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ABSTRACT 

 Attention deficit hyperactivity disorder (ADHD) is a brain-based disorder that causes a 

syndrome of behaviours in children and adults.  People that have ADHD are hyperactive and 

inattentive so that their ability to concentrate on tasks is impaired, which often causes difficulty 

learning at school or on the jobsite. However, little research is available regarding the potential 

causes of ADHD, and while some sources identify environmental toxins as one of the potential 

factors, the results of the studies are contradictory and inconclusive. To address this issue, a 

meta-analysis was performed to explore the relationship between attention deficit hyperactivity 

disorder (ADHD) and exposure to persistent organic pollutants (POPs).  Using meta-analysis of 

peer-reviewed articles from Science Direct, PubMed, PsychINFO, Scopus, ProQuest, and ERIC 

databases published in English since 2000, a relationship between POPs and ADHD is examined.  

Meta-analysis of twenty-one studies suggests a relationship between POPs and ADHD with a 

pooled odds ratio of 1.23 (95% CI [1.02, 1.48], p = 0.034).  Sub-categories of toxins including 

polyaromatic hydrocarbons (PAHs), methylmercury, organochlorines, dioxins, polychlorinated 

biphenyls (PCBs), polybromodiphenyl ethers (PBDEs), perfluorinated compounds (PFCs), and 

phthalates are individually analysed; however, none of these can be shown to have a significant 

relationship to ADHD.  Unfortunately, meta-analysis of the sub-categories is limited by the small 

number and heterogeneity of articles available within each sub-category.  Still, the results 

suggest positive correlations between some of these particular toxins (e.g., PFCs) and the 

incidence of ADHD.  Policy should be enacted to limit exposure to these substances, particularly 

exposure to the young. 
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CHAPTER 1: INTRODUCTION 

 

Research Problem Description 

Attention deficit hyperactivity disorder (ADHD) is a brain-based disorder that causes a 

syndrome of behaviours in children and adults (American Academy of Child & Adolescent 

Psychiatry [AACAP], 2014).  People that have ADHD are hyperactive and inattentive so that 

their ability to concentrate on tasks is impaired, which often causes difficulty learning at school 

or on the jobsite (AACAP, 2014; Polańska, Jurewicz, & Hanke, 2013).  Impulsivity is another 

characteristic of the disorder, so that social norms of behaviour may be ignored (AACAP, 2014).  

Acting without restraint can have deleterious social costs as young ADHD sufferers have 

difficulty fitting in with other children and sometimes gravitate toward others with behavioural 

problems, putting them at risk of substance abuse and other inappropriate behaviours (AACAP, 

2014; Polańska et al., 2013).  Currently, there is no known cause for ADHD, though some 

studies argue that exposure to toxins seem to be partly to blame (AACAP, 2014; Polańska et al., 

2013).  Understanding the cause of ADHD is necessary in order to minimize its prevalence and 

to improve methods of treatment. 

Individuals exposed to toxins early in life are at risk of developing health problems.  

Exposure to heavy metals such as lead, mercury, chromium, and cadmium, and a host of organic 

compounds found in industry or in use as agricultural pesticides cause a variety of diseases 

(Grant et al., 2013; Kuehn, 2010; Winneke, 2011).  Developing foetuses and children are 

especially vulnerable since their brains are in a state of growth and normal neuronal development 

and synaptic connections are susceptible to disruption when faced with toxic insult (Forns et al., 

2012; Gascon et al., 2011; Kalia, 2008; Winneke, 2011). 
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Experimental and epidemiological studies have indicated that persistent organic 

pollutants (POPs) impair neurological development (Kuehn, 2010; Polańska et al., 2013; Xu et 

al., 2011).  Though now rarely used in Canada and the USA, these compounds were used for 

many years so that they are ubiquitous in the environment.  Studies suggest that routes of 

exposure might include diet, airborne contamination, and prenatal exposure (Ribas-Fitó et al., 

2007; Xu et al., 2011).  Although persistent organic pollutants are named as potential causes of 

ADHD, the mechanisms through which these compounds may influence ADHD are uncertain.   

Much of the literature reports relatively small studies that examine a narrow spectrum of 

compounds; however, more comprehensive examinations are needed in order to understand and 

rectify the potentially harmful impact of POPs.  In this study, a meta-analysis of peer-reviewed 

studies published in English between 2000 and 2016 is conducted in an attempt to gain a better 

understanding of the relationship between POPs and ADHD in children and youth. 

 

Research Questions and Objectives 

This study asks two questions: 

1. Is there a relationship between persistent organic pollutants (POPs) and ADHD in 

young people?  

2. Are there specific classes of POPs that might lead to ADHD? 

The objective of this meta-analytic study is to explore the relationship between POPs and 

attention deficit hyperactivity disorder (ADHD) in young people.  Meta-analysis is used to test a 

hypothesis of whether a statistically significant relationship between POPs and ADHD exists 

and, where there are enough studies on different classes of POPs, to examine which classes may 

have a more serious effect on the development of ADHD in children and adolescents. 
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Significance of the Study 

Recognizing that ADHD affects a considerable portion of society, understanding its 

environmental causes is of great importance.  Although ADHD is thought to have a sizeable 

genetic component (about 76% [Faraone et al., 2005]), this root cause is currently beyond our 

control, since medical technological fixes for genetic disease are extremely limited.  In contrast, 

environmental causes, if they exist, are within our purview.  Therefore, if we gain a grasp of the 

role of POPs, it will provide us with a better understanding of ways to prevent, mitigate, and 

address ADHD.  For example, understanding that a particular toxin is associated with ADHD 

could better inform a parent to protect their child from contact with the toxin should it exist in 

household products, furnishings, toys, cleaners, or pesticides.  On a larger scale, providing 

information on the relationship between POPs and ADHD to policy makers and health 

authorities might lead to better policy and regulations that serve society. 

 

Scope of the Study 

This meta-analysis examined quantitative research published in English since 2000 that 

studied an association between persistent organic pollutants and ADHD in children and 

adolescents.  Twenty-two papers involving twenty-one unique cohorts totalling approximately 

15,000 participants are included in this review.  While the primary focus was on studies 

examining ADHD, some articles included in this report focused on multiple ADHD symptoms 

such as hyperactivity, impulsivity, lack of inhibition, or attention.  Provided at least two of these 

ADHD-like symptoms were reported, such studies were considered eligible for inclusion in the 

meta-analysis.  Studies that focus on other traits such as intelligence, learning, or disruptive 

behaviour are beyond the scope of this meta-analysis.   
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Research on toxins that are not persistent (e.g., organophosphates) are considered to be 

beyond the scope of this study.  The only exception is the chemical class known as phthalates, 

which is borderline as to persistence, depending on the specific phthalate in question.  Since this 

class of substances is ubiquitous in the environment, they have been included in this study.  

Furthermore, papers that report on inorganic toxins (e.g., inorganic lead) and articles that report 

on acute medical issues or drug addiction are also excluded.   

While there might have been various factors influencing the association between 

persistent organic pollutants and ADHD, this study did not attempt to examine such influences. 

For instance, the geographic region of each study is reported (See Table 12 in the Appendix), but 

this factor is not analysed as it is beyond the scope of this study.  Several papers (Abid, 2012; 

Chopra, Harley, Lahiff, & Eskenazi, 2013; Sagiv, Thurston, Bellinger, Altshul, & Korrick, 2012) 

report on sex differences, with boys generally being more susceptible.  However, the 

examination of sex differences is beyond the scope of the present study. 

There has been no attempt to rate the quality of the various studies, apart from 

documenting and characterising the kinds of methodological approaches used by the authors.  

For example, detailed records of study design (e.g., cross-sectional) and sample sizes are 

reported.  However, there is no attempt to control for the quality of the studies themselves.  

Rightly or wrongly, it is assumed that all of the published studies have equal validity.  

Comprehensive Meta-analysis (version 3) software is used to weight the studies appropriately, 

based on effect sizes and confidence intervals as they have been reported. 
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Overview of Thesis 

The structure of this report will consist of five chapters. Chapter 1 (presented above) 

provides an introduction, describes the significance of the study, presents the research questions 

that form the foundation for the study, and outlines the scope of the project.   

Chapter 2 summarizes the literature focusing on POPs and ADHD in order to define 

ADHD and to summarize what is known of its root causes.  Brain function, hormones, and 

sociological factors are considered as contributing factors.  Environmental toxins are examined 

and six important classes of POP are identified:  organochlorines, polybromodiphenyl ethers 

(PBDEs), phthalates, methylmercury (MeHg), polyaromatic hydrocarbons (PAHs), and 

perfluorinated compounds (PFCs). 

Chapter 3 outlines the methodology of the study, describing the search strategy used to 

locate the articles, sources searched, inclusion and exclusion criteria, data extraction, and 

analysis.    

Chapter 4 presents the results of the study. This section provides summaries of the 

articles included in the analysis and reports the results of meta-analysis using pooled effect sizes 

and forest plots.  Publication bias that stems from unreported studies (i.e., the file drawer 

problem) and its potential effect on the pooled effect sizes is discussed.   

Chapter 5 discusses the findings of the study and presents conclusions and 

recommendations for policy and future research. 
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CHAPTER 2: LITERATURE REVIEW 

Defining ADHD 

According to the most recent edition of the American Psychiatric Association’s 

Diagnostic Manual (DSM-5), attention deficit hyperactivity disorder is characterized by a lack of 

sustained attention, hyperactivity, and impulsivity (Centers for Disease Control and Prevention, 

2014; Newman, Behforooz, Khuzwayo, Gallo, & Schell, 2014).  It is prevalent in children, 

perhaps affecting 3% to 9% of children worldwide (Polanczyk, de Lima, Horta, Biederman, & 

Rohde, 2007).  The disorder persists to adolescence and to adulthood, with serious medical costs, 

social costs, and educational repercussions (Franke et al., 2012; Polańska et al., 2013). 

ADHD is a syndrome of behaviours and its characterization has varied over recent 

decades.  Older studies often refer to the syndrome as attention deficit disorder (Newman et al., 

2014) while  the World Health Organization uses the term  “hyperkinetic disorder” (Polanczyk et 

al., 2007).  Regardless of the name, research consistently describes the lack of sustained 

attention, hyperkinesis, and impulsivity as the unifying features of the disorder.  For the purposes 

of this paper, the term “attention deficit hyperactivity disorder” or ADHD will be used.   

Potential Roots and Causes of ADHD 

While the exact causes of ADHD are unknown, researchers name various factors as 

potentail causes of ADHD, including genetics, social and environmental factors, nuitrition, and 

neuirological and hormonal mechanisms or a combination of these influences and mechanisms 

(Polańska et al., 2013). Sections that follow summarize some of the studies, discussing these 

potential influences.   
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Environmental factors & toxicants 

Many chemicals affect the developing brain.  Lead, methylmercury, arsenic, PCBs, 

toluene, dioxins, and furans are among more than 200 chemicals clinically accepted as 

neurotoxicants in adults (Grandjean & Landrigan, 2006; Kajta & Wójtowicz, 2013).  Grandjean 

and Landrigan (2006) note that some of these toxicants first came to public attention as cases of 

high exposure within occupational settings, poisoning incidents, or suicide attempts.  In contrast, 

many toxicants occur ubiquitously, with low-level long-term exposures resulting in serious, 

though not necessarily fatal, effects.  All the same, these low-level neurological poisonings are 

serious concerns. 

Persistent Organic Pollutants 

POPs occur as a wide variety of species with a wide variety of historical uses.  They have 

been used as agricultural pesticides (e.g., DDT), as wood preservatives, or as electrical insulators 

(e.g., PCBs) and they may be found as intermediates and by-products of other chemical 

processes (Forns et al., 2012; Kuehn, 2010; Polańska et al., 2013; Ribas-Fitó et al., 2007; Xu et 

al., 2011).  Little is known about how these diverse chemicals actually operate within the 

nervous system.   Sioen et al. (2013) suggest that organochlorines all share a similar mode of 

action.  It is quite possible, however, that the modes of operation vary, even within specific 

classes of substances such as PCBs (Kimura-Kuroda, Nagata, & Kuroda, 2007; Strøm et al., 

2014) and may, in some cases, need to be evaluated as isolated entities.  Multiple modes of 

action are possible, including hormone, neurotransmitter, and gene disruptions as well as 

disruptions to intracellular and extracellular chemical signals (Faraone et al., 2005; Kajta & 

Wójtowicz, 2013; Killeen, Russell, & Sergeant, 2013; Sharlin, Bansal, & Zoeller, 2006; You, 

Gauger, Bansal, & Zoeller, 2006). 
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Routes of exposure 

Since POPs are fat soluble, they bioaccumulate in nature, having their most severe effect 

on animals at high trophic levels of the food chain.  This means that humans are strong 

candidates to experience any toxic effects.  Literature examines a range of potential routes of 

exposure. For instance, Newman et al. (2014) focus on contaminated foods such as wild meat 

and fish that are regularly consumed within indigenous communities.  Other researchers point 

out that children can be exposed in utero and postnatally during breastfeeding (Newman et al., 

2014; Ribas-Fitó et al., 2007).  Airborne contamination is also possible, particularly where the 

toxicant is physically distributed in the air, a practice common to the broadcasting of pesticides 

on farms and orchards (Kuehn, 2010; Xu et al., 2011).  Water can be affected during chlorination 

of drinking water and wastewater in some jurisdictions (Xu et al., 2011).  Considering the 

ubiquitous nature of POPs and their persistence in the food chain, particularly within fat and 

milk, avoiding these substances is quite difficult! 

Toxins and ADHD 

Several papers dealing with the relationship between POPs and ADHD yield mixed 

results.  Newman et al. (2014) studied a population of Mohawk living at Akwesasne, where 

PCBs contaminate the St. Lawrence River.  This population has a diet that is rich in fish in which 

PCBs bioaccumulate; therefore, it was suspected that a high level of PCB might cause ADHD-

like symptoms.  In this study, 271 adolescents between 10 and 16.9 years were tested for PCB 

serum level and for ADHD symptoms, as judged by a survey of each participant’s mother and a 

teacher.  A broad spectrum of covariates that could contribute to the outcome measures is 

reported, including home environment, other potential toxicants, cigarette use, and duration of 

breastfeeding during infancy.  After adjusting for covariates, Newman et al. conclude that there 
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is no relationship between PCB body burden and ADHD-like behaviour, “albeit based on a 

relatively small sample size” (p. 30).  Similarly, Strøm et al. (2014), who conducted a twenty-

year longitudinal study of 876 Danish children, found no significant relationship between ADHD 

and any of the POPs detected in mothers’ blood serum samples, collected at week 30 of gestation 

as part of a national registry.  (The POPs analysed were PCBs, DDE, hexachlorobenzene, 

perfluorooctanoic acid, and perfluorooctane sulfonate.)   However, among this cohort in the 

registry there were only 27 cases of ADHD reported.  Strøm et al. acknowledge that “more 

statistical power is needed to determine whether these compounds exert more modest detrimental 

effects” (p. 47). 

In contrast, Ribas-Fitó et al. (2007) report an association between hexachlorobenzene 

(HCB) and ADHD in two cohorts of children in Spain.  Their study relates HCB in umbilical 

cord serum to ADHD symptoms at 4 years of age, as assessed by the children’s teachers.  Within 

these cohorts, 377 children with ADHD symptoms had a significant association to HCB 

exposure, with a relative risk of 1.88 (95% CI [1.13, 3.14], p < 0.05), after adjusting for 

covariates.  This same population was examined at an age of 11 years by Forns et al. (2012).  

They found a relationship between ADHD-like symptoms and two particular organochlorine 

compounds, DDE and PCB, although not with HCB or any of the other organochlorines in their 

analysis.  The researchers based their DDE and PCB concentration data on blood serum collected 

from the children at age four, not umbilical cord blood.  This methodological difference might 

account for the conflicting results when compared to Ribas-Fitó et al. (2007) and, indeed, with 

their own results based on umbilical cord blood (Forns et al., 2012).  Still, the work of Forns et 

al. is important since it sheds light on the effect of exposure to toxins later in the life of a child. 
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Sioen et al. (2013) measured the effect of several toxins (lead, cadmium, PCBs, dioxins, 

HCB, and DDE) on several aspects of mental health (hyperactivity, emotional symptoms, and 

conduct problems) in a cohort of 270 Flemish children.  The mothers’ exposure during gestation 

as measured in umbilical cord blood was compared to hyperactivity of their children at age 7 to 8 

as measured by the Strengths and Difficulties Questionnaire (SDQ).  Their results support a link 

between inorganic lead exposure and hyperactivity, where a doubling of the prenatal lead 

exposure was associated with a 3.43 higher risk for hyperactivity, suggesting that children whose 

mothers were exposed during gestation were almost 3.5 times more likely to exhibit 

hyperactivity compared to their non-exposed counterparts.  The other toxins did not have a 

significant effect, except for dioxins, which apparently lowers hyperactivity.  DDE had a 

significant effect on the overall score, especially for the girls, but not on the hyperactivity sub-

score.  Sioen et al. note that “SDQ hyperactivity score cannot be considered similar as a ADHD 

diagnosis” (p. 230), so these hyperactivity results, in isolation, are not compelling.  It is clear that 

a broader view and meta-analysis is needed to provide a better picture of what is going on. 

In contrast, Xu et al. (2011) provide data from a very specific study that measures ADHD 

in 2539 children aged 6 to 15 exposed to 2,4,5-trichlorophenol (TCP) and 2,4,6-trichlorophenol.  

They use data from a US survey that reports TCP in urine samples and ADHD as reported by 

parental survey.  After adjusting for covariates such as age, sex, poverty-to-income ratio, 

maternal smoking during pregnancy, birth weight, and blood lead level, a comparison of 200 

ADHD children to 2339 controls reveals a significant relationship to 2,4,6-TCP exposure (OR = 

1.77, 95% CI [1.18,2.66], p = 0.006), but not to 2,4,5-TCP exposure (OR = 0.98, 95% CI 

[0.48,1.99], p = 0.95). 
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Understanding the limitations of inividual studies that often lack power, some researchers 

attempted to conduct systematic reviews to examine the link between environemtnal toxins and 

ADHD.  Polańska et al. (2013) reviewed thirty-three papers that examined the potential 

relationship between specific environmental toxins and ADHD or ADHD-like symptoms.  The 

specific toxins they reviewed include polychlorinated biphenyls (PCBs) and other 

organochlorines, methylmercury, organophosphates, lead, and manganese.  Of nine papers in 

their review of PCBs and other organochlorines, seven indicated a positive relationship between 

exposure and ADHD-like symptoms.  One study showed no significant association and another 

showed a relationship, but only in the context of a group that also experienced high mercury 

exposure.  Among these nine papers, the sample sizes varied between 148 chidren at 11 years of 

age and 788 infants.  A drawback to Polańska et al. (2013)  is that the paper provides a 

qualitative review only, without assessing the literature quantitatively.  Moreover, the studies 

employed a wide spectrum of tests to measure ADHD or ADHD-like behaviour.  Although 

Polańska et al. conclusively state that their review “has proven an association between exposure 

to organochlorine pesticides and PCBs and ADHD-like behaviours,” (p.23) it seems that such a 

conclusion is tenuous, and that further study and quantitative meta-analysis are strongly 

warranted.  (Each of the original papers that are cited by Polańska et al. are considered in this 

current meta-analysis.) 

Methylmercury  is another toxin that has been linked to ADHD.  Polańska’s et al. (2013) 

examine this topic using a qualitative review of six papers involving five cohorts, and, the results 

reported by the authors are mixed.  The largest cohort (N = 1778), drawn from children at 6 to 10 

years of age attending elementary schools in South Korean cities, showed no significant 

association between methlmercury levels and ADHD.  However, other smaller cohorts showed 



ADHD META-ANALYSIS   21 

 

 

results contradicting the South Korean findings.  Three cohorts were from the Seychelles (N = 

717 at 9 years of age), the Faroe Islands (N = 878 at 14 years of age), and Hong Kong (N = 111 

at less than 18 years of age).  The first two studies prospectively followed birth cohorts where the 

selection of participants was not random.  (The Hong Kong paper has been recently retracted 

from the literature.)  The remaining cohort, drawn from Romanian children at 8 to 12 years of 

age, showed no significant association, but in this case the sample size was small (N = 83).  

Clearly these methylmercury results are “inconsistent” (Polańska’s et al., 2013, p. 24), so a 

quantitative synthesis of these and other more recent studies is in order.   

Despite the uncertainty that surrounds methylmercury as a cause of ADHD, it is well 

established as a neurotoxin (Halliwell & Gutteridge, 1999).  At high doses, it causes 

abnormalities in the cerebral cortex and cerebellum of the brain, as well as damage to the 

peripheral nerves (Halliwell & Gutteridge, 1999).  Even at lower doses, it may disrupt the thiol 

(–SH) groups of amino acides (Halliwell & Gutteridge, 1999), which could theoretically affect 

virtually any protein.  Thus, enzymes, mitochondria, membranes, cytoskeletons, and synaptic 

transmissions are all susceptable (Halliwell & Gutteridge, 1999; Polańska et al., 2013; Sager & 

Matheson, 1988).  Moreover, mitochondrial damage would lead to general oxidative stress 

(Halliwell & Gutteridge, 1999). 

Organophosphates, although potentially toxic, are not persistant in the environment (U. S. 

Environmental Protection Agency [EPA], 2014).  Nevertheless, the role of organophosphates is 

of interest, since these substances could share a mode of action that is similar to persistent 

organic pollutants.  Polańska et al. (2013) reviewed five papers involving four cohorts, all of 

which showed a relationship between organophosphate and ADHD and suggest that these 

pesticides may cause ADHD.  Two of these  studies  included in the Polańska et al.’s review 
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were based on longitudinal birth cohorts and the other two were cross-sectional studies.  Sample 

sizes ranged from 48 to 1,139.  In the largest study (Bouchard, Bellinger, Wright, & Weisskopf, 

2010), children with higher than the median of detectable levels of urinary organophosphate 

metabolites had nearly twice the odds of having ADHD (OR = 1.93, 95% CI [1.23, 3.02]).   

Other toxins linked to ADHD include lead and manganese (Polańska et al., 2013)   

Eleven studies evaluating the impact of lead exposure on ADHD, included in Polańska et al.’s 

review, showed a consistent relationship between lead exposure and ADHD in almost all of the 

studies.  Two were case-control studies and one was a cohort study, with the sample sizes 

ranging from 83 to 4,704.  In eight studies included in the review, ADHD was established on the 

basis of teacher or parent reports.  The strongest association was found to be OR = 8.1 (95% CI 

[3.5, 18.7]), when lead exposure was combined with tabacco smoke (Froehlich et al., 2009).  

Finally, manganese studies are sparse, though the two that Polańska et al. reviewed suggest a 

relation to ADHD. 

The literature also identfies a number of non-persistent or weekly persistent compounds 

that might be linked to ADHD such as phthalates and smoke exposure.  Phthalates, although they 

are only weakly persistent compounds (EPA, 2012), are abundant in the environment due to their 

widespead use in the plastics industry (EPA, 2012; Kim et al., 2009).  These compounds have 

generated a great deal of interest due to their ability to act as hormone disruptors but there are 

few human studies on phthalates and ADHD.  Kim et al. who examined 261 Korean school 

children living in uban centres, report a significant association between phthalates and ADHD, 

with a pooled odds ratio of 3.59 (95% CI [2.00, 6.43], p = 0.00002).  Similarly, Max, Sung, and 

Shi (2012) report a strong association between second hand smoke and ADHD.  Their large 

cross-sectional study collected data related to smoke exposure from more than six thousand 



ADHD META-ANALYSIS   23 

 

 

participants.  They report an odds ratio of 1.5 (95% CI [1.1, 2.0]).  However, for the purposes of 

my research, non-persistent organic pollutants and inorganic forms of heavy metals will be 

excluded. 

 

Genetic factors as potential contributors to ADHD 

Genetics is another factor identifed in the literature as a potential cause of ADHD, with 

twin studies suggesting that ADHD is a highly heritable disorder.  Faraone et al. (2005) report a 

heritablity rate of 76%, which is among the highest of the heritable psychiatric disorders.  At 

least ten genes are implicated as the genetic basis of ADHD (Faraone et al., 2005; Franke et al., 

2012; Killeen et al., 2013).  Individually, these genes are of small effect and studies that focus on 

individual genes are sometimes difficult to replicate (Faraone et al., 2005), but their cumulative 

effect is undeniable.  Some environmental toxins are thought to affect gene regulation (Kajta & 

Wójtowicz, 2013), though detailed explanations of how these genes are regulated and interact to 

mediate the expression of ADHD remains to be worked out.  Killen et al. (2013) suggest that 

impaired brain growth is ultimately involved, particularly the formation of fully functional 

astrocytes, the cells that ferry energy in the form of lactate to rapidly firing neurons in the brain. 

 

Possible neurological mechanisms of ADHD 

Killeen et al. (2013) present an elaborate neuroenergetics model of ADHD that is based 

on the cellular physiology of neurons.  Their model offers a good explanation of behaviours that 

are seen in ADHD.  The core of their theory posits that astrocytes in ADHD sufferers are unable 

to supply adequate levels of lactate, the chief form of chemical energy, to other neurons in the 

brain.  This quickly leads to fatigue within these cells, as they are unable to maintain ion 
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gradients across their membranes, which slows their ability to conduct signals.  Exactly why the 

astrocytes are not fully functional is not known, but several suggestions are made, including 

defects in myelination, enzyme abnormalities, cell receptor abnormalities, active transport 

abnormalities, and mitochondrial dysfunction.  Whatever the exact reasons, fatigued neurons 

affect the ability of a person to concentrate.  “It is concentration—sustained attention—that is 

problematic in ADHD.  Sustained behavior requires sustained firing of functional groups of 

neurons” (Killeen et al., 2013, p. 643).  The neuroenergetics model does not directly explain 

hyperactivity or impulsivity.  However, Killeen et al. argue that these characteristics of ADHD 

stem from inattention.  That is, as a person loses the ability to focus on a primary task, they 

quickly shift to other stimuli in kind of a misdirected attempt to regain focus.  Killeen et al. 

conclude that “hyperactivity may thus be a byproduct, rather than instrumental component, of 

this syndrome” (p. 644).  Similarly, impulsivity may be thought of as an inability to keep 

unwanted actions in abeyance, as fatigued neurons are unable to balance the “pros and cons of an 

action” (p. 644).   

The young are most at risk, due to exposure to higher doses of toxins that may come 

through breastfeeding and due to the pace of brain development.  In conflict with the beneficial 

nutrition and nurture that breastfeeding supplies, milk may act as a direct route for affected 

mothers to pass on biomagnified levels of persistent toxins to their children.  Milk supplies a fat-

soluble medium in which organic toxins readily dissolve and, in the case of persistent toxins that 

do not easily break down and get eliminated from the body, these toxins tend to accumulate in 

the mothers, except that they can move on to the infant.  Furthermore, babies heads contain a 

developing brain, which is inherently more vulnerable to toxic agents (Grandjean & Landrigan, 

2006).  The human adult brain has about 90 billion neurons that develop from a small patch of 
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ectodermal cells in the early embryo (Solomon, Berg, & Martin, 2008).  At birth, there is an 

overproduction of neurons, which is scaled back by selective apoptosis, resulting in a loss of up 

to half of the cortical neurons (Kalia, 2008).  The cerebellum is especially richly populated with 

neurons, comprising about half of all neurons of the central nervous system (Kalia, 2008).  This 

may be significant to our understanding of ADHD, since this region of the brain is the last to 

achieve maturity and is the most sexually dimorphic (Kalia, 2008).  Kalia (2008) points out that 

abnormalities of cerebellum development have been found in some cases of the disorder.   

Rapid changes during prenatal and postnatal life make the young most vulnerable to toxic 

insult.  The placenta does not stop the passage of many environmental toxins (Grandjean & 

Landrigan, 2014) and the blood-brain barrier in the developing brain is not completely formed 

until the sixth month of prenatal life, leaving the developing brain at risk (Grandjean & 

Landrigan, 2006).  With the changes that take place during the nine months of prenatal life and 

the continuing brain changes during infancy (e.g., apoptosis, increase of synaptic density, growth 

of glial cells, myelinisation of axons), it seems likely that these early stages of life are the most 

susceptible to toxic agents (Grandjean & Landrigan, 2006; Kalia, 2008).    Furthermore, the 

vulnerability of the developing brain to environmental toxins continues for several years because 

infants and children are unable to detoxify exogenous compound and lipophilic substances such 

as pesticides and halogenated industrial compounds that are readily passed on to the infant via 

breast milk (Grandjean & Landrigan, 2006).   

Arguments based on animal models have suggested that the young brain is well suited to 

recover from injury (Winneke, 2011).  Winneke (p. 10) challenges the relevance of these models, 

however, noting that “myelinisation of axons, as well as experience-dependent selective 

elimination of synapses (pruning), extends well beyond birth.”  Moreover, it is noted that a spurt 
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in brain growth in humans happens between the third trimester of pregnancy until at least two 

years of age (Gascon et al., 2011) with total brain volume increasing until five years of age 

(Winneke, 2011).  Considering the basic pre- and post-natal “biological continuum of 

neurodevelopment” (Winneke, p. 10), for the purposes of my research there will be no attempt to 

differentiate the time at which toxic insult actually occurs.  Instead, evaluation of children will be 

included up to the teen years, regardless of the time when they may have actually experienced 

toxic insult.   

 

Hormonal mechanisms that contribute to ADHD 

More than just the nervous system is involved in child development.  Hormonal 

disruption and its relevance to neurological outcomes is also a subject of the literature.  Thyroid 

disruption, both to mothers and children, have been investigated in cases of organochlorine 

pesticide (Freire et al., 2012) and PCB  (Wise et al., 2012) contamination.  Freire et al. (2012) 

report a significant association between organochlorine exposure and total triiodothyronine (T3) 

levels in a cohort of 193 children living near the site of an abandoned pesticide factory in Brazil.  

More than forty years after the factory closed, over 60% of the children had elevated levels of 

pesticide, which is positively correlated to T3 elevation (Freire et al., 2012).  How T3 relates to 

brain function and ADHD in particular is unknown. 

Similar studies were conducted on animals.  You, Gauger, Bansal, and Zoeller (2006) 

identify a particular congener of PCB that agonistically affects thyroid hormone in rat cell 

culture, indirectly promoting the expression of growth hormone.  They use their result to suggest 

that environmental exposure to PCB adversely affects brain development.  Kimura-Kuroda, 

Nagata, and Kuroda (2007) report that particular PCB congeners hinder thyroid hormone-
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dependent dendritic development of rat cerebellar Purkinje cells.  Therefore, while the exact 

mechanism and relevance of PCB-related interference of thyroid hormones in humans is unclear, 

it seems that it will eventually be important to our understanding of ADHD. 

Some research suggests that toxins may affect receptors on the surface of nerve cells.  

Sharlin, Bansal, and Zoeller (2006) found that PCB exposure to live rats causes an imbalance in 

the ratio of oligodendrocytes to astrocytes in white matter, possibly by mimicking the chemically 

similar thyroid hormone, tetraiodothyronine (thyroxine or T4), at the site of this hormone’s cell 

receptor.  Their finding is consistent with the hypothesis that thyroid hormone acts on a common 

precursor to these two cell types.  Similarly, Kajta and Wójtowicz (2013) suggest that some 

PCBs and dioxins affect a particular cell receptor known as the aryl hydrocarbon receptor (AhR) 

in neural progenitor cells (NPCs).  This may cause inappropriate apoptosis or proliferation of 

nerve cells, depending on the timing of exposures.  “The inappropriate or sustained activation of 

AhR during neurogenesis might interfere with the signaling pathways that regulate 

neuroepithelial stem cell/NPC proliferation, which could adversely impact final brain cell 

numbers and lead to functional impairments” (p. 1636).  Toxins that are becoming widespread 

through their use as flame retardants, polybromodiphenyl ethers (PBDEs), are structurally 

similar to PCBs (Branchi, Capone, Alleva, & Costa, 2003) and, if they target the same neural 

populations of cells, they could have a similar mode of action.  However, the involvement of 

AhR in hormone neurogenic pathways remains controversial (Kajta & Wójtowicz, 2013).   

Neurotransmitters that affect mood (Solomon et al., 2008), especially a dysfunctioning 

dopamine system (Johansen, Aase, Meyer, & Sagvolden, 2002), are implicated in ADHD.  

Johansen et al. (2002) present a theoretical model whereby dopamine dysfunction in the brain 

affects motor control, motor impulsiveness, sustained attention, hyperactivity, behavioural 
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variability, and cognitive impulsiveness.  They suggest “dysfunctioning dopamine systems may 

result from genetic transmission, environmental pollutants, or drug abuse” (p. 38).  In general, 

how toxins affect cell receptors, how toxins interact with genes, and how toxins affect hormones 

are areas of intense research.  Moreover, the clinical implications of hormonal disruption are 

uncertain (Freire et al., 2012).  A matched case-control clinical study of fifty-three children 

between 5½ and 12 years diagnosed with ADHD were examined for abnormal T4 serum levels in 

blood that was collected at birth (Soldin, Lai, Lamm, & Mosee, 2003) and no relationship was 

found.  This basically corroborates earlier work by Stein and Wise (2003) who reported a 

relationship between high T4 levels and only one or the ADHD symptoms (inattention), but not 

for hyperactivity or combined measures of ADHD. 

 

Links between social factors and ADHD 

While some researchers argue that social factors might contribute to ADHD (e.g., 

Polańska et al., 2013), this review has not located any  papers that would identify social factors 

as a potential cause of ADHD.  Rather, a rich home environment and breastfeeding are indicated 

as mitigating factors in the severity to which ADHD is expressed (Forns et al., 2012; Newman et 

al., 2014).  Breastfeeding may also be partially causative, since it may provide a route of 

exposure for concentrated POPs (Newman et al., 2014).  Social factors as a cause of ADHD 

warrants further research, though it is likely that social factors merely modulate the effect of 

genetic, neurological, and environmental factors.  
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Summary 

In summary, the causes of ADHD are complex, and many environmental toxins are 

implicated.  A preliminary review of papers that analyze the relationship between POPs and 

ADHD yields mixed results.  Simply comparing the number of papers that report a statistically 

significant correlation to those that do not (vote counting) is misleading (Bornstein, Hedges, 

Higgins, & Rothstein, 2009) since the sample sizes, methodologies, and exact toxins vary 

widely.  Meta-analysis is needed to provide a statistically reliable compilation of the data.  Such 

analysis may be useful to delineate which POPs are correlated with ADHD. 
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CHAPTER 3: RESEARCH METHODOLOGY 

This research uses meta-analysis to combine accurately several data sets from different 

empirical studies to examine an overall fair consensus of the data.  In using meta-analysis, a 

hypothesis of an association of POPs as a contributing factor to ADHD is tested.  In this regard, 

individual research comes short or offers mixed results.  This meta-analysis enhances the quality 

of the published literature by improving the statistical power. 

Meta-analysis is a useful technique that integrates data from many studies in order to 

increase statistical power, thereby enabling us to detect small yet significant effect sizes 

(Bornstein et al., 2009; Wise et al., 2012).  Meta-analysis gives researchers a quantitative method 

that accurately combines and synthesizes multiple datasets from discrete investigations 

(Goodman, Boyce, Sax, Beyer, & Prueitt, 2013).  In the process, greater weight is given to 

studies that have greater precision, usually stemming from higher sample sizes (Fleiss, 1993).  

Meta-analysis is a type of systematic review, but is more substantial than a merely descriptive 

technique inasmuch as it provides valuable quantitative results (Fleiss, 1993; Goodman et al., 

2013). 

“The first requirement of meta-analysis is a comparable measure of outcomes” (Braden, 

Feng, & Won, 2011, p. 179).  Also, researchers need to “find common ways of describing studies 

that are heterogeneous” (Braden et al., p. 186).  This should be possible, as long as studies of 

different designs report technically sound quantitative data such as effect sizes and sampling 

distributions, allowing us to calculate variances and confidence intervals (Bornstein et al., 2009).  

While papers report information regarding the relationships between variables in question in 

different ways (e.g., some report mean differences while others report correlation or binary data),  
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meta-analysis employs formulas that convert between these various ways that effect sizes may 

appear in, allowing a summary effect to be calculated (Bornstein et al., 2009). 

To help get a representative unbiased overview of the published literature, a wide range 

of studies is included.  To that end, a search of the Science Direct, ERIC, PsychInfo, ProQuest, 

Scopus, and PubMed databases has been conducted.  Studies (peer-reviewed and grey literature) 

that specifically report original quantitative research on ADHD, ADHD-like symptoms, and 

POPs have been extracted for closer inspection.  The reference lists of papers that were deemed 

relevant to the meta-analysis have been checked to see if any additional studies might be added.  

This has helped to draw in as wide a collection of relevant studies as possible, as suggested by 

experts in the field (Bornstein et al., 2009).  Table 1 lists search terms used in a preliminary 

search of the databases. 

Table 1.  Preliminary Search Terms 

Group Search terms 

Issue (terms related to ADHD) ADHD, attention disorders, attention deficit, hyperactivity 

disorder 

Population Child, student, youth, adolescent 

Factors (toxins) Organochlorine, PCB, polychlorinated biphenyl, TCP, 

trichlorophenyl, hexachloro, PCDD, DDT, DDE, POP, 

persistent organic pollutant, methylmercury, dioxin, furan, 

PBDE, perfluorinated, mirex, aldrin, chlordane, dieldrin, 

endrin, heptachlor, toxaphene, PAH, polyaromatic 

hydrocarbon, PCDF, PBDF, PBDD, PBB 
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Searching   

Initially, a search of six databases was conducted, including ProQuest, Scopus, 

PsychINFO, Science Direct, PubMed and ERIC. This initial step is outlined in Figure 1.  The 

databases were searched for papers published in English since 2000 that concern ADHD or 

similar terms.  For two databases, ProQuest and Scopus, the initial ADHD search terms were 

limited to appearances in the title, abstract, and keywords.  The large number of abstracts was 

reduced by limiting the population of interest to child, student, youth, or adolescent.  Limiting 

the search to POPs, suspected POPs, or similar terms brought the number of abstracts to a 

manageable level (1,918 abstracts).   

After applying the preliminary search terms, each title and abstract was read.  Based on 

the abstracts, papers that seemed to contain quantitative data on the effect of POPs on ADHD or 

ADHD-like symptoms in children and adolescents between four and seventeen years of age were 

read in greater depth.  Studies that report only animal research, animal models, or in vitro studies 

were excluded from the meta-analysis, as were studies that focus on related outcomes such as IQ 

or behavioural problems.  A detailed description of the inclusion and exclusion criteria is 

presented in Table 2. 
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Figure 1.  Flowchart for study selection. 
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Table 2.  Inclusion/Exclusion Criteria 

 

 

Second Screening, Coding and Data Extraction 

The seventy-five papers selected by the initial search plus twenty-four discovered in the 

reference lists were read in their entirety and subject to the same search (screening) criteria.  

Papers that met the search criteria or that seemed to meet the search criteria were set aside and 

reviewed a second time.  In the end, twenty-two papers met the criteria for inclusion in the meta-

analysis.  From these papers, data has been extracted for effect size, sample size, age of 

participants, geographic region of each study, kind of toxins, method of biological sampling, and 

method of ADHD measurement.  Effect size data was analyzed using software for quantitative 

analysis (Comprehensive Meta-Analysis).  However, the majority of the papers were excluded 

Criteria Description 

Exclude publication date pre-2000 
Include only papers published between January, 

2000 – July, 2016 

Exclude wrong language Only studies published in English are included 

Exclude not on topic 
Reserved for those articles that are completely off 

topic.  

Exclude wrong setting 

Focus on children and adolescents, ages 4 to 17.  

Animal studies excluded.  In vitro (cell culture 

studies) excluded. 

Include for second screening 

Include papers that provide quantitative effect size 

for ADHD or ADHD-like symptoms (hyperactivity, 

attention, impulsivity) 
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from the meta-analysis because they lacked focus on ADHD or ADHD-like symptoms.  In many 

cases, they focussed on other attributes of the child such as disruptive behaviour, depression, or 

intelligence.  In other cases, the research reported on a singular aspect of ADHD, such as 

attention, without addressing hyperactivity or impulsivity.  Moreover, the authors of these 

excluded papers made no specific claim to be reporting an effect ADHD.  Furthermore, many 

excluded studies did not contain adequate quantitative data, were based on animal models, did 

not contain original research, or contained repeat data that was reported in other papers.   

The papers selected for meta-analysis are summarized in Table 12 in the Appendix, 

sorted by class of toxin.  In some cases,  an author gives effect estimates based on the same study 

participants in several ways or at  several points in time  (e.g., Perera et al., 2012, 2014).  In such 

cases, in order to avoid exaggerating effect sizes by repeat counting results from the same sample 

cohort, Comprehensive Meta-analysis (CMA) software was used to combine multiple measures 

into a single combined effect size.   

A number of papers gave effect estimates for multiple toxins based on the same study 

participants (e.g., Abid, 2012).  In such cases, effect sizes were combined when the toxins fell 

within the same chemical class, but were kept separate in cases where the authors reported on 

distinct chemical classes.  For example, where Abid (2012) reports effect sizes for five different 

substances that are all polyaromatic hydrocarbons, the five are combined into a single effect size.  

But, where Neugebauer et al. (2015) report effect sizes for dioxins and PCBs, these are reported 

twice, but only within the context of those separate chemical classes.  Where dioxins and PCBs 

are lumped in with all other POPs in a general meta-analysis, CMA is used to combine their 

separate dioxin and PCB effects sizes, in order to avoid double counting.   
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Data Analysis 

A mean effect size and confidence intervals were calculated using a random-effects 

model.  “A random-effects meta-analysis model involves an assumption that the effects being 

estimated in the different studies are not identical, but follow some distribution” (Higgins & 

Green, 2011, Section 9.5.4).  This model seems appropriate, given that the diverse nature of the 

toxins, study designs, and study participants involved.   

Variation across the studies was also evaluated.  Since this meta-analysis examines a 

wide range of toxins, it was anticipated that there might be a high degree of heterogeneity of 

results.  Effect sizes were grouped by class of chemical toxin.  If the effect sizes differ 

substantially from one paper to the next, this study quantified the heterogeneity by calculating Q 

and I2 statistics.  The first of these, Q, is a “statistic that is sensitive to the ratio of the observed 

variation to the within-study error” (Bornstein et al., 2009, p. 109).  Thus, it is useful to test a 

null hypothesis that all studies in the meta-analysis share a common effect size.  The I2 statistic, 

reported as a percentage, describes the variability in effect sizes that is real and not due to chance 

sampling error (Bornstein et al., 2009; Higgins & Green, 2011).  If the effect sizes appear to be 

real and significant, possible reasons for the differences were be explored, focusing on the class 

of toxins.   

This meta-analysis is based on papers that contain unique sets of data from unique 

studies.  However, a source of bias may arise by inadvertently including duplicate data that 

appear in multiple publications (Higgins & Green, 2011).  These instances were detected by 

carefully cross-referencing author names, study locations, dates, and sample sizes.  Where 

duplications existed, the reports were linked together and only one effect size was included in the 

analysis. 
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Effect Size Computation 

Effect sizes were drawn from each paper and converted to odds ratios.  Most papers 

report an effect size directly as an odds ratio, so it seemed sensible to use that as a common 

measure of effect size.  Odds ratio compares the number of individuals in an group exposed to a 

toxin that have ADHD to those in an exposed group that do not have ADHD (Wilber & Fu, 

2010).  Four papers (Gascon et al., 2011; Ribas-Fitó et al., 2007; Sagiv et al., 2010; Sagiv, 

Thurston, Bellinger, Amarasiriwardena, & Korrick, 2012) instead reported a risk ratio, in which 

cases the risk ratios (RR) were converted to an odds ratio (OR) using the formula of Zhang and 

Yu (1998), 

�� =
��

�1 − ��	 + ���	 × ��	
	, 

where P0 is the probability of the outcome (i.e., ADHD) in the unexposed group.   

 

Gascon (2011) supplies sufficient raw data to calculate P0.  For the other three studies, P0 was 

estimated at 5%, which is a commonly reported background prevalence for ADHD in a general 

unexposed population (Polanczyk et al., 2007).  One paper (Lien et al., 2016) reports the effect 

size as raw differences in psychological test scores for ADHD symptoms.  This paper compares a 

cohort exposed to polyfluoroalkyl toxicants to an unexposed reference cohort.  Using the raw 

scores, confidence intervals, and cohort sample sizes, Comprehensive Meta-Analysis (CMA) 

converted the effect size to an odds ratio. 

Four papers (Engel et al., 2010; Kim et al., 2009; Neugebauer et al., 2015; Newman et al., 

2014) report effect sizes as beta (β) coefficients, which are somewhat similar to a univariate 

regression except that this statistic is standardized to deal with multivariate regression analyses.  

Becker and Wu (2007) caution against the simple inclusion of betas in place of regression 
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coefficients, citing differences in study designs and confounding variables between studies as 

problematic.  Their solution to allow the inclusion betas, however, requires a level of statistical 

reporting that is rarely found in the primary literature (Becker & Wu, 2007; Bowman, 2012).  

Peterson and Brown (2005) offer an alternative that performs well (Bowman, 2012) in 

converting β to r, provided the beta falls within the range -0.50 to 0.50; employing their formula 

seems to be a better approach to take, rather than dropping the precious data that these beta 

studies offer from the meta-analysis altogether.  Their formula is 

� = 0.98� + 0.05� , 

where λ equals 1 when β is nonnegative and 0 when β is negative.   

Once beta is converted to a correlation, the correlation along with the sample size can be 

converted to an odds ratio by CMA.  Betas reported on a logarithmic scale are first converted to 

a linear scale. 

Almost all of the studies report multiple effect sizes.  Lien et al. (2016), for example, 

reports no less than twelve effect sizes (i.e., measures for inattention, hyperactivity/impulsivity, 

and hyperactivity/inattention for each of four perfluoroalkyl substances).  In cases, like this 

CMA is used to combine the effect sizes as a weighted average.  Thus, each study is represented 

by a single effect size that is then used in the meta-analysis.   

 

Publication Bias: File-Drawer Analysis (Fail-safe Ns) 

One of the issues with meta-analyses is that they might be prone to publication bias, as 

studies with statistically insignificant results might not be published and, as a result, are more 

difficult to locate (Lipsey & Wilson, 2001).  According to Bornstein et al. (2009), the true effect 

size may be overestimated where publication bias exists.  Furthermore, missing studies tend to be 



ADHD META-ANALYSIS   39 

 

 

small with a small or negative effect size.  To deal with this issue, where possible, Rosenthal’s 

fail-safe N is calculated.  This value suggests how many missing studies would be needed to 

make the p-value nonsignificant (p ≥ 0.05).  In other words, it gives us an idea of the number of 

missing studies that would nullify our analysis—when the number is low, it suggests that the 

published studies that we have are quite vulnerable to exaggeration.  A second technique to help 

identify publication bias is the creation of funnel plots.  CMA software was used to create these 

and, where appropriate, to impute missing studies and correct the effect sizes, including the 

imputed studies. 
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CHAPTER 4: RESULTS 

 

Overall Pooled Effect of Persistent Organic Pollutants on ADHD 

Overall, the meta-analysis includes twenty-two papers involving twenty-one unique 

cohorts totalling approximately 15,000 participants.  The pooled effect (Figure 2) suggests a 

significant effect size of OR = 1.23 (95% CI [1.02, 1.48], p = 0.034).  This is somewhat 

surprising, given that only two of the individual studies, Sagiv et al. (2012) for methylmercury 

and Kim et al. (2009) for phthalates suggest a statistically significant effect.  However, these two 

studies had relatively small sample sizes (N = 362 and N = 261, respectively).  Furthermore, Kim 

et al. suggest that we limit the interpretation of their work because they “did not rely on the 

diagnosis of ADHD but only on the symptoms of the disorder” (p. 962).  Their identification of 

ADHD rested on teacher ratings and computerized testing on a continuous performance tests.   

As for the overall result, although it is significant, it should be taken with caution since 

the studies appear to be highly heterogeneous (Q = 43.13, I2 = 53.63%).  So with that in mind, it 

may be more helpful to examine the studies by their individual chemical classifications. 
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Organochlorines 

The six studies included in this analysis examined the association between 

organochlorines and ADHD.  Table 3 presents information about each paper including their 

sample sizes and measures used to assess toxin level and ADHD status.  The age of the 

participants ranges from 4.6 to 13.4.  Studies also differed in terms sample size, which ranged 

from 114 to 2539.  None of the papers reporting on organochlorines shows a significant effect on 

Figure 2.  Forest plot showing the pooled effect of persistent organic pollutants on ADHD. 

Studies that report multiple effect sizes for a single cohort, either at different times of life or using 

different psychological tests or subscales, or for discrete toxicants are pooled within the study to form a 

single effect size.  Where this is done, the outcome is indicated as “combined.”  The data from Perera is 

combined across two papers, one that reports the cohort at age 7 and another that reports the same cohort 

at age 9. OC = organochlorines, PCB = polychlorinated biphenyls, pest. = pesticide, HCB = 

hexachlorobenzene, MeHg = methylmercury, PAH = polyaromatic hydrocarbons, PFC = perfluorinated 

compounds, PBDE = polybromodiphenyl ethers. 
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ADHD.  The odds ratio of these pooled studies (Figure 3) is 1.18 (95% CI [0.83, 1.70], p = 0.36).  

It follows that the individual subclasses of organochlorines also show no significant effect.  The 

two studies on dioxins (Figure 4) pool to give an effect size of OR = 1.40 (95% CI [0.41, 4.79], p 

= 0.59).  Studies on organochlorine pesticides are limited to three papers.  The pooled effect 

(Figure 5) is not significant, showing an effect size of OR = 1.47 (95% CI [0.91, 2.39], p = 0.12).  

There is a bit more information on PCBs, with four papers (Figure 6) pooling to give an effect 

size of OR = 0.97 (95% CI [0.66, 1.42], p = 0.87).  In summary, organochlorines taken as a large 

category or as smaller subclasses do not show any significant effect on ADHD. 

Table 3.  Synopsis of Organochlorine Papers 

 

Reference N 

 

Mean age 

(years) 

Percent male Toxin measure ADHD 

measure 

Lee (2007) 

 
278 

No ADHD, 13.4 

With ADHD, 13.0 

No ADHD, 

50.2 

With ADHD, 

57.7 

Venous blood & 

urine 

Parental 

report or 

health care 

professional 

diagnosed 

Neugebauer 

(2015) 
114 9.5 53.8 

Maternal blood at 

32 weeks gestation, 

milk 2 weeks after 

delivery 

Parent rating 

Newman (2014) 271 13.23 48.3 Adolescent blood 

ADDES & 

Conners 

Scale 

Sagiv (2010) 573 8.2 (median) 51.2 Cord blood 

Conners 

Scale for 

Teachers 

Ribas-Fitó 

(2007) 
377 4.6 51.2 Cord serum 

CPSCS & 

ADHD 

DSM-IV as 

scored by 

teacher 

Xu (2011) 2539 
No ADHD, 10.4 

With ADHD, 11.2 

No ADHD, 

49.8 

With ADHD, 

74.9 

Urinary metabolites 

Parental 

report or 

health care 

professional 

diagnosed 

Abbreviations: ADDES = Attention Deficit Disorders Evaluation Scale, CPSCS = California Preschool 

Social Competence Scale, DSM = Diagnostic and Statistical Manual of Mental Disorders. 
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Figure 4.  Forest plot showing the pooled effect of dioxins on ADHD. 
Studies that report multiple effect sizes for a single cohort, either at different times of life or using different 

psychological tests or subscales, or for discrete toxicants are pooled within the study to form a single effect 

size.  Where this is done, the outcome is indicated as “combined.”  PCDD/F = polychlorinated dibenzo-p-

dioxins and polychlorinated dibenzo-p-furans. 

 

 

 

 

  

 Figure 3.  Forest plot showing the pooled effect of organochlorines on ADHD. 
Studies that report multiple effect sizes for a single cohort, either at different times of life or using different 

psychological tests or subscales, or for discrete toxicants are pooled within the study to form a single effect 

size.  Where this is done, the outcome is indicated as “combined.”  OC = organochlorine, HCB = 

hexachlorobenzene 
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Figure 6.  Forest plot showing the pooled effect of PCBs on ADHD. 
Studies that report multiple effect sizes for a single cohort, either at different times of life or using 

different psychological tests or subscales, or for discrete toxicants are pooled within the study to form a 

single effect size.  Where this is done, the outcome is indicated as “combined.” 

 

 

 

 

 

  

Figure 5.  Forest plot showing the pooled effect of organochlorine pesticides on ADHD. 
Pesticides include various insecticides, herbicides, and fungicides.  Specific chemicals include DDT, trans-

nonachlor, lindane, and hexachlorobenzene (HCB).  Studies that report multiple effect sizes for a single 

cohort, either at different times of life or using different psychological tests or subscales, or for discrete 

toxicants are pooled within the study to form a single effect size.  Where this is done, the outcome is 

indicated as “combined.” 
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Figure 7.  Forest plot showing the pooled effect of PBDEs on ADHD.   
Studies that report multiple effect sizes for a single cohort, either at different times of life or using 

different psychological tests or subscales, or for discrete toxicants are pooled within the study to form a 

single effect size.  Where this is done, the outcome is indicated as “combined.” 

PBDEs 

Polybromodiphenyl ethers, which are similar in structure to PCBs (“National Center for 

Biotechnology Information,” n.d.-a, n.d.-b), yield a similar finding (Figure 7), albeit with only 

two studies reporting.  The PBDE pooled effect size of OR = 1.19 (95% CI [0.35, 4.06], p = 

0.78).  Gascon et al. (2011) examined ADHD in children at age 4, with samples of cord blood 

serving as a measure for prenatal exposure and child blood serving as a measure of more recent 

exposure.  Eskenazi et al. (2013) used similar biological sampling, except that maternal serum 

was used as an indicator of prenatal exposure.  The sample sizes were similar; both were quite 

small (Table 4).   It seems clear that further research into PBDEs is needed to clarify their role on 

ADHD. 
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Table 4.  Synopsis of PBDE Papers 

 

Phthalates 

Phthalates seem to be the only class of persistent organic pollutants that shows a 

significant effect on ADHD (Figure 8), with a pooled odds ratio of 2.10 (95% CI [1.15, 3.80], p 

= 0.015).  We should note, however, that only three studies (Table 5) contribute to this finding so 

the result should be taken with caution.  Furthermore, these three studies offer heterogeneous 

results (Q = 5.23, I2 = 61.78), with only one of the studies (Kim et al., 2009) showing a strong 

significant effect.  Moreover, the scientists themselves that specialize on phthalates (Chopra et 

al., 2013; Kim et al., 2009) highlight a distinction between low and high molecular weight 

phthalates.  It is uncertain whether the variation in the effect of high and low molecular weight 

phthalates is due to some underlying chemical structure, the way in which they interact with 

body tissues, or some variation in the way in which they bioaccumulate.  Exposure to 

environmental phthalates is high due to their ubiquitous nature as plasticizers in toys, food 

containers, flooring, personal care products, and medical tubing (Chopra et al., 2013) and 

although phthalates tend to clear from the body (Engel et al., 2010), the level of bioaccumulation 

would likely be partly dependent on molecular weight and pattern of exposure.  Regrettably, this 

meta-analysis does not contain enough information to make separate analyses of high and 

Reference N 

 

Mean age 

(years) 

Percent male Toxin measure ADHD measure 

 

Eskenazi (2013) 

 

310 

323 

5.0 (5-year cohort) 

7.1 (7-year cohort) 
47.0 

Maternal 

prenatal & 

child serum 

Maternal report 

& teacher 

reports using 

CBCL & DSM-

IV 

Gascon (2011) 220 4 51.5 
Cord blood & 

serum at age 4 
MSCA 

Abbreviations:  CBCL = Child Behavior Checklist, DSM = Diagnostic and Statistical Manual of 

Mental Disorders (Fourth edition), McCarthy Scales of Children’s Abilities 
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Figure 8.  Forest plot showing the pooled effect of phthalates on ADHD. 
Studies that report multiple effect sizes for a single cohort, either at different times of life or using 

different psychological tests or subscales, or for discrete toxicants are pooled within the study to form a 

single effect size.  Where this is done, the outcome is indicated as “combined.” 

molecular weight phthalates and further research might focus on this distinction.  In any case, 

limiting exposure to these toxins seems warranted. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Table 5.  Synopsis of Phthalate Papers 
 

 

 

  

Reference N 

 

Mean age 

(years) 

Percent 

male 

Toxin measure ADHD measure 

 

Chopra (2013) 

 

1491 10.5 51.5 Urinary metabolites 

Parent-report if 

ever doctor 

diagnosed 

Engel (2010) 171 

*4.5 – 5.5 

6 – 6.5 

7 - 9 

54 Urinary metabolites 

Parent 

questionnaire 

(BRIEF & 

BASC-PRS) 

Kim (2009) 261 9.7 54 Urinary metabolites 
Teacher-rated 

ARS 

Abbreviations:  BRIEF = Behavior Rating Inventory of Executive Function, BASC-PRS = Behavior 

Assessment System for Children-Parent Rating Scales, ARS = ADHD Rating Scale 

*Mean age not given.  Samples were taken from the same cohort at three stages of life. 
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Figure 9.  Forest plot showing the pooled effect of methylmercury (MeHg) on ADHD. 
Studies that report multiple effect sizes for a single cohort, either at different times of life or using 

different psychological tests or subscales are pooled within the study to form a single effect size.  

Where this is done, the outcome is indicated as “combined.” 

Methylmercury 

Methylmercury is the focus of three papers (Table 6), which give a pooled effect size of 

OR = 1.34 (95% CI [0.69, 2.60], p = 0.39), as shown in Figure 9.  Although Sagiv (2012) 

individually reports a significant effect of methylmercury on ADHD, her conclusion does not 

outweigh the larger body of evidence.  It is possible, however, that Sagiv’s conclusion may prove 

to be the most accurate.  Her study is unique in that it measures toxin based on maternal hair 

samples, which is considered to be an excellent measure of mercury exposure (Cernichiari et al., 

1995; Schoeman, Bend, & Koren, 2010).  In post-mortem studies of newborns, Cernichiari et al. 

report a high correlation between methylmercury in maternal hair and six major regions of the 

brain.  More research is needed to elucidate the effect of methylmercury on ADHD. 
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Figure 10.  Forest plot showing the pooled effect of PAHs on ADHD. 
Studies that report multiple effect sizes for a single cohort, either at different times of life or using different 

psychological tests or subscales, or for discrete toxicants are pooled within the study to form a single effect 

size.  Where this is done, the outcome is indicated as “combined.” 

Table 6.  Synopsis of Methylmercury Papers 

 

 

Polyaromatic Hydrocarbons 

PAHs are reported in three papers involving two discrete cohorts with very different 

sample sizes (233 vs 1257) (Table 7).  Initial analysis of the individual studies shows 

contradicting results: while Perera’s (2012, 12014) article report positive association Abid’s  

(2012) examination provided mixed results, depending on sex and metabolite.  However, the 

pooled results suggest that there is no significant effect by PAHs on ADHD, with OR = 1.02 

(95% CI [0.59, 1.78], p = 0.94). Figure 10 shows the forest plot of these two cohorts. 

 

 

 

 

 

 

 

 

 

 

 

Reference N 

 

Mean age 

(years) 

Percent male Toxin measure ADHD measure 

 

Boucher (2012) 

 

279 11.3 49.5 Cord blood 

Disruptive 

Behavior 

Disorders Rating 

Scale 

Ha (2009) 1778 7.1 52.2 Child blood sample 
Conners Rating 

Scale 

Sagiv (2012) 362 8.2 51.0 Maternal hair 

Conners Rating 

Scale for 

Teachers 
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Table 7.  Synopsis of Polyaromatic Hydrocarbon Papers 

Reference N 

 

Mean age 

(years) 

Percent male Toxin measure ADHD measure 

 

Abid (2012) 

 

1257 11.0 44.3 Urinary metabolites 
Ever doctor 

diagnosed 

Perera (2012) 

 

Perera (2014) 

253 

 

233 

6 – 7 (range) 

 

9.0 

43.5 

 

42.4 

Urinary metabolites 

Conners Parent 

Rating Scale-

Revised & Child 

Behavior 

Checklist 

 

 

Perfluorinated Compounds (PFCs) 

Five studies on PFCs, outlined in Table 8, show that these compounds have no significant 

effect on ADHD (Figure 11).  The sample sizes in these studies varied widely, from 203 to 3571, 

involving cohorts from 7 to 10 years of age.  Two of the sample populations were mostly boys.  

The pooled odds ratio is 0.996 (95% CI [0.82, 1.21], p = 0.97) with little variation between 

studies (See Table 9, Q = 2.73, I2 = 0.00).  This consistency and odds ratio support the assertion 

that PFCs have no effect of ADHD. 

Each of the five studies provides data on several specific PFCs, enough to merit a closer 

examination by meta-analysis.  Perfluorohexane sulfonate (PFHxS), perfluorononanoic acid 

(PFNA), perfluorooctanoic acid (PFOA), and perfluorooctane sulfonate (PFOS) were each 

examined separately—none of these chemicals reveals a significant effect on ADHD.  These 

pooled analyses are shown in Figures 12 to 15.  
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 Table 8.  Synopsis of Perfluorinated Compounds Papers 

 

 

Reference N 

 

Mean 

age 

(years) 

Percent 

male 

Toxin measure ADHD measure 

 

Hoffman 

(2010) 

 

571 13.4 51.8 Child serum 

Parent report if ever 

doctor or health care 

professional diagnosed 

or prescription for 

ADHD 

Lien (2016) 282 7.0 51.4 Cord blood 
SNAP-IV & SDQ 

scales 

Liew 

(2014) 

215 (ADHD) 

545 (Controls) 
10.7 

81.4 

80.0 

Maternal plasma 

during pregnancy 
ICD-10 

Ode (2014) 
203 (ADHD) 

205 (Control) 
*8 – 12 

88.7 

79.5 
Cord serum 

Clinician, teacher, 

parental, & 

psychiatrist 

examination 

Stein 

(2011) 
3571 13.1 51.6 Child serum 

Ever doctor diagnosed 

& medication records 

Abbreviations:  SNAP-IV = Swanson, Nolan, and Pelham IV scale, SDQ = Strengths and Difficulties 

Questionnaire, ICD-10 = International Statistical Classification of Diseases and Related Health 

Problems 10th Revision 

*Most participants reported to be in this range.  The entire study included participants between 5 and 

17 years. 

Figure 11.  Forest plot showing the pooled effect of PFCs on ADHD. 
Studies that report multiple effect sizes for a single cohort, either at different times of life or using 

different psychological tests or subscales, or for discrete toxicants are pooled within the study to form a 

single effect size.  Where this is done, the outcome is indicated as “combined.” 
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Figure 13.  Forest plot showing the pooled effect of perfluorononanoic acid on ADHD. 
Studies that report multiple effect sizes for a single cohort, either at different times of life or using 

different psychological tests or subscales, or for discrete toxicants are pooled within the study to form a 

single effect size.  Where this is done, the outcome is indicated as “combined.” PFC = perfluorinated 

compounds. PFNA = perfluorononanoic acid. 

 

 

 

 

  

 

Figure 12.  Forest plot showing the pooled effect of perfluorohexane sulfonate on ADHD. 
PFC = perfluorinated compounds. PFHxS = perfluorohexane sulfonate. 
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Figure 14.  Forest plot showing the pooled effect of perfluorooctanoic acid on ADHD. 
Studies that report multiple effect sizes for a single cohort, either at different times of life or using 

different psychological tests or subscales, or for discrete toxicants are pooled within the study to form a 

single effect size.  Where this is done, the outcome is indicated as “combined.” PFC = perfluorinated 

compounds. PFOA = perfluorooctanoic acid. 

Figure 15.  Forest plot showing the pooled effect of perfluorooctane sulfonate on ADHD. 
Studies that report multiple effect sizes for a single cohort, either at different times of life or using 

different psychological tests or subscales, or for discrete toxicants are pooled within the study to form a 

single effect size.  Where this is done, the outcome is indicated as “combined.” PFC = perfluorinated 

compounds. PFOS = perfluorooctane sulfonate. 
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Table 9 summarizes the effect sizes for each of the perfluorinated compounds.  To 

reiterate, none of these compounds show a significant association to ADHD.  We should note, 

however, that the number of studies is quite small (k = 5).  It is hoped that further research would 

shed light on the relationship between PFC and ADHD, and on the particular relationship on 

some of the sub-categories of PFC.  Perfluorooctane sulfonate (PFOS) in particular, may be a 

chemical the merits closer study, since its pooled odds ratio is 1.04 (p = 0.22).  Perfluorohexane 

sulfonate (PFHxS), with a pooled odds ratio of 1.07 (p = 0.38), also merits further examination 

since it showed a positive and somewhat significant effect (OR = 1.42 (95% CI [0.94, 2.14], p = 

0.093) in one of the studies (Stein & Savitz, 2011).  PFHxS studies are few (k = 3) and may be 

subject to publication bias.  The fail-safe test indicates that at least two studies with insignificant 

or contradictory results could be lost in the proverbial file drawer.  This paucity of information 

on PFHxS means that further study and reporting of results is needed.  Overall, however, 

reporting on PFCs seems relatively free of publication bias, as the symmetry of the funnel plot 

(Figure 16) indicates. 

Table 9.  Effect Size of Perfluorinated Compounds on ADHD. 

Toxin 

group 

k 

(number 

of 

studies) 

Overall 

mean 

effect 

size 

(Odds 

Ratio) 

95% CI p value Tests of heterogeneity Classic 

Fail-safe 

N 
Lower 

limit 

Upper 

limit 
Q I2 

PFHxS 3 1.07 0.92 1.23 0.38 3.22 37.99 2 

PFNA 5 0.97 0.75 1.27 0.84 5.66 29.38 0 

PFOA 5 1.05 0.90 1.24 0.53 2.94 0.00 0 

PFOS 5 1.04 0.98 1.12 0.22 4.15 3.54 0 

All 

PFCs 
5 1.00 0.82 1.21 0.97 2.73 0.00 0 

Abbreviations:  PFHxS = Perfluorohexane sulfonate, PFNA = Perfluorononanoic acid, PFOA = 

Perfluorooctanoic acid, PFOS = Perfluorooctane sulfonate, PFC = Perfluorinated compound 
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Figure 16.  Funnel plot for all perfluorinated compounds. 

 

 

 

 

 

 

 

 

  

 

 

Summary of Results 

This meta-analysis incorporates results from a wide range of studies, creating pooled 

effect estimates for persistent organic pollutants (POPs) and six smaller classes of POPs.  The 

characteristics of these studies are summarized in Table 10.  (For a more comprehensive 

delineation of the studies, please see Table 12 in the Appendix.)  The studies included for meta-

analysis either specifically focused on ADHD, or reported on two or more ADHD-like 

symptoms, including hyperactivity, impulsivity, inattention, and inhibition.   
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Table 10.  Characteristics of Papers in Meta-analysis 

 

Overall effect sizes for each class of toxin are shown in Table 11.  Generally, the study 

shows highly heterogeneous results, with high I2 values.  Within each class of toxin, the number 

of studies is low, so the results should be interpreted with caution.  In addition, the fail-safe 

numbers are low, which indicates a risk of publication bias.  In other words, it would not take 

very many missing studies to change most of the p-values to something less significant.  To 

explore publication bias further, funnel plots were created (not all shown) for each class of toxin 

that had three or more studies.  The funnel plot for organochlorines is shown in Figure 17, where 

it is seems likely that publication bias exists.  Similarly, a funnel plot for the entire POP data set 

(Figure 18) indicates four missing studies.  Using Comprehensive Meta-analysis to impute the 

missing studies significantly alters the effect sizes.  Despite these concerns, based on meta-

analysis presented in this report, it seems likely that POPs taken as a broad category are 

associated with ADHD.  Furthermore, certain classes of POPs—phthalates, organochlorine 

pesticides, methylmercury, and certain sub-categories of PFC—are of prime concern and deserve 

further research. 

Toxin ADHD or ADHD-like 
Number of 

estimates 
Countries 

Organochlorines 6 ADHD studies 6 
USA, Germany, Mohawk 

(Canada & USA), Spain 

PBDEs 

1 ADHD study, 1 ADHD-

like study (attention & 

hyperactivity symptoms) 

2 USA, Spain 

Phthalates 

2 ADHD, 1 ADHD-like 

(attention, hyperactivity, & 

inhibition symptoms) 

3 USA, Korea 

Methylmercury 3 ADHD studies 3 USA, Korea, Inuit (Canada) 

PAHs 2 ADHD studies 2 USA 

PFCs 5 ADHD studies 5 
USA, Sweden, Denmark, 

Taiwan 
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Table 11.  The Overall Mean Effect Size and Fail-safe N. 

 

Toxin group k (number 

of studies) 

Overall 

mean 

effect size 

(Odds 

Ratio) 

95% CI p 

value 

Tests of 

heterogeneity 

Classic 

Fail-

safe N Lower 

limit 

Upper 

limit Q I2 

Organochlorines 6 1.18 0.83 1.70 0.36 8.25 39.38 0 

PBDEs 2 1.19 035 4.06 0.78 1.85 46.05 NA 

Phthalates 3 2.10 1.15 3.80 0.015 5.23 61.78 10 

Methylmercury 3 1.34 0.69 2.60 0.39 4.96 59.64 1 

PAHs 2 1.02 0.59 1.78 0.94 1.35 26.09 NA 

PFCs 5 1.00 0.82 1.21 0.97 2.73 0.00 0 

All POPs 21 1.23 1.02 1.48 0.034 43.03 53.63 35 
Abbreviations:  NA = Not available due to insufficient studies, PBDE = polybromodiphenyl ether, 

PAH = polyaromatic hydrocarbon, PFC = perfluorinated compound 

 

 

  

Figure 17.  Funnel plot for the organochlorines (OCs). 

The solid black circles indicate imputed studies that seem to be missing from 

the data.  The plot suggests a publication bias, so that the originally reported 

effect size for OCs on ADHD may be exaggerated.  Including the imputed 

studies would significantly lower the effect size from OR = 1.18 (95% CI 

[0.83, 1.70]) to OR = 0.93 (95% CI [0.63, 1.36]). 
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Figure 18.  Funnel plot of the entire data set for all persistent organic pollutants. 

The solid black circles indicate imputed studies that seem to be missing from the data.  The plot 

suggests a publication bias, so that the effect size of POPs on ADHD may be exaggerated.  

Including the imputed studies would lower the effect size to OR = 1.10 (95% CI [0.89, 1.35]). 
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Potential Limitations and Biases 

There is no perfect way in which to describe the parameters of this study.  ADHD is 

somewhat nebulous and the tools that different researchers used to identify it are varied.  Many 

of the studies rely on parental or teacher reports, or parental recollection of medical diagnosis, in 

order to identify ADHD.  Terms to describe the syndrome have varied through the years and, 

more importantly, there are diverse tools (e.g., Conners Rating Scale, DSM-IV Scales, McCarthy 

Scales of Children’s Ability, to name a few) in place to measure ADHD or its various sub-

components.  Likewise, the chemical species that included in this study vary, as do the methods 

and timing of biological sampling.  Furthermore, even though the toxins all fall under the general 

classification of POP,  how each chemical species affects the brains and clinical outcomes of the 

different study participants may vary widely.  These factors conspire to create variability in the 

measurement of effect sizes.  Indeed, the heterogeneity of the results seems to bear that out (I2 = 

54% overall, Table 11).  Moreover, apart from restricting the meta-analysis to peer-reviewed 

papers, it is not possible to control the quality of the individual studies. 

Regrettably, the number of studies available is somewhat limited.  Meta-analysis of the 

chemically distinct classes of pollutants seems a sensible approach to take, but actually 

subdividing POPs into smaller categories for analysis does not strongly identify any particular 

class as a potential environmental factor in ADHD.  Another limitation to note is that while there 

might have been some confounding factors and covariates, this study did not attempt to 

undertake the moderator analyses.  Things such as sex differences, geographic location, age of 

participants, routes of exposure, timing of exposure, and other factors might have influenced the 

association between toxins and ADHD.  However, these and all other moderating factors were 

outside the scope of this study.  Only meta-analysis of POPs by chemical class was performed. 
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Publication bias is a concern.  Examining a funnel plot of the entire data set (Figure 18) 

seems to reveal an under-reporting of results that are not significant or results that suggest that a 

toxicant suppresses ADHD.  Therefore, it is likely that POPs are perhaps less significant a factor 

in ADHD than this meta-analysis seems to show.  When CMA is used to impute missing studies, 

the overall odds ratio for all POPs falls from 1.23 (95% CI [1.02, 1.48]) to 1.10 (95% CI [0.89, 

1.35]). 
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CHAPTER 5: DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS    

Discussion 

ADHD is arguably one of the burgeoning concerns affecting young people.  This research 

helps to define the relationship between this syndrome and certain classes of pollutants.  At the 

outset of this study, it was asked if there is a relationship between persistent organic pollutants 

and ADHD.  The literature identifies several possible causes for ADHD—genetic causes 

(Faraone et al., 2005) and causes that invoke developmental damage (Grandjean & Landrigan, 

2006; Kalia, 2008) or physiological interference with everyday brain function (Killeen et al., 

2013).  What was lacking was clear information about the role of environmental toxins in the 

development and operation of the brain, specifically how POPs might influence the development 

of ADHD.  A number of papers presented conflicting results; some suggested little correlation 

between POPs and ADHD (Abid, 2012; Ode et al., 2014), a negative correlation between POPs 

and ADHD (Gascon et al., 2011; Ha et al., 2009), or a positive correlation between POPs and 

ADHD (Kim et al., 2009; Ribas-Fitó et al., 2007; Sagiv, Thurston, Bellinger, Amarasiriwardena, 

et al., 2012).  Having performed meta-analysis on twenty-one cohorts, we have a better 

quantitative understanding of the relationship, having calculated a pooled effect size estimate of 

OR = 1.23 (95% CI [1.02, 1.48], p = 0.034).    We could interpret this to mean that children 

exposed to POPs have more than 20% higher odds of developing ADHD than children that are 

not exposed.  Although that seems conclusive, we must accept this result with caution, especially 

considering a slight exaggeration due to publication bias.   

Nevertheless, this meta-analysis improves upon prior systematic reviews.  Thapar, 

Cooper, Eyre, and Langley (2013), for example, inform us of a variety of effects on ADHD by a 

range of pesticides and industrial pollutants, ultimately arriving with a list of “inconsistent” 
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results (p. 9).  Similarly, Polańska, Jurewicz, and Hanke, (2012) bring us to the same end.  

Results vary widely, depending on the specific toxin and the way in which ADHD is identified.  

According to Polańska et al., there is no consistent way in which ADHD is meaured—some use 

ICD-10, some use DSM-IV, and others use ‘bits and pieces’ of these instruments, depending on 

the research team’s interest in particular aspects of psychology.  This current meta-analysis is not 

able to solve that problem; there continues to be a wide spectrum of research methodologies.  

However, taking the body of quantitative data as a whole gives us some fresh insight. 

Moreover, the follow-up question seems to be the more important one:  Which class of 

toxins, if any, has a strong association to ADHD?  After breaking the POPs into six distinct 

classes, we have a better idea of the answer, but there are still far too few studies to give enough 

data to provide certainty.  Nevertheless, we may surmise that methylmercury, phthalates, 

perfluorooctane sulfonate (PFOS), and perfluorohexane sulfonate (PFHxS) are ‘toxins of 

interest’, and require further research.  Sagiv, Thurston, Bellinger, Amarasiriwardena, and 

Korrick (2012) provided us with the only paper that implicated methylmercury as a possible 

cause of ADHD.  Now we have a slightly bigger picture, though currently there just is not 

enough research available to substantiate their result.  As for two of the PFCs of note, PFOS and 

PFHxS, meta-analysis expands our view of the earlier research.  In their 2010 paper, Hoffman, 

Webster, Weisskopf, Weinberg, and Vieira, (2010) showed a mild yet significant effect by both 

these substances, yet meta-analysis shows that the effect is not significant.   

Conclusions 

ADHD is a serious disorder with an environmental component.  This research indicates 

that persistent organic pollutants have a positive correlation with the incidence of ADHD.  The 

strength of correlation varies widely, depending on the particular POP in question.  
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Methylmercury, phthalates, and two of the PFCs (perfluorooctane sulfonate and perfluorohexane 

sulfonate) are of particular interest.  Although no causative relation can be shown from this 

research, it is suspected that a causative relation exists. 

Recommendations 

Suggestions for Practice and Policy 

POPs have become ubiquitous in the environment due to their historical widespread use 

(e.g., DDT), their continued use in household applications (e.g., flame-retardants on clothing and 

furniture), and the fact that they persist and biomagnify at the higher trophic levels of the food 

chain.  Immediate action is recommended:  At a local level, parents and caregivers should be 

better informed so prenatal and childhood exposures to pollutants that increase the risk of ADHD 

may be avoided.  Daycares, schools, and hospitals should take stock of possible toxins and 

remove them from proximity to children and expectant mothers.   

Educational, health and research organizations should work to gather to develop 

informational materials and guides describing ADHD’s potential causes and the potential impact 

of environmental toxins. Such guides should also outline strategies that different groups such as 

parents, teachers, and communities might take to identify, evaluate, and mitigate the issue.   

Several studies highlight misuse of POPs in agriculture and industry.  Kuehn (2010) 

blames ADHD on pesticide exposure stemming from the consumption of fruit and vegetables 

that have been indiscriminately sprayed.  Roberts and Karr (2012), in their review of agricultural 

practice, relate pesticide exposure in children to food supply, drinking water, and agricultural 

practices.  They recommend integrated pest management techniques be routinely followed.  

(Integrated pest management is a conservative pattern of pesticide use that limits exposure to 

toxic chemicals.)  This current meta-analysis supports any practices that can limit exposure to 
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POPs; local practices such as the broadcasting of pesticides on crops, community playing fields, 

and the siting of communities near to sources of pollution should be curtailed. 

At a national and international level, policy and actions that limit emissions are 

warranted, especially since POPs travel up the food chain and, in some cases, are transported 

over long distances.   

 

Suggestions for Future Research 

This study highlights a number of issues that make meta-analytic research on this topic 

challenging. In addition to the small number of articles published in the peer-reviewed journals, 

the studies that are published tend to be based on small samples, use different ADHD definitions, 

focus on different ADHD symptoms, employ a range of methodologies, and use different 

instruments to measure ADHD (including a range of report from parents, teachers and 

caregivers, which might have resulted in false negatives and positives).  

Thus, a number of areas for future research need to be considered.  There is a need for 

more in-depth analysis of the ADHD mechanisms and factors, including a more comprehensive 

moderator analysis to take into account numerous variables that might directly or indirectly 

influence the association between environmental toxins and ADHD.  These might include such 

factors as gender, geographical location, age, genetics, and level and time of exposure.  Also, as 

there might be cases when a combination of toxins or a combination of environmental and other 

factors might be at play, it would be important to explore the impact of such interactions further.   

Furthermore, the scope of the meta-analysis should be expanded to include studies 

published in other languages as well as grey literature, and to consider a longer time period as 
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this would allow us to gather studies representing more diverse environmental conditions and 

populations.  

Finally, defining the causes of ADHD may be as important to limiting its effects as the 

methods of treatment and educational strategies that are applied after the fact.  It is important to 

continue research on environmental causes of ADHD.  Farone et al. (2005) link ADHD to a large 

genetic component (about 76%) which suggests that environmental factors might be at play.  

This current meta-analysis indicates that some of the POPs might serve as an environmental 

influence potentially leading to ADHD. .  Once a larger body of evidence of accumulates, we 

may be able to target efforts on mitigation of those specific toxins that affect the young. 
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Appendix 

Table 12.  Summary of exposure to POPs and ADHD symptoms. 

Specific toxins Location Study 

population 

Type of 

study 

Definition of 

exposure 

ADHD 

outcome 

measure 

Confounding 

factors 

Main Result 

 

References 

Polyaromatic hydrocarbons (PAHs) 
1-pyrene, 1-naphthol, 2-

naphthol, fluorine 

metabolites (2-fluorine & 3-

fluorine), phenanthrene 

metabolites (1-phenanthrene, 

2-phenanthrene, & 3-

phenanthrene) 

USA, 

national 

6 - 15 

years, 

general 

community 

N = 1257 

Cross-

sectional 

Urinary 

PAH 

metabolites 

Ever 

doctor 

diagnosed 

Age, sex, 

race/ethnicity, 

creatinine, smokers 

in household 

Mixed 

results, 

depending 

on sex and 

metabolite 

Abid 

(2012) 

PAHs (combined) 

New 

York 

City 

6 - 7 years  

N = 253 

 

 

 

 

 

9 years 

N = 233 

Prospective 

longitudinal 

Urinary 

PAH 

metabolites 

Conners 

Parent 

Rating 

Scale-

Revised 

subscales 

& Child 

Behavior 

Checklist 

Postnatal PAH 

exposure measured 

at 3 and 5 years, 

prenatal 

environmental 

tobacco smoke, 

child’s sex & age, 

maternal education, 

ethnicity, 

gestational age, 

maternal 

demoralization, 

heating season, 

HOME score, 

caretaking 

environment, 

maternal 

intelligence, 

maternal ADHD, 

child 

anxiety/depression 

at 9 years  

Significant 

positive 

association 

on some 

subscales 

only 

Perera 

(2012) 

 

 

 

 

Perera 

(2014) 
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Methylmercury 

MeHg 
Inuit, N. 

Quebec 

8.5 - 14.5 

years 

N = 279 

Prospective 

longitudinal 
Cord blood 

Disruptive 

Behavior 

Disorders 

Rating Scale 

Child’s age, sex, 

birth weight, & 

blood Pb, SES, 

maternal age at 

birth, maternal 

tobacco use during 

pregnancy 

Positive 

association 

Boucher 

(2012) 

MeHg Korea 

6 - 10 

years 

N = 1778 

Cross-

sectional 

Child 

blood 

sample 

Conners 

Rating Scale 

Child’s age & sex, 

household income, 

parental history of 

neuropsychiatric 

diseases, residential 

area, blood Pb 

No 

association 

Ha 

(2009) 

MeHg 

New 

Bedford, 

MA, 

USA 

8 years 

N = 362 

Longitudinal 

cohort 

Maternal 

hair 

Conners 

Rating Scale 

for Teachers 

Child’s age, sex, 

race; maternal age, 

education, IQ, 

depression 

symptoms, prenatal 

smoking & alcohol 

consumption, 

maternal drug use, 

paternal education, 

household income, 

HOME score 

Positive 

association 

Sagiv 

(2012) 
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Organochlorines: PCBs 

PCB 126 
USA, 

national 

12 - 15 

years  

N = 278 

Cross-

sectional 

Venous 

blood & 

urine 

Parental 

report if ever 

doctor or 

health care 

professional 

diagnosed 

Child’s age, sex, 

race/ethnicity, 

poverty index ratio, 

mother’s age at 

pregnancy, birth 

weight, cigarette 

smoking during 

pregnancy, BMI, 

saturated fat intake 

No 

association 

Lee 

(2007) 

ΣPCB 138, 153, 180 Germany 

9.5 years 

(mean) 

N = 114 

Longitudinal 

cohort 

Maternal 

blood at 32 

weeks, 

milk 2 

weeks after 

delivery 

Parent rating 

of ADHD 

using FBB-

ADHS 

Child’s age, sex, 

maternal smoking 

& alcohol 

consumption during 

pregnancy, neonatal 

jaundice, mother’s 

psychological 

disease, mother’s 

nationality, parents’ 

education 

Negative 

association 

Neugebauer 

(2015) 

PCB (sum of 10 congeners) Mohawk 

10 - 17 

years 

N = 271 

Cross-

sectional 

Adolescent 

blood 

ADDES & 

Conners 

Rating 

Scales 

Child’s age, sex, 

BMI, triglyceride & 

cholesterol levels, 

Ravens Progressive 

Matrices, Test of 

Memory and 

Learning, 

Woodcock-Johnson 

Revised Tests of 

Cognitive Ability 

(WJ-R), 

adolescent’s current 

cigarette and 

alcohol use, 

maternal WJ-R, 

SES, reported 

social problems, 

No evidence 

of negative 

effects 

Newman 

(2014) 



 ADHD META-ANALYSIS                                81 

 

 

pregnancy order, 

cigarette use during 

pregnancy, 

breastfeeding 

duration, HCB, 

DDE, Pb, Hg 

Sum of 4 PCB congeners 

(PCB 118, 138, 153, & 180), 

p,p′-DDE 

New 

Bedford, 

MA, 

USA 

7 - 11 

years 

N = 573 

Longitudinal 

cohort 
Cord blood 

Conners 

Rating Scale 

for Teachers 

Child’s age & sex, 

maternal age, 

marital status, 

smoking during 

pregnancy, alcohol 

consumption during 

pregnancy, local 

fish consumption 

during pregnancy, 

& illicit drug use 

Positive 

association 

Sagiv 

(2010) 

Organochlorines: Dioxin and dioxin-like compounds 

1,2,3,4,6,7,8-

heptachlorodibenzo-p-dioxin 

 

1,2,3,4,6,7,8,9-

octachlorodibenzo-p-dioxin 

 

1,2,3,4,6,7,8-

heptachlorodibenzofuran 

USA, 

national 

12 - 15 

years N = 

278 

Cross-

sectional 

Venous 

blood & 

urine 

Parental 

report if ever 

doctor or 

health care 

professional 

diagnosed 

Child’s age, sex, 

race/ethnicity, 

poverty index ratio, 

mother’s age at 

pregnancy, birth 

weight, cigarette 

smoking during 

pregnancy, BMI, 

saturated fat intake 

Positive 

association 

 

 

No 

significant 

association 

Lee (2007) 

Polychlorinated dibenzo-p-

dioxins and -furans 

(PCDD/Fs) 

Germany 

9.5 years 

(mean) 

N = 114 

Longitudinal 

cohort 

Maternal 

blood at 32 

weeks, 

milk 2 

weeks after 

delivery 

Parent rating 

of ADHD 

using FBB-

ADHS 

Child’s age, sex, 

maternal smoking 

& alcohol 

consumption during 

pregnancy, neonatal 

jaundice, mother’s 

psychological 

disease, mother’s 

nationality, parents’ 

education 

No 

association 

Neugebauer 

(2015) 
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Organochlorines: Insecticides, herbicides, and fungicides 

DDT  

Trans-nonachlor 

β-hexachlorocyclohexane 

(Lindane) 

USA, 

national 

12 - 15 

years N = 

278 

Cross-

sectional 

Venous 

blood & 

urine 

Parental 

report if ever 

doctor or 

health care 

professional 

diagnosed 

Child’s age, sex, 

race/ethnicity, 

poverty index ratio, 

mother’s age at 

pregnancy, birth 

weight, cigarette 

smoking during 

pregnancy, BMI, 

saturated fat intake 

No 

association 
Lee (2007) 

Hexachlorobenzene (HCB) Spain 
4 years 

N = 377 

Cross-

sectional 
Cord serum 

California 

Preschool 

Social 

Competence 

Scale & 

ADHD 

DSM-IV as 

scored by 

each child's 

teacher 

Child’s age, cohort 

(Menorca or Ribera 

d’Ebre), sex, 

maternal & paternal 

education, tobacco 

& alcohol exposure, 

maternal age, type 

& duration of 

breast-feeding 

Statistically 

significant 

increased 

risk 

Ribas-Fitó 

(2007) 

2,4,5-trichlorophenol 

2,4,6-trichlorophenol 

USA, 

national 

6 - 15 

years 

N = 2539 

Cross-

sectional 

Urinary 

metabolites 

Parental 

report if ever 

doctor or 

health care 

professional 

diagnosed 

Child’s age & sex, 

poverty-to-income 

ratio, maternal 

smoking during 

pregnancy, low 

birth weight, blood 

Pb, serum cotinine 

Mixed 

results, 

depending 

on the 

specific 

congener 

Xu (2011) 
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Polybromodiphenyl ethers (PBDEs) 

ΣPBDE 47, 99, 100, 153 

Salinas 

Valley, 

Californi

a, USA 

5 years 

N = 249 

 

7 years 

N= 213 

Longitudinal 

cohort 

Maternal 

prenatal & 

child 

serum 

Maternal 

report & 

teacher 

reports using 

CBCL 

checklist & 

DSM-IV 

ADHD 

scales 

Child’s age & sex, 

maternal education, 

number of children 

in the home, parity, 

psychometrician 

making assessment 

Mixed 

results, some 

positive 

association 

Eskenazi 

(2013) 

PBDE 47 

 
Spain 

4 years 

N = 220 

Prospective 

cohort 

Cord blood 

(N = 88) 

Serum at 

age 4  

(N = 244) 

Hyperactivit

y & attention 

deficit 

subscales of 

McCarthy 

Scales of 

Children’s 

Abilities 

(MSCA) 

Child’s age & sex, 

preterm, maternal 

age, social class, 

maternal education, 

smoking during 

pregnancy, pre-

pregnancy BMI, 

fish consumption, 

duration of 

breastfeeding 

Mixed 

results, 

depending 

on the 

subscale 

Gascon 

(2011) 
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Perfluorinated compounds (PFCs) 

Perfluorooctanoic acid 

Perfluorooctane sulfonate 

Perfluorohexane sulfonate 

Perfluorononanoic acid 

USA, 

national 

12 - 15 

years 

N = 571 

Cross-

sectional 
Child serum 

Parental 

report if ever 

doctor or 

health care 

professional 

diagnosed or 

prescription 

for ADHD 

NHANES sample 

cycle, child age, 

sex, race, 

environmental 

tobacco smoke, 

maternal smoking 

during pregnancy, 

prescription 

medication 

Increased 

odds 

Hoffman 

(2010) 

Perfluorooctanoic acid 

Perfluorooctane sulfonate 

Perfluorononanoic acid 

Perfluoroundecanoic acid 

Taiwan 
7 years 

N = 282 

Prospectiv

e cohort 
Cord blood 

SNAP-IV & 

SDQ scales 

Child sex, breast 

feeding, maternal 

age & education, 

birth parity, 

maternal 

environmental 

tobacco smoke & 

alcohol during 

pregnancy, annual 

household income, 

gestational age, 

birth weight, cord 

blood Pb level, & 

study cohort 

(Taiwan Birth Panel 

Study or Taiwan 

Early-life Cohort) 

No 

association 
Lien (2016) 

Perfluorooctanoic acid 

Perfluorooctane sulfonate 

Perfluorohexane sulfonate 

Perfluorononanoic acid 

Perfluoroheptane sulfonate 

Perfluorodecanoic acid 

Denmark 

 

10.7 years 

average 

N = 215 

Case 

cohort 

Maternal 

plasma 

during 

pregnancy 

International 

Classificatio

n of 

Diseases, 

10th edition 

Maternal age at 

delivery, SES, 

parity, smoking & 

alcohol 

consumption during 

pregnancy, 

psychiatric 

illnesses, 

gestational week of 

blood sample, 

No 

association 

Liew 

(2014) 
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child’s sex & birth 

year, all other PFCs 

Perfluorooctanoic acid 

Perfluorooctane sulfonate 

Perfluorononanoic acid 

Sweden 

5 - 17 

years 

N = 206 

Matched 

case-

control 

Umbilical 

cord serum 

Clinician, 

teacher, 

parental, & 

psychiatrist 

examination 

Smoking during 

pregnancy, parity, 

& gestational age at 

birth 

No 

association 
Ode (2014) 

Perfluorooctanoic acid 

Perfluorooctane sulfonate 

Perfluorohexane sulfonate 

Perfluorononanoic acid 

Ohio, 

USA 

12 - 15 

years 

N = 3571 

Cross-

sectional 
Child serum 

Ever doctor 

diagnosed & 

medication 

records 

Child’s age & sex 

Sporadic 

positive 

association 

Stein (2011) 

Phthalates 

ΣLow molecular weight 

phthalates 

 

ΣHigh molecular weight 

phthalates 

USA, 

national 

6 - 15 

years 

N = 1491 

Cross-

sectional 

Urinary 

metabolites 

Parent-report 

if ever 

doctor 

diagnosed 

Child’s age, sex, 

race, & blood Pb, 

household income, 

maternal smoking 

during pregnancy 

No 

significant 

association 

 

Significant 

association 

Chopra 

(2013) 

Low molecular weight 

phthalates 

New 

York 

City 

4 - 9 years 

N = 171 

Cross-

sectional 

Urinary 

metabolites 

Parent 

questionnair

e (BRIEF & 

BASC-PRS) 

Child’s age, sex,  & 

race; education & 

marital status of 

primary caregiver, 

urinary creatinine 

Some 

positive 

association 

Engel 

(2010) 

Mono-2-ethylheyl phthalate 

Mono-2-ethyl-5-

oxohexylphthalate 

Mono-n-butyl-phthalate 

Korea 

8 - 11 

years 

N = 261 

Cross-

sectional 

Urinary 

metabolites 

ARS 

(teacher-

rated 

attention-

deficit/hyper

activity 

disorder 

rating scale) 

Child’s age, sex, & 

IQ; parental 

education & SES 

Mixed 

results, 

depending 

on the 

specific 

metabolite 

Kim (2009) 
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