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Abstract
Attention-deficit/hyperactivity disorder (ADHD) is one of the most common neurodevelopmental disorders in children. Al-
though the mechanisms that lead to the development of ADHD remain unclear, genetic and environmental factors have been 
implicated. These include heavy metals and chemical exposures, nutritional and lifestyle/psychosocial factors. The aim of this 
review was to investigate the association between ADHD or ADHD-related symptoms and widespread environmental factors 
such as phthalates, bisphenol A (BPA), tobacco smoke, polycyclic aromatic hydrocarbons (PAHs), polyfluoroalkyl chemicals 
(PFCs) and alcohol. Medline, PubMed and Ebsco search was performed to identify the studies which analyze the associa-
tion of prenatal and postnatal child exposure to environmental toxicants and lifestyle factors and ADHD or ADHD-related 
symptoms. The review is restricted to human studies published since 2000 in English in peer reviewed journals. Despite much 
research has been done on the association between environmental risk factors and ADHD or ADHD symptoms, results are 
not consistent. Most studies in this field, focused on exposure to tobacco smoke, found an association between that exposure 
and ADHD and ADHD symptoms. On the other hand, the impact of phthalates, BPA, PFCs, PAHs and alcohol is less fre-
quently investigated and does not allow a firm conclusion regarding the association with the outcomes of interest.
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INTRODUCTION

Attention–deficit / hyperactivity disorder (ADHD) is 
one of the most common neurodevelopmental disorders 
in children, with an estimated pooled worldwide preva-
lence in children and adolescents of 5.3% (95% CI: 5.0–
5.6) [1]. When the children are considered alone, the 
range for prevalence is about 5–10%, whereas when 

adolescents are considered by themselves, the range is 
lower (about 2.5–4%) [1,2]. Like many other childhood–
onset behavioural disorders, ADHD is diagnosed more 
frequently in boys than girls [3,4]. Children diagnosed 
with ADHD are a heterogeneous population sharing 
common symptoms, including inattention, impulsivity, 
and, in some cases, hyperactivity, or a combination of 
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 – confounding factors included in analysis,
 – the proposed mechanism by which the exposure is lin-

ked with ADHD-related neurobehavioural changes.
Out of total 72 articles identified, 40 meet eligibility crite-
ria and have been included in the present review.

PHTHALATES AND ADHD OR ADHD SYMPTOMS

Phthalates are a family of industrial chemicals that have 
been used for a variety of purposes. They are added to 
plastics applied in the manufacture of children’s toys and 
medical devices to make them soft and flexible as well as 
added to cosmetics as a vehicle for fragrance. Because 
phthalates are ubiquitous in daily life, the potential con-
sequences of human exposure to phthalates have raised 
concerns in the general population. Animal studies have 
also reported that some phthalates might cause hyperac-
tivity similar to the clinical syndrome of ADHD found in 
children [7].
Several mechanisms of adverse neurodevelopmental out-
comes in humans exposed to phthalates are postulated. 
Phthalates may interfere with the thyroid hormone sys-
tem [8,9], lipid signal transduction pathways [10], decrease 
the number of midbrain dopaminergic neurons, reduce 
tyrosine hydroxylase biosynthetic activity [11] and tyrosine 
hydroxylase immunoreactivity [12], and exhibit antiandro-
genic activity [13]. Phthalates have been shown to cause 
hyperactivity in rats, possibly through effects on the dopa-
mine system [12,14]. 
The first studies investigating the relationship between 
prenatal phthalate exposure and ADHD-related behav-
iours and ADHD were published by Engel et al. [15,16] 
and Kim et al. [17] (Table 1). In the study performed 
among neonates enrolled into a multiethnic birth cohort 
at the Mount Sinai School of Medicine in New York City, 
maternal urinary concentrations of phthalate metabolites 
and neonatal behaviour measured within 5 days of birth 
were evaluated. There were strong, inverse associations 

the symptoms. Inattention is identified when child is 
easily distracted and unable to keep his/her mind on 
single task for extended periods of time. Impulsivity 
can be recognized by lack of control or restraint and 
hyperactivity by child’s constant restlessness. Children 
with ADHD are at increased risk for conduct disorder, 
antisocial behaviour and drug abuse later in life [3,5,6]. 
Although the mechanisms that lead to the development 
of ADHD remain unclear, genetic and environmental 
factors have been implicated. These include heavy met-
als and chemical exposures, nutritional and lifestyle/
psychosocial factors. 
This paper reviews the literature published since 2000 
investigating the association between ADHD or ADHD-
related symptoms and widespread environmental factors 
such as phthalates, bisphenol A (BPA), tobacco smoke, 
polycyclic aromatic hydrocarbons (PAHs), polyfluoroalkyl 
chemicals (PFCs) and alcohol.

Criteria for inclusion of studies into the review
Medline, PubMed and Ebsco search was performed to 
identify the studies which analyze the association of pre-
natal and postnatal child exposure to widespread environ-
mental toxicants and ADHD or ADHD-related symp-
toms. Relevant studies were also identified via review of 
references cited in all published studies. The review is re-
stricted to human studies published since 2000 in English 
in peer reviewed journals. The following keywords were 
used to identify relevant papers: ADHD, hyperactivity, in-
attention, impulsivity, pregnancy, prenatal period, child, 
environment, environmental exposures, chemicals, life-
style factors, maternal smoking, passive smoking, PAHs, 
phthalates, BPA, PFCs and alcohol. For each factor we 
reviewed: 
 – study design and population, 
 – sources of exposure and methods used for its 

assessment, 
 – assessment of ADHD or ADHD-related symptoms, 
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BPA might disrupt the endocrine system [18]. Experimen-
tal studies with animals indicated that gestational BPA 
exposure disrupts normal neurodevelopment, affecting 
sexually dimorphic behaviours such as aggression, anxi-
ety, exploration, and spatial memory [19–21]. BPA may 
alter the course of normal neurodevelopment by the im-
pact on neuronal connectivity, distribution of serotoner-
gic fibres, synaptic function, and dendritic length [22].
The effect of exposure to BPA and ADHD behaviours 
were examined only in two studies performed in the 
United States [23,24] (Table 1). In the study in Cincinna-
ti, Ohio, among 249 mothers and their children, maternal 
urine was collected around 16 and 26 weeks of gestation 
and at birth to measure the level of bisphenol A. An as-
sociation between mean prenatal BPA concentrations 
and externalizing scores in females was observed. The 
strongest association was found between early (below 
16 weeks of gestation) urinary BPA concentrations and 
externalizing scores [23]. The same author continued the 
study and examined the children at 3 years of age [24]. 
Gestational BPA exposure was associated with higher 
scores for measures of anxiety, hyperactivity, emotional 
control, and behavioural inhibition. Similar to previous 
findings [23], the effects of gestational BPA exposure on 
these behavioural domains were larger among girls than 
boys [24]. 
Summing up, in the reported studies the exposure to BPA 
was associated with ADHD behaviours like externalizing 
problems [24] and anxiety, hyperactivity, weaker emotion-
al control, and impaired behavioural inhibition [24]. 
However, as noted by Longnecker [25], the results need 
careful consideration as the hyperactivity and aggression 
are externalizing behaviours more frequent in boys than 
in girls [26,27]. Sexually dimorphic behaviours in female 
rodents have been shown to be masculinized by exogenous 
estrogens [28], and BPA is weakly estrogenic in most ex-
perimental systems [29]. 

between increasing levels of high molecular weight 
phthalate metabolites (monobenzyl phthalate (MBzP), 
mono-(2-ethyl-5-carboxypentyl) phthalate (MECPP), 
mono-(2-ethyl-5-hydroxylhexyl) phthalate (MEHHP), 
mono-(2-ethyl-5-oxohexyl) phthalate (MEOHP), 
mono-(2-ethylhexyl) phthalate (MEHP), mono-(3-car-
boxypropyl) phthalate (MCPP)) and attention and orien-
tation scores among girls. Similarly, there was an inverse 
association between high molecular weight metabolite 
concentrations and quality of alertness scores among 
girls [15]. The association of prenatal phthalate exposure 
with behaviour and executive functioning at 4–9 years of 
age in the same cohort of children was examined. Howev-
er, in multivariate adjusted models, increasing loge con-
centrations of low molecular weight phthalate metabo-
lites (monobutyl phthalate (MBP), monoethyl phthalate 
(MEP), monoisobutyl phthalate (MiBP), monomethyl 
phthalate (MMP)) were significantly associated only with 
conduct problems [16].
In childhood, exposures to DEHP metabolites were as-
sociated with ADHD in a cross-sectional study of South 
Korean children between the ages of 8 and 11 years. Sig-
nificant relationship was also observed between the urine 
concentrations of metabolites of dibutyl phthalate (DBP) 
and the number of omission and commission errors in 
continuous performance tests [17]. 
As there are only three studies which suggest that exposure 
to phthalates is associated with ADHD [17] and ADHD 
behaviours: conduct problems [16] and concentration or 
orientation [15], it is very difficult to arrive at a conclusion 
and additional research is necessary. 

BISPHENOL A AND ADHD OR ADHD SYMPTOMS

Bisphenol A (BPA) is produced in large quantities and 
used primarily to manufacture polycarbonate plastics and 
epoxy resins; it is considered to show weak oestrogen-like 
properties. 
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POLYFLUOROALKYL CHEMICALS  
AND ADHD OR ADHD SYMPTOMS

Polyfluoroalkyl chemicals (PFCs) have been widely 
used in consumer products and in industrial applica-
tions as surfactants and emulsifiers, food packaging, 
non-stick pan coatings, fire-fighting foams, paper and 
textile coatings, and personal care products [30,31]. 
Preliminary data suggest that PFCs may be potential 
developmental neurotoxicants [32]. Animal studies 
have indicated that polyfluoroalkyl chemicals may 
interfere with normal neuromuscular development 
by inhibiting choline acetyltransferase (ChAT) activ-
ity [33,34] or by disturbing lipid metabolism [35]. 
Hoffman et al. [36] have noticed an association be-
tween exposure to PFCs (Perfluorooctane sulfonic 
acid (PFOS), perfluorooctanoic acid (PFOA), per-
fluorononanoic acid (PFNA), and perfluorohexane 
sulfonic acid (PFHxS)) measured in serum samples 
in children aged 12–15 years in the United States 
(Boston, Massachusetts) and ADHD diagnosed by 
a doctor or health care professional. Exposure to 
PFOS, PFOA, PFHxS was associated with ADHD. 
On the other hand, Fei et al. [37] did not find ad-
verse effects of prenatal PFC exposure on attention 
and cognition in children at 6 and 18 months of age 
(Table 2).
As there are only two studies on exposure to poly-
fluoroalkyl chemicals and ADHD and ADHD symp-
toms (attention problems) and their results are in-
consistent, it is difficult to reach the right conclusion. 
The age of individuals in the study populations may 
explain the difference in the results. Fei et al. [37] as-
sess the exposure to PFCs and ADHD among chil-
dren around 6 months and 18 months of age whereas 
Hoffman et al. [36] assess only children 12–15 years 
of age. Further investigation into the impact of PFC 
exposure on ADHD and children’s neurodevelop-
ment is needed. Ex
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The physiological explanation for possible adverse effects 
of intrauterine exposure is that metabolites from tobac-
co smoke cross the placenta and the foetus is exposed to 
a 15% higher nicotine concentration than the smoking 
mother [56]. The possible mechanism may be modulation 
of dopaminergic system and increased number of nicotine 
receptors [57]. Studies on rats demonstrated long-lasting 
alterations in the structure of hippocampus associated 
with prenatal exposure to nicotine [57]. 
Table 4 presents 30 papers, published since 2000, analyz-
ing the association between tobacco smoke exposure 
and ADHD or ADHD symptoms in children, including 
7 papers published in 2010 [6,27,58–85]. The strength of as-
sociation does differ slightly between studies, although gen-
erally it appears that the children of smokers are approxi-
mately 1.5–3 times more likely to have ADHD or ADHD 
symptoms than the children of non-smokers. Some studies 
which analyzed ADHD symptoms based on Diagnostic and 
Statistical Manual of Mental Disorders (DSM) criteria or 
DuPaul Rating Scale indicate the statistically significant as-
sociation with the exposure to tobacco smoke [58,60–64]. In 
opposite, the results from Hill et al. [65], Nigg et al. [66], 
Thapar et al. [67] and Lavigne et al. [68] were not statistically 
significant. Other studies focusing on the specific symptoms 
such as hyperactivity and/or impulsivity [69–74], aggressive 
behaviour [69,72,75,84], attention problems [74,75,77] and 
externalizing problems [27,75,77–79] generally reported 
consistent positive association. 
Some studies analyzing the impact of tobacco smoke ex-
posure on child ADHD-related symptoms have found 
independent effects of both pre- and postnatal exposure, 
but most researchers state that the correlation between 
maternal smoking in pre- and postnatal period is so high 
that it is difficult to separate the effects. The results for 
postnatal exposure are less consistent than for prenatal 
maternal smoking. Since nicotine is transmitted through 
breast milk, the effect of maternal smoking during the 
few months after delivery may be more pronounced than 

POLYCYCLIC AROMATIC HYDROCARBONS  
AND ADHD OR ADHD SYMPTOMS

Polycyclic aromatic hydrocarbons (PAHs) are one of the 
most widespread organic pollutants. In addition to their 
presence in fossil fuels they are also formed by incomplete 
combustion of carbon-containing fuels such as wood, coal, 
diesel oil, and tobacco [38]. PAHs have been shown to 
be neurodevelopmental toxicants in experimental stud-
ies [39,40]. Suggested mechanisms include endocrine dis-
ruption [41–43], binding to receptors for placental growth 
factors resulting in decreased exchange of oxygen and 
nutrients [44], binding to the human Ah receptor to in-
duce P450 enzymes, DNA damage resulting in activation 
of apoptotic pathways [45–47], epigenetic effects [48], or 
oxidative stress due to inhibition of the brain antioxidant 
scavenging system [49]. Only one study on exposure to 
polycyclic aromatic hydrocarbons and children’s ADHD 
symptoms was performed [38]. In the birth cohort of chil-
dren born to non-smoking women, the neurodevelopment 
was assessed at 4–8 years of age. The PAH–DNA and 
other bulky aromatic adducts were measured in umbili-
cal cord. Higher cord adducts were associated with higher 
symptom scores of anxious/depressed at 4.8 years, atten-
tion problems at 4.8 and 7 years, and with anxiety prob-
lems at 4.8 years as defined in Diagnostic and Statistical 
Manual of Mental Disorders, 4th edition [38] (Table 3).

TOBACCO SMOKE EXPOSURE  
AND ADHD OR ADHD SYMPTOMS

The association between the exposure to tobacco smoke 
constituents and behaviour problems in children has been 
studied from the 1970s [50]. Since then, a lot of original 
papers and several review articles [2,51–55] have been 
published on the associations of prenatal maternal active 
or passive smoking and/or postnatal child environmental 
tobacco smoke exposure with ADHD or ADHD-related 
disorders in children of different ages. 

http://en.wikipedia.org/wiki/Combustion
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Wood
http://en.wikipedia.org/wiki/Coal
http://en.wikipedia.org/wiki/Diesel_fuel
http://en.wikipedia.org/wiki/Tobacco
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concluded that magnitude of the association between 
smoking during pregnancy and ADHD symptoms was sig-
nificantly higher in related pairs (β = 0.1; p < 0.02) than 
in unrelated pairs (β = –0.05; p > 0.1) which confirmed 
the inherited effect. 
In summary, most of published studies indicated statisti-
cally significant association between exposure to tobacco 
smoke constituents and ADHD or ADHD symptoms, al-
though some of the recent studies have indicated that part 
of this association can result from genetic and/or socio-
demographic and lifestyle factors. 

ALCOHOL AND ADHD OR ADHD SYMPTOMS

Maternal alcohol use during pregnancy contributes to 
a range of effects in exposed children, including hyper-
activity and attention problems, learning and memory 
deficits and problems with social and emotional devel-
opment [87, 88]. Evidence from animal studies suggests 
that even a single binge exposure is sufficient to produce 
neurotoxic effects [89–91]. Ethanol enhances migration of 
nerve cells, which is hypothesized to be involved in behav-
ioural difficulties in childhood. It also interferes with the 
production of neuroendocrine hormones, which may per-
turb brain growth [92]. 
Six studies examined the association between exposure 
to alcohol and ADHD and ADHD related symptoms 
(Table 5). Most of them were performed in the United 
States: Detroit, Michigan [93,94], Pennsylvania [65], Bos-
ton, Massachusetts [61] and one in Canada [73]. A case-
control study of prenatal exposure to alcohol found that 
cases of ADHD were 2.5 times more likely to have been 
exposed to alcohol in utero than were the non-ADHD 
control subjects; however, when adjusted for confound-
ers, the results were not significant [61]. In addition, ad-
verse effects of prenatal alcohol exposure on aggressive 
and externalizing behaviour in particular, at age 6–7 years 
were found evident even at low levels of exposure (one 

environmental passive smoking during later postnatal peri-
ods and during childhood [75]. For example Day et al. [74] 
indicated that postnatal (not prenatal) exposure predicted 
attention problems in 3 years old children. On the other 
hand, Braun et al. [6] did not find statistically significant 
association between postnatal ETS exposure and ADHD 
in 4–15 years old children (OR = 0.6; 95% CI: 0.3–1.3).
Recently, the possibility of genetic factors confound-
ing the study of the effects of smoking during pregnancy 
on child behaviour outcomes has been raised [86]. Ge-
netic confounding can occur, for example, if mothers 
with ADHD who are more likely to smoke also transmit 
genes that predispose the child to developing ADHD. To 
address genetic confounds, genetically-sensitive designs 
are needed to estimate the relative contributions of ge-
netic factors and smoking during pregnancy. The results 
from D’Onofrio et al. [78], Lindblad and Hjern [80], Bos-
Veneman et al. [81] suggest that the relationship between 
prenatal tobacco smoke exposure and ADHD may be in-
fluenced and/or confounded by familial factors, such as 
family history of mental disorders. As the example, the 
analysis based on large Swedish population-based cohort 
indicated dose-dependent relationship between foetal ex-
posure to tobacco constituents assessed prospectively at 
prenatal visit and the risk of ADHD medications use in 
children at 6–19 years of age (OR = 1.9; 95% CI: 1.8–2.0 
for the children of mothers who smoked ≥ 10 cigarettes 
per day during pregnancy in the entire study popula-
tion) [80]. However, when the authors analyzed multiple 
births for the same mothers with different smoking status 
during each pregnancy, there was no longer statistically 
significant association between such exposure and ADHD 
(OR = 1.3; 95% CI: 0.95–1.58). Such results are consistent 
with a paper published by Thapar et al. [82]. The authors 
used novel, genetically sensitive study design based on off-
spring conceived with assisted reproductive technologies 
recruited from fertility clinics (231 unrelated mother-child 
pairs and 584 mothers related to their children). They 
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the association with outcomes of interest. Table 6 presents 
the summary of the impact of different environmental 
toxicants on ADHD or ADHD symptoms. The increased 
risk of ADHD was noticed in some studies on the expo-
sure to tobacco constituents [6,58,60–64,82], although 
a few of them did not give statistically significant re-
sults [65–68,80,81]. Statistically significant association was 
noted between ADHD and phthalates [17] and PFCs [36] 
exposure. Regarding the exposure to alcohol, the results 
are not consistent. The attention problems were identified 
among children exposed to PAHs [38] and alcohol [94] and 
in two studies on tobacco exposure [74,77]. Results of most 
studies on the impact of exposure to tobacco smoke on 
impulsivity and hyperactivity were positive [69–71,73,74]. 
Additionally most studies focusing on the prenatal expo-
sure to tobacco smoke or alcohol indicated higher risk of 
aggressive behaviour [72,75,76,84,93,94] or externalizing 
problems [27,75,77,79,85,93,94]. Individual difference in 
vulnerability to chemical contaminants is one potential 
source of variability in the observed dose-effect relation-
ship. Also genetic polymorphisms can contribute to indi-
vidual risk from contaminant by affecting toxicokinetic or 
toxicodynamic variability [96].
Because the studies used different instruments and mea-
sured behaviour problems rather than ADHD (some 
lacking validation), a clear picture does not emerge con-
cerning the link between exposure to environmental fac-
tors and symptoms specifically related to ADHD. ADHD 
terminology has undergone significant changes over the 
past decades [1]. The ICD-10 and DSM-IV criteria pro-
vide very similar list of symptoms but recommend differ-
ent ways of establishing diagnosis. The ICD-10 requires 
a minimum number of symptoms in all three dimensions 
(inattention, overactivity, and impulsivity), additionally it 
requires that all criteria are met in at least two different 
situational contexts and includes mood, anxiety, and de-
velopmental disorders as exclusion diagnoses. The DSM-
IV defines only two dimensions (with hyperactivity and 

alcoholic beverage a week), and showed dose–response ef-
fects after control for confounding factors [93]. Also in the 
study performed by Delaney-Black V et al. [94] prenatal 
exposure to alcohol was associated with higher total score 
for externalizing problem (aggressive, delinquent), in-
creased attention problems, and more delinquent behav-
iours. However, in the study of 150 children/adolescents, 
prenatal alcohol exposure had no impact on ADHD after 
adjustment for familial risk of alcoholism, intrauterine ex-
posure to smoking, maternal current alcohol intake, or in-
formation on alcohol and parental psychopathology [65]. 
Also in the study performed in Canada, prenatal maternal 
drinking was not associated with increased risk of hyperac-
tive symptoms in children [73].
The results of the studies on alcohol exposure and ADHD 
and ADHD symptoms are inconsistent. Whereas some 
of them suggest the link between exposure and exter-
nalizing and aggressive behaviours [93,94], increased 
attention problems, more delinquent behaviours [94] 
and ADHD [116], others [65,73] do not find association 
between alcohol exposure and hyperactive symptoms in 
children.

SUMMARY OF THE STUDY RESULTS

ADHD is a complex disorder with great heterogeneity in 
the behavioural symptoms presented and brain functions 
and structures affected [2]. ADHD heritability, estimated 
at 60% to 80%, highlights the considerable role of envi-
ronmental factors in disorder susceptibility [55,95]. De-
spite much research has been done on the association be-
tween environmental risk factors and ADHD or ADHD 
symptoms, results are not consistent. Most studies in this 
field focused on exposure to tobacco smoke and mostly 
indicated positive association with ADHD and most of 
its symptoms. On the other hand the impact of phtha-
lates, BPA, PFCs, PAHs and alcohol is less frequently in-
vestigated and does not allow for firm conclusion regarding 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Delaney-Black V%22%5BAuthor%5D
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impulsivity symptoms included in the same dimension), 
and a diagnosis can be made if there is a minimum number 
of symptoms in only one dimension, it requires the pres-
ence of some impairment in more than one setting and the 
diagnoses may be classified as comorbid conditions [1]. 
It is important to notice that some studies identified 
the ADHD or ADHD symptoms in toddlers and pre-
schoolers which may not correlate with later diagnostic 
status, whereas others identified cases via caregiver report 
of a prior diagnosis or medical claims. Both situations may 
result in false positives and negatives [55]. However, previ-
ous research indicates that parental reports of ADHD are 
highly reliable [97].
One key difficulty in identifying the aetiology of the asso-
ciation between variety of environmental risk factors and 
adverse neurobehavioural outcomes in human studies is 
the presence of numerous confounders. For appropriate 
risk assessment it is crucial to have valid assessment of the 
exposures. In the studies in which exposure status is evalu-
ated from questionnaire data, recall bias can significantly 
influence the results, especially if evaluated retrospective-
ly. It is also important to note that for some exposures, 
such as smoking or alcohol consumption, for which detri-
mental health impacts are well established, the reported 
exposure levels may be underestimated. Besides the obvi-
ous methodological inadequacy of assessing exposure lev-
el retrospectively, other limitations include assessing some 
exposure as dichotomized variable (such as smoking). 
Additionally in most studies a single exposure measure-
ment was performed which may not reflect cumulative 
exposure or exposure at the most developmentally cru-
cial periods [55]. For example mothers who smoke during 
pregnancy are also more likely to smoke after delivery, so 
the judgment which exposure period is crucial is difficult. 
Also most studies continue to focus on one contaminant at 
a time despite widespread co-exposure to other chemicals 
which can be potential effect modifiers. Co-exposure could 
exacerbate, mitigate or mask the toxicity of the exposure 
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of combined analysis of data from different cohorts) with 
the exposure assessment via biomarkers, if applicable, 
beginning in pregnancy and continuing throughout child-
hood. A comprehensive assessment of possible risk fac-
tors would occur, as would diagnostic evaluation of parent 
and child mental health and ADHD status, in sample ad-
equately powered to investigate gene-by-exposure, sex-by-
exposure and exposure-by-exposure interaction. 
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