ADHD-related symptoms have been identi-
fied since 2000 (Table 4).

In the published studies, the relationship with ADHD
was reported even at the blood lead level well below the
CDC’s 10 pg/dl action level. For instance, the analysis
from the National Health and Nutrition Examination Sur-
vey on 4704 children aged 4-15 years indicated the preva-
lence of parent-reported ADHD diagnosis or treatment
four times higher among children with the blood lead level
> 2.0 pg/dl, compared with those with the blood lead level
< 0.8 pg/dl (OR = 4.1; 95% CI: 1.2-10.0) [6]. The later
analysis conducted as part of the same survey (on 2588
children at 8-15 years of age) indicated that children who
were exposed to prenatal tobacco and lead had greater
risk of ADHD than it would be expected if the indepen-
dent risk was multiplied (OR = 8.1; 95% CI: 3.5-18.7; to-
bacco - lead exposure interaction p < 0.001) [51].
Additionally, studies conducted in South Korea [42], Chi-
na [52], India [53], and the US [54,55] also suggest a link
between the blood lead level and the diagnosis or symp-
toms of ADHD. Four studies investigating the link be-
tween lead exposure and ADHD and/or ADHD-related
symptoms were published in 2010 [41,56-58]. The strength
of those studies lies in the adjustments for a number of
potential confounders, but their weakness is that each of
them depended on a single concurrent blood lead level,
making it difficult to disentangle the effects of prenatal or
earlier childhood levels from the current levels. The find-
ings of the studies are consistent with earlier literature re-
ports demonstrating increased risk of ADHD or ADHD-
related symptoms in case of lead exposure.

To sum up, the presented studies indicated that low lead
exposure levels (with mean levels below the CDC action

level of 10 ug/dl) are associated with the increased risk
of ADHD.

Manganese and ADHD or ADHD-related symptoms
Manganese (Mn) is a naturally occurring element that
constitutes approximately 0.1% of the Earth’s crust, and
low levels of Mn in water, food, and air are ubiquitous [59].
Several authors have hypothesized that excessive amount
of Mn could have detrimental effects on children’s beha-
vior patterns [59)].

High exposure to airborne Mn has been associated with
neurotoxic effects, with the worst cases displaying the
extrapyramidal syndrome (manganism), characterized
by gait dysfunction with a propensity to fall backward,
postural instability, bradykinesia, rigidity, micrographia,
masked facies, speech disturbances, and muscle trem-
ors [60]. Lower levels of exposure may produce neurobe-
havioral deficits involving motor and cognitive functions,
as well as psychological perturbations [61,62].

So far, only two studies have been carried out to exam-
ine the association between exposure to Mn and ADHD
or ADHD-like symptoms and both suggested the pre-
sence of such relationship [63,59] (Table 5).

A case-control study by Farias et al. [63] found that chil-
dren with ADHD of both the inattentive and ADHD-
combined types had higher serum manganese levels com-
pared with the controls, however the study did not control
for potential confounders. Also, the study performed in
Quebec reported a significant association between higher
manganese levels in hair and drinking water and hyper-
active behaviors in school children after controlling for
sex, age and income [59].

Summary of the study results

ADHD is a complex disorder with great heterogenicity
in the behavioral symptoms and affected brain functions
and structures [2]. Although much research has been done
on the impact of genetic, environmental, industrial and

[JOMEH 2013;26(1)

2



(ro<d)

Ayaisinduwr s jou Ing
(100 > d) uonuaye pue
(5070 > d) swoyqoxd 1o1aey OI [eu
-0q Juonburpap pue [0S -Iajew ‘GINOH ‘A30] $1-S90Md
(100 > d) fmanoerad  -oyjedoyoAsd ‘osn  ‘wiio] 310day 197, YoRqUAYIY
[#S] L00z  -Aq ysm pojerdosse Ajued  Snip pue Sunjows ‘9[edS Suney Joydeq], SI9UU0)) 189l LJodBe oy
opory)  -LIuSrs Sem T TYSIH ‘[0Y0o[E ‘SIS 9OUBWIOJIS SNONUNUO)) SISUUO)) ST19 11070 I USIP[IYD 90§ monaq
SAIpNJS 19710
S9781S PN Y],
(T000>d
TO1}ORINNUI AINS0dxd
PeaJ-0008q01 L '§1-C"€ 1D
956 18 = ¥O) pardnjnu
Sem ySII Juapuadopur ) JI
P9109dxa 9q pnom 11 uey)
HQV J0 st 1018915 pey
S[OAJ] PBA] 9[1IA)-PII)
pue 000eqo} Tereuald yioq
A TQIP[IY “aInsodxd
TOWIOU YIIM TSIPTIYD oY)
i paredwo) (§°¢-¢' 1ySom
10 %56 *€7=40) QHAY YHIq ‘Y1q S UIP[Iyd
M pajeroosse Apueogruis 1 9Fe s 1010w
sem ([p/a g0 > ‘eouepualie [ooyosaid age
[15] 6002 SAP/AN €'7<) ‘owoou! ‘S 19 Jo sxedk ¢7-8
YOR0I] TIgUen0 IS “00RI ‘Topuad 08y ATFINSA UDIPIYD 886 7
7002-100C
PUB 2006661
£oaing
(091-TT 1D %S6 [OAS] UMILISY uoneunuexy
Tt =40) AHAV Pim ‘oueINSUl YI[eay uonLinN
PoIRIOOSSE AJUBOLIUSIS “90UBPUD}IL AIBI PIIYD SN uonedIpAW o3e pue yi[eoH
[9] 9002 sem ([p/aM g0 > 'sa 10 [ooyosaxd ‘ST g juR[OWS JULIND pue qHAY JO s1Baf ST [eUOnEN —
unelg [pAnz <) TIgIoYSIH  ‘0orI ‘10puad 98y Jo sisougerp jo 310da1 [ejudIed ST1d A9AING  UQIP[IYD $(L § SOILIS PANUN YL,
SOUIAJOY sy $10J08J SUIPUNOJUO)) pasn I8, amsodxo jo fpms  wopepndod £nuno)
: uonuyaq Jo odAT, Apmig

swojdwAs pare[aI-HAY 10 HAV Pu® pes| 03 a1nsodxd *p [qeL,

26(1)

[JOMEH 2013

28



A10381Y] JUWIRAI)

PIIyo 3y} uo papuadop
$30019 110do1 5, 10089)
seaxaym (1000 > d)
POYIOW JUIWAINSLAW
Y} Jo sso[paegar J10dax
sjuared ur Ayaisinduw
-KyanorIadAy s
PAJeIOOSSE SeM T
‘swojdwA4s uonualeulr

AIFINS{ UO $19959

pamoys 310da1 s I19Ydea) O] ‘Funjows [puIdjew

‘odfy aanuayeur jou Jnq

[9g]  ‘adky paurquoo-qHAVY
010 S3IN s pajeroosse sem T1q
yse)

do3s a3 uo souewroyrad

100d £q pajeIpaw A19M
Ksindun-A1anoeadAy

U0 Pea[ Pooiq JO SIJS
‘uonyeziuesIosip

-UOT)U}jeUl JOU Jnq
“Aparsindwi-£anoeiadAy

Jo swoydwAs 2y yIm
pajerdosse sem T1g

‘waIpIyd (600 > d)

[onuod qHOV-uou

ur uey) ad£) paurquiod

[s¢] -qHAV ur 12y8ry

“QuOdUI P[OYAsnoY
‘[oA9] u1qO[SOWwaY
pooIq ‘Iopuas 93y

(oreos Suney UV s1oUU0)

pue o[eog Suney qHAV) So[eds
Suner 10y} pue Juared ‘SqvSY

(areog Suney qHAV SIeuuo)
pue 9[eog Suney qHAV) So[eos

8007 S3IN Apueoyiugis sem g owoour ‘1opudd 98y Suner 10yded) pue juared ‘SqVSY

[o1u0d
-a58)

[o1u0d
-as8)

age jo
183K /19
UAIP[IYd 9¢7 UeSIGOIN

oge
Jo s1eak /-9
USIPTIS (ST UBSIYIIA

29

26(1)

[JOMEH 2013



(100 = d) 87 =0 yim
sK0q UI S[aA9] pea] POo[q
JUSIY YIM PASBIIUT SBM
stwoydwiAs aanorIadAy pue
aAnuayeur jo Aqeqoid
oL, (00 > d) 21008 210}
pue (1070 > d) a100sqns
UONUAYIBUT 0) PIBSAI I
sdnox3 (jp/8ri 77 <) pea|
ysiy pue (Ip/Aigg >)

MO[ AT} U2IM)A( SAOUD
-IoJJIp JuBdYIUSIS
(08-0¢-10

%56 *§'T = ¢) 21005 [€10)
o pue (¢'e-17- 10
%86°L°0 = ¢)

$21008qnS ANAnorIadAy

A (6'7€T-1D %86

‘9T = ¢) $91008 UONUS}
[8S]  -1eur oy yym pajenOSSE
010z wry  Apueoytusis jou sem TIg
(10000 >d*c0 =)
21008 (JHY S1UU0)) Ay}
M UoNeI0SSe aAIsod
JueoyIudis & pamoys T1d
{(L00 :puen

1opdp/Sr [ > jo 114
JIm 350y} 0} pareduwod
T6801D%560T =340
pue [p/3i 6'¢-¢'z 10
9€-8010 %S6°L'T =40
Ip/3Mi =61 10]
L9010 %56 €T =40

Iapuag

piyo “Aoueugord
Surmp Suryows
‘S1H ‘uoryeonpa
[eyuared ‘§qS

[0A9]
AmodIaw poojq ‘eare
[BIIUSPISAI ‘SaSBASIP

$159)
2A)IUS000INAU — TIP[IYD “9[LIS

uoneneAs ANIqesi( Surures|
Y} JO UOISIAA UBAIOY — sjuared
‘9reos uney qHAV - 19ydeaL,

oe
Jo s1eak (01—

faamg  uaIp[IYd 967

£oning
IRIERN

P/ S T-T 10} 6'7-9°0 1D oueryossdornau Suruaaros woydwAs S[OOYJS  JUQWUOIAUY
%S6 €T =40) TId P jo K1ojsiy [eyuored aHav Areyuowape - pue yi[edH
[z¢] osea1oul 0 punoj sem swo}  OWIOdUI PjOYaSNOY J10J 9[BIS SIAUUO)) PIIeIAdIqQeR 01 1® S UIp[Iy) -
6007 eH -dwks qEQV 107 YSU Y], ‘Iopuag a3y 1]} JO UOISIAA UBIIOY ], ST19 KoaIng  URIPIYO §/L T BAIOY YINoS
a1nsodxa jo Apms uonendod
SAOUAIJY SINSY $10}08B} SUIpUNOJUO)) pasn 183, : Anjunop

uonuyadq Jo odAT, Apmig

“Ju09 — swoydwAs paje[I-qHAV 10 QHAV Pue ped| 03 a1nsodxq * dqe,

26(1)

[JOMEH 2013

30



(500 = d 70 = ¢) xoput
HAV Y3 UI $9I00S  [9A9] WOOISSE PUB
Joydiy pue {(zoo=d  [00yds 1B FuLIAsnd
‘70 = ¢) sworqoxd ‘UaIpIYd JAYI0 JO
[ewos (Too=d  19quinu ‘uoneonpo
[¢s]  ‘c0 =¢) Hoxue oySy ‘owoour ‘uqojsoway
6007 A0  Y3IM PIIBIDOSSE SBM T ‘I1opuag ‘oe
uonednpa sjuared
pu® ‘qIqpIIyd e
o3e sjuared ‘ored
QAISUQ)UI [B)BUOA B
0) UOISSIUWIPE pUe
1YS1om Y3IIq MO[
‘ssansip [ereurrad
‘A10AT[Op UBAIBSD
(100 > d‘6'y =4O ‘suoneorduwod roqej
‘Ip/3n ¢ s 'sap/3n g1 ‘foueudord Sulnp osn
00>d09=¥0O [0Yod[e pue 0398q0)
Ip/31 ¢ s 'sa [eurajew ‘vonisodwod
pAYOT = TId  pIoyasnoy ‘QHAV
1M UaIP]IY) Jo Kronsiy Ajrurey

s100(qns jo1u00 qQHAVY :STOPUNOJU0)

-uou 9y} ey} pooypyiyd [RUODIPP® ‘SHS

Sunp pe9j 03 pasodxad ‘19pudg ‘o3e

[zs] 199q ARy 03 A[OYI[ uo paydIel

8007 Suepy Q10w 1oMm $SASBd HAY S[01UOD 0) $ASB))

(Kjoandadsar ‘1p00 > d
81°0 = 41000 > d

610 =9-1000=d uIumod

910 = ¢) T1d Yim  Kreurmn ySiom yuaiq

pase1oosse Ajoanisod ‘BaIe [BIJUOPISAI

OIom SY V- paje[al ‘Ol P12 ‘01

-10U0Ba} 9UJ JO SAI00S  [BUIDIRU ‘IOY)B] A)

[Ls] [e103 pue 2AnORIAdAY  JO [9A9] [RUONIBINPA

0T0Z OUD “QATIUR)RUI AT, ‘Iopuas a3y

sareuuonsanb

UOTJOUNL] JATINOAXH JO AI0JUAAU]
Suney Toiaeyag ‘so[eds AI-NSA
JAHQV SIAUU0)) ‘6¢-Saes
Suney 104oBI[, SI19UUO))

AI'INSA

(SUV-Y) sareos Suney
QID< uf wo ﬁo_mho\w uealIoy

ST1g  AeAIng

STIG AeAIng

STIg AaaIng

o3e
Jo sieak /—¢

‘USIP[IYD 95/ Teuudy) ‘BIpU]

a3e jo

SIBOA 71— [I®
‘S[01U02 ()¢9
‘AHav s
s109lqns (g9

oge
Jo sI1R3K 11

USIPIIYd L99

euIyd

3

26(1)

[JOMEH 2013



*asouegueW — U

so[easqns (z00'0 = d)

KanoeradAy pue

(0200 = d) reuonisoddo

AU} UO SAI0IS )M

l6s] L00z  paverosse Apueoyrusis
pregonog Sem Jrey ur upy
S[0J)u0d

3m paredwod S[oAd]

[e9]  upN wnos 1oySiy pey

0T0Z Seuey  QHAY YHM U21p[Iy)

QUIOJUT ‘X3S ‘A8Y

SIOPUNOJU0) ON

(4-SUdD) 21eds
Suney sjuaIey SIOUUO)) PASIANY

pue (Y-SU.LD) 2[edS Suney

I197em d1[qnd pue [BUOIIAS
SIOUIBQY, SIOUUO)) PASIAQY  JIeY S,USIP[IYD Ul U]\

1894 GT-9 page 299900
UIP[IY 9 ‘epeue)

s[0oyos

UQIP[IYO UL UJA JO  [013u0d  orjqnd Suipuaie
10300p 9y} £q pasoudelp HAY SUONEBIIUIIUOI WNIIS

UaIPIIY 99 Iize1g

$90ULIAJY SN

$10}08B} SUIpUNOJUO))

pasn s3],

uone[ndod Apmig Anuno)

swojdwAs pajeaI-qHAYV 10 QHAYV pue 9sauesurwr 0} a1nsodxq °s dqe,

“JUAIFA00 — ¢ ‘2Ins0dXa YOWS 008q0} [RIUIWUOIIAUD — §TH S[OAJ] Ped] POO[q — STTH JUSWUOIIAUF 37} JO JUIWAINSLAA 10] UOTBAISSQ) dWOH — JINOH
{SNJeIS JIWOU001008 — GHS ‘eruwaIydozIyog pue SIAPIOSI(T SATIAFY I0J S[NPAYIS AIPPIY — SAVSY ‘UONIPH YN0, ‘SIOPIOSI(T [BIUSJA JO [eNURIA [BITISIIEIS PUB dnSousel([ — AT-INSA

(c00=d

‘07 =1) fsindur

Jo s3une1 s 19yoe9) pue
(c00=d0z=1)
21008 [e10} QHAVY

pue (700 =d‘yz=1)
Ayarsindun (zo70 = d
‘b7 = 1) KanoeradAy
Jo Sunjer s juared

vaIe Apnjs
‘3ojoyredoyossd
Aqmuey ‘Aoueugard
1 9sN [0 0B
/3unjows ‘uoneonpo
[eyuared ‘sgurqrs jo
Joquinu ‘swojqoxd

$9[BIS uney [eIoIABYg
(ua1ppIyd jo dourwoprad uonuale

® [JI4 SUOIJBIOOSSE 99 ‘ssoupapuey] 10y A19318q 159L) . IV IIS-TOpUTY o3e
[1¥] 0107  3ueoyIUGS 10 QuIIapIoq ‘0oudlIadxa 19)ndwod 1nJ SunjnidsyoyuwesyIowny Jo s1eak 71-8
NOSIOIIN pey 119 Suiseaiou] ‘1opuas 93y INZo119))BQISaL,, UBLLION) STIg AoAInS  ‘UQIp[IYd €8 BIUBWOY
uonendod
$S90UQINJOY SINSAY $10J08] Surpunojuo) pasn s, : £nuno)

Apmig

“Ju09 — swoydwAs paje[I-qHAV 10 QHAV Pue ped| 03 a1nsodxq * dqe,

26(1)

[JOMEH 2013

32



ENVIRONMENTAL TOXICANTS AND ADHD IN CHILDREN REVIEW PAPERS

lifestyle factors on ADHD, we are still far from under-
standing its etiology. Given the inability to explain ADHD
on a solely genetic basis, interest in the contribution of en-
vironmental/lifestyle factors, including exposure to indus-
trial chemicals, has been intensified.

Table 6 presents the summary of the results of the stud-
ies analyzing the association between the exposure to
industrial chemicals and ADHD or ADHD-like symp-
toms. Most of the presented studies are focused on pes-
ticides, PCB and lead, whereas the impact of mercury
and manganese has been investigated less frequently. The
findings of the reviewed studies indicate that children’s
exposure to organophosphate pesticides may cause symp-
toms consistent with PDD as well as with ADHD or at-
tention problems. Exposures to organochlorine pesticides
and PCBs were associated with ADHD-like behaviors:
alertness, quality of alert responsiveness, cost of attention,
and other potential attention-associated measures includ-
ing self-quieting and motor maturity. Lead is probably the
best studied toxic element. The studies in this field pro-
vided evidence that low levels of lead in the blood (well
below the CDC’s 10 pg/dl action level) were associated
with ADHD or ADHD-related symptoms and no thresh-
old below which lead does not cause neurodevelopmental
toxicity can be defended. Information from the studies on
the association between mercury exposure, especially in
the postnatal period, and neurotoxicity is limited. There-
fore, the association between exposure to this heavy metal
and ADHD requires further confirmation in future stud-
ies. Two studies indicated that there is an association be-
tween exposure to manganese and ADHD or ADHD-
related symptoms. As there are no other studies on this
topic, such exposure and its impact on child neurodevel-
opment need to be further investigated.

In the presented studies, the assessment of the exposure to
industrial chemicals is based on the measurements of bio-
markers and not questionnaire data, which decreases the
risk of exposure misclassification. A single measurement

during pregnancy, delivery or childhood period may not
be sufficient to judge when the window of exposure oc-
curred.

In some of the studies included in the review, ADHD dia-
gnosis was made through an extensive clinical evaluation
based on the DSM-IV diagnostic instrument. Others fo-
cused on specific symptoms — such as attention problems,
impulsivity or hyperactivity.

The possible co-exposures to other relevant, but not mea-
sured, environmental/lifestyle contaminants and con-
founding factors are important issues to be considered in
order to avoid under- or over-estimation of the association
between the exposure and outcome of interest. For exam-
ple, the analysis performed by Froehlich et al. [51] indi-
cated that, compared with children with neither exposure,
children with both exposures (prenatal tobacco and lead)
had a greater risk of ADHD than would be expected if the
independent risks were multiplied (tobacco-lead exposure
interaction p < 0.001). Particularly important confound-
ers include, parental intelligence, parental criminality and
mental disorders to account for genetic background. For
practical reasons, in some studies, maternal education/IQ
and psychopathology are taken as proxy for the parental
one. In addition to the heritability factors, the reported
environmental risk factors for ADHD include: pregnancy
and delivery complications, low birth weight, maternal
smoking, and illicit drug and alcohol intake during preg-
nancy [42]. Furthermore, the quality of home environment
(e.g. low social class, low income, large family size, family
dysfunction and single parent families) has been reported
to be a risk factor for psychopathology and behavioral
problems in children. The quality of home environment
is mostly measured by means of the Home Observation
for Measurement of the Environment (HOME) Scale. It
covers the emotional and verbal responsibility of the mo-
ther, acceptance of the child’s behavior, organization of
the home environment, availability of toys, parental in-
volvement and variability of daily experience.

[JOMEH 2013;26(1)
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Table 6. Summary of chemical exposure impact on ADHD or ADHD-related symptoms based on the reviewed literature

ADHD or ADHD- - Organochorine
related symptoms OP pesticides PCB pesticides and PCB He Po Mn
ADHD + Marks 2010 —-Lee2006  + Sagiv2010[36] + Cheuk 2006 + Braun 2006 [6],  + Farias
[20], [35] [37] Wang 2008 [52], 2010 [63]
Bouchard 2010 —Nicolescu 2010 Froehlich 2009 [51],
[19], [41], Nigg 2008 [55], 2010
Rauh 2006 [17] Ha 2009 [42] [56],
Ha 2009 [42],
Roy 2009 [53]
Attention problems  + Marks 2010 + Grandjean + Sagiv 2008 [25] + Juvlez 2010 [44] + Chiodo 2007 [54],
[20], Sanchez- 2001 [34] Cho 2010 [57],
Lizzardi 2008 [21], Kim 2010 [58]
Rauh 2006 [17] - Nigg 2008 [55]
Impulsivity + Stewart + Nigg 2008 [55],
2003 [31], Nicolescu 2010 [41]
2005[32], 2006 ~Chiodo 2007 [54]
[33]
Hyperactivity + Myers 2003 [45] + Chiodo 2007 [54], + Bouchard
Nigg 2008 [55], 2007 [59]
Cho 2010 [57],
Nicolescu 2010 [41]
Anxious and + Roy 2009 [53]
depressed behavior
Delinquent behavior + Chiodo 2007 [54]
Pervasive develop-  + Eskanzai 2007
mental disorders ~ [18],
Rauh 2006 [17]
Quality of alertness + Sagiv 2008 [25]
Longer response + Verugdenhil
time; more varia- 2004 [29]
tion in response Stewart 2003,
time; impairment 2005, 2006
of response inhibi- [31-33]
tion; impulsive
responding
Worse working mem- + Jacobson
ory and concentra- 2003 [30]

tion, orientation

Deficits reaction time + Debes 20006 [43]

“+7 - statistically significant association between the exposure to environmental toxicants and ADHD or ADHD-related symptoms.
“~” - no statistically significant association between the exposure to environmental toxicants and ADHD or ADHD-related symptoms.
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Finally, there is relatively extensive body of literature re-
porting the effects of neurodevelopmental exposure to
pesticides, PCBs and lead. The impact of mercury and
manganese on ADHD and ADHD-related symptoms
needs to be further investigated. Future studies should
use a prospective design, with multiple biological sam-
ples collected over time for the better assessment of ex-
posure and its critical windows. Additionally, the inclu-
sion of potential confounding factors and co-exposures is
crucial for reliable assessment of the impact of exposure
on ADHD.
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