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Abstract

At low levels, the effects of lead on specific neurocognitive processes, such as executive 

functioning, is not well understood. The aim of this systematic review is to synthesize the 

empirical literature examining the relationship between prenatal and postnatal low blood lead 

levels and executive function across childhood development. This review considers the unity and 

diversity model of executive functioning by assessing the domains of working memory, cognitive 

flexibility, inhibition, attention, and unitary executive function separately. Nineteen studies met the 

inclusion criteria and were synthesized in the review. The results suggest an inverse association 

between postnatal lead exposure and executive function processes across childhood. The inverse 

relationship between postnatal lead exposure and working memory and cognitive flexibility in 

middle childhood is most strongly represented. Additionally, a marginal inverse relationship 

between postnatal lead exposure and unitary executive functioning and attention in middle 

childhood is suggested. The evidence does not support a relationship between postnatal lead and 

inhibition in middle childhood. Although there is support for the inverse relationship between low 

level lead exposure and executive function, lack of repeated exposure and outcome measures limit 

firm conclusions. Furthermore, the long-term impact of lead exposure on executive function 

outcomes is relatively unknown given lack of studies on adolescent populations.
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1. Introduction

There is no safe level of lead exposure in children (Vorvolakos et al., 2016). While 

legislative advances have helped decrease global blood lead levels (BLLs), in 2009 16% of 

children still had BLLs above 10 μg/dl (World Health Organization, 2009; World Health 

Organization , 2010). The true extent of childhood lead exposure is unknown as countries 
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vary widely in their biomonitoring programs, though studies do suggest the greatest burden 

falls on low to middle income countries (Kordas et al., 2018). Additionally, despite 

neurological deficits being observed in children with BLLs <5μg/dl, often reports on 

prevalence rates focus on childhood BLLs of 5–9 μg/dl or ≥10μg/dl (Raymond and Brown , 

2017). Therefore, the full spectrum of global low-level exposures is unclear.

Research examining relationships between low levels of lead exposure and 

neurodevelopmental outcomes in children has focused primarily on intelligence quotients 

(IQs) or general cognition outcomes (Lanphear et al., 2005; Liu et al., 2013; Liu and Lewis, 

2014; World Health Organization, 2018). A less studied neurodevelopmental outcome is 

executive functioning, a collection of processes that mutually aid in goal-oriented problem 

solving through goal planning, monitoring, and achievement (Marcovitch and Zelazo, 2009). 

Executive function outcomes are critical to examine due to the relationship with poor health 

consequences later in life, including links with obesity, substance abuse, and risky sexual 

behavior in adolescence (Gowey et al., 2018; Grenard et al., 2008; Khurana et al., 2015; 

Pentz et al., 2015).

In infants and toddlers, hand-to-mouth activity and general oral curiosity increase the risk of 

lead exposure and absorption (World Health Organization, 2018). Exposure to lead in this 

time window has been shown to have long lasting neurodevelopmental effects (World Health 

Organization, 2018). In the Port Pirie longitudinal study, lifetime lead exposure, from the 

prenatal period to 7 years old, had inverse associations with IQ at 11–13 years old (Tong et 

al., 1996). Likewise, a study of participants in the Cincinnati Lead Study reported an 

association between high BLLs in early childhood and adult gray matter reduction in the 

prefrontal cortex, the area of the brain involved in executive function processes (Cecil et al., 

2008). Lead exposure in prenatal and postnatal years can, therefore, influence 

neurodevelopment and subsequent neurocognitive outcomes across the lifespan.

During the first 5 years of life, the prefrontal cortex undergoes rapid growth, setting the 

stage for more mature development throughout childhood and adolescence (Diamond, 2013; 

Funahashi and Andreau, 2013). Therefore, executive function development can be observed 

in infancy and into the adolescent period. For example, from 6 to 12 months, infants exhibit 

increasing inhibitory control during Delayed Response tasks (Diamond and Doar, 1989). 

Inhibitory control continues to mature throughout adolescence and into adulthood 

(Diamond, 2013). Other facets involved in executive function, including cognitive flexibility, 

working memory, and attention, all follow similar developmental trajectories by emerging in 

infancy and maturing throughout late childhood into adolescence and adulthood (Anderson, 

2002; Garon et al., 2008; Reynolds and Romano, 2016). Considering executive function 

processes are more mature in adolescence, it is possible the effects of lead exposure on this 

neurocognitive outcome may not be evident until later in development. This review, 

therefore, sought to include studies with participants from birth to adolescence to 

acknowledge the critical period of neurodevelopment and to attempt to capture the full scope 

of executive function development.

There are inconsistent methodologies that complicate the search of the executive function 

literature. For example, when examining executive function, many studies will either 
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examine one domain of executive function, consider executive function as a unitary 

construct, or use both approaches. Additionally, other terms are often used inter-changeably 

with executive function, such as “cognitive functioning” or “executive control”. Despite 

complexities, there are multiple executive function models that exist in the literature that 

help to synthesize the concept. One of the most accepted conceptual models is the unity and 

diversity model, which outlines executive function as a single construct that includes 

multiple domains such as working memory (i.e. updating memory to adapt to new tasks), 

cognitive flexibility (i.e. shifting from one task to another), and inhibition (i.e. suppressing 

an impulse for a more favorable behavior) (Miyake et al., 2000). Researchers have also 

suggested that selective attention plays a part within inhibition (Diamond, 2013). Evidence 

for this model is demonstrated across childhood development (Best and Miller, 2010; 

Friedman and Miyake, 2017; Lehto et al., 2003). This review conceptualized executive 

function inclusively by considering working memory, inhibition, cognitive flexibility, 

attention, and unitary executive function when synthesizing the literature.

The aims of this review were twofold: (1) To synthesize the empirical research on the 

relationship between low prenatal and postnatal blood lead levels and executive function 

outcomes across childhood development; and (2) To identify methodological and analytical 

limitations of current studies to make recommendations for future research.

2. Methods

2.1. Data sources

We followed Cochrane's Preferred Reporting Items for Systematic Reviews and Meta-

Analysis (PRISMA) checklist (Moher et al., 2009). We searched the databases PubMed, 

Embase, PsycINFO, Scopus, and Google Scholar in May of 2019 in consultation with a 

research librarian. Executive function outcomes included the domains working memory, 

cognitive flexibility, inhibition, attention, and unitary executive function. Search terms 

included ‘lead exposure’ and ‘executive functioning’ (Appendix A). From these, we created 

synonym strings which included database-controlled vocabulary terms when available (i.e. 

MeSH, mainsubject terms).

2.2. Literature screening

After the search, studies were systematically screened by the two reviewers by title and 

abstract and then by full text against the inclusion and exclusion criteria. To be included in 

the review, studies had to: (1) Be a longitudinal or cross-sectional study examining lead 

exposure measured through blood prenatally (umbilical cord blood lead levels[UCLLs]) or 

postnatally (BLLs) with a combined sample mean of ≤10 μg/dl; (2) Assess executive 

function by one of the four domains or unitary executive function; (3) Include participants 

from birth up to 20 years old; and (4) Be reported in English as a peer reviewed publication 

or dissertation. There were no limitations on years or geographic locations. We excluded 

studies assessing the combined effect of lead and another predictor (i.e. mercury etc.) to 

synthesize only the direct effect of lead on executive functioning outcomes. Finally, studies 

published as editorials or opinion pieces were excluded (Appendix B).
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2.3. Data extraction

Data extracted included research design, sample characteristics, UCLL/BLL sample mean 

and standard deviation levels, executive function domain and assessment tools, and major 

findings. Within each executive function domain, studies were separated into three groups 

based on the age range of participants. Infants and preschoolers, from birth up to 5 years, 

were assessed together to acknowledge the robust neurodevelopment occurring in the 

prenatal and early postnatal period (Black et al., 2017). Middle childhood, ages 5–10 years 

old, were grouped to represent middle childhood outcomes. Participants over 10 years old 

were assessed together representing the adolescent period, a time when executive function 

processes are maturing (World Health Organization, 2019). The research quality was 

evaluated using the National Institute of Health's (NIH) Quality Assessment Tool for 

Observational Cohort and Cross-Sectional Studies (National Institutes of Health, 2018).

3. Results

3.1. Search and selection results

The initial search, including the search string strategy and English limitation, resulted in 

2262 papers. Duplicates were removed for a yield of 1616 papers. The search and selection 

process resulted in 19 papers for final inclusion (Fig. 1 PRISMA). The reasons for exclusion 

were multifaceted. Most often the study sample mean lead levels were>10μg/dl. In the full 

text review stage, only one study was excluded for assessing lead with another metal and no 

studies were excluded for assessing only maternal BLLs. Of the 19 included papers, 2 

reported on the same cohort at different time periods (Bellinger et al., 1991; Stiles and 

Bellinger, 1993). Participant enrollment ages ranged from birth to 16 years and included 

participants in 7 different countries. Outcome assessment ages ranged from 30 months to 16 

years. Table 1 includes descriptions of the included studies and Table 2 provides quality 

grading results.

3.2. Lead exposure methods

Lead exposure was measured at multiple different periods across development, most often 

postnatally through BLLs. Only two studies, which assessed the same cohort, measured 

prenatal and postnatal lead exposure via UCLLs and BLLs (Bellinger et al., 1991; Stiles and 

Bellinger, 1993). Of the included studies, 10 had samples with mean BLLs ≥5 μg/dl. Three 

studies, two of which represent the same cohort, collected lead exposure data repeatedly 

across development (Bellinger et al., 1991; Canfield et al., 2004; Stiles and Bellinger, 1993).

3.3. Executive functioning assessment methods

Executive function outcomes were assessed via 26 different instruments across domains. 

These were a mix of objective tasks, such as computerized child completed tasks, and 

subjective tasks, such as teacher and parent ratings of child behavior. Only three studies 

assessed executive function outcomes more than once across development (Bellinger et al., 

1991; Canfield et al., 2003; Stiles and Bellinger, 1993). Some studies assessed more than 

one domain of executive function and are thus discussed multiple times. In both Table 1 and 

the discussion below, the results are separated first by executive function domain and further 
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by participant ages to directly compare similar developmental ages and executive function 

outcomes. The results discussed in the text were reported after controlling for covariates 

unless otherwise indicated. Table 1 provides further information on each study's included 

covariates.

3.4. Lead exposure and working memory

3.4.1. Middle childhood (ages 5–10 years)—Four studies, three longitudinal and one 

cross-sectional, assessed the relationship between UCLLs/BLLs and working memory in 

middle childhood. Overall, a significant inverse relationship between lead levels and 

working memory was suggested. In 7.5 year old children, there was an inverse cross-

sectional association between BLLs and two measures of working memory within a working 

memory index (Chiodo et al., 2004). Of the longitudinal studies, there were multiple 

associations between lifetime average BLLs and errors on the Spatial Working Memory task 

(SWM) and the Spatial Span Task (SST) in 5.5 year old children, with some relationships 

remaining after controlling for child IQ in the model (Canfield et al., 2004). The remaining 

studies assessed the same cohort at different time periods. At 57 months, UCLLs and BLLs 

were not associated with scores on the Memory Index of the McCarthy scales (Bellinger et 

al., 1991). However, at 10 years, there were multiple marginal inverse associations between 

24-month BLLs and abilities on the Story Recall (SR) and the Digit Span tasks (Stiles and 

Bellinger, 1993).

3.4.2. Adolescent (ages>10 years)—Two cross-sectional studies suggested the 

inverse relationship between BLLs and working memory in adolescence, assessing 

participants between 10 and 12 years. There were inverse correlations between BLLs and 

scores on the Memory Subscale from the McCarthy Scales (WMICS) and the WISC-

Working Memory Index (Shamsudin and Majid, 2017; Shamsudin et al., 2017).

3.5. Lead exposure and cognitive flexibility

3.5.1. Middle childhood (ages 5–10 years)—An inverse relationship between BLLs 

and cognitive flexibility in middle childhood was suggested by four studies. BLLs at 57 

months had a positive relationship with errors on the Wisconsin Card Sorting Task (WCST) 

at 10 years old as well as a cross-sectional relationship at 10 years (Stiles and Bellinger, 

1993). There was an inverse cross-sectional relationship between BLLs and scores on a 

Verbal Fluency (VF) task and multiple measures on the WCST in children 7.5 years old 

(Chiodo et al., 2004). When examining a dose response relationship, children with higher 

BLLs (5-10μg/dl) achieved significantly fewer categories on the WCST than children with 

lower BLLs (1–2μg/dl) (Surkan et al., 2007). Finally, there were significant inverse 

associations between lifetime average BLLs and multiple measures on the Intradimensional-

Extradimensional Shift (IED) task at 5.5 years old, with many significant associations 

becoming marginal after controlling for child IQ (Canfield et al., 2004).

3.6. Lead exposure and inhibition

3.6.1. Middle childhood (ages 5–10 years)—Two studies suggested a non-

significant cross-sectional relationship between BLLs and inhibition in children ages 6–10 

years using the Stroop Color-Word Interference Test (SWCT) (Surkan et al., 2007). There 
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was, however, a significant inverse association between BLLs and color-word scores on the 

SCWT for males ( Kim et al., 2010).

3.7. Lead exposure and attention

3.7.1. Middle childhood (ages 5–10 years)—Seven studies, one longitudinal and six 

cross-sectional, reported an overall marginal inverse relationship between BLLs and 

measures of attention in middle childhood. BLLs at 30 months were not significantly related 

to attention at 8 years old measured via a behavioral assessment tool, the Test of Everyday 

Attention for Children (TEA-Ch) (Chandramouli et al., 2009). A principal components 

analysis (PCA) combining the TEA-Ch tool with a parent reported attention assessment tool, 

Conners' Parent Rating Scale – Revised Long Form (CPRS-R:L), reported BLLs as a 

significant predictor of attention in 5 year old children, though only when the interaction 

between ‘lead’ and ‘males’ was added to the analysis (McCabe, 2009). Four cross-sectional 

studies assessed the relationship between BLLs and the same computerized measurement 

tool, the Continuous Performance Test (CPT), in children ages 7–10 years. While the studies 

all reported significant associations, those associations varied. One study found significant 

positive associations between BLLs and CPT percent omission errors (inattention) and 

longer response times, but no association between BLLs and commission errors 

(impulsivity) (Chiodo et al., 2007). Another conversely reported a significant positive 

association between BLLs and commission errors (impulsivity), but not omission errors 

(inattention) (Hong et al., 2015). Yet another reported a significant positive association 

between BLLs and number of omission errors (inattention) both with and without 

adjustment for sex (males) (Kim et al., 2010). A final study reported a significant inverse 

association between BLLs and the number correct on the CPT (sustained attention), 

however, no significant association between BLLs and scores on the Talland Digit 

Cancellation (TCD) task, which measures focused attention (Chiodo et al., 2004). Finally, 

there were no significant associations between BLLs and measures on the Complex 

Reaction-meter Drenovac (CRD), which assesses attention in relation to speed and accuracy 

of psychomotor reactions to light and sound (Prpíc-Majíc et al., 2000).

3.8. Lead exposure and unitary executive functioning

3.8.1. Infant/preschool (ages<5 years)—Two studies suggested the marginal inverse 

relationship between BLLs and infant/preschool unitary executive function. There were 

significant inverse relationships between 48-month BLLs and multiple measures of unitary 

executive functioning measured repeatedly at 48 and 54 months, though many of these 

relationships attenuated when controlling for child IQ (Canfield et al., 2003). The remaining 

cross-sectional study utilized PCA techniques creating three factors, Focus/Execute, Shift, 

and Sustain, and reported no association between lifetime peak BLLs and any factor 

(McDiarmid, 2003).

3.8.2. Middle childhood (ages 5–10 years)—Five studies, one longitudinal and four 

cross-sectional, suggested the marginal inverse relationship between BLLs and unitary 

executive functioning in middle childhood. At 5.5 years, lifetime lead exposure had 

significant relationships with outcomes on the Stockings of Cambridge task, a version of the 

Tower of London task which assess cognitive flexibility, spatial reasoning, and working 
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memory abilities (Canfield et al., 2004). There were significant inverse associations between 

BLLs and the pattern comparison task of the Neurobehavioral Evaluation System (NES1 & 

2) in 5–6 year old children (Altmann et al., 1997). In 6 year old children, there was a 

significant relationship between BLLs and poorer ability to inhibit in the Behavior Rating 

Inventory of Executive Functions (BRIEF) (Barg et al., 2018). The remaining studies found 

no significant relationships between BLLs and scores on the Trail Making Task (TMT) and 

the Children's Color Trails Test (CCTT) ( Kim et al., 2010; Surkan et al., 2007).

3.8.3. Adolescence (ages>10 years)—Two cross-sectional studies suggested the 

marginal inverse relationship between lead exposure and unitary executive functioning in 

adolescence via the Swedish Performance Evaluation System (SPES), an executive function 

battery. At 11.6 years old, there were marginal associations between BLLs and subtest 

scores including a positive association with simple reaction time (attention) and inverse 

association with digit span (memory) tests (Min et al., 2007). There were also significant 

differences in symbol digit scores between a low and high lead group only when adjusting 

for sex, suggesting females responded more slowly than males as BLLs increased ( Kim et 

al., 2012).

4. Discussion

To our knowledge, this is the first systematic review to synthesize the literature on the 

relationship between low prenatal and postnatal lead exposure and executive function across 

childhood development. Generally, studies included in this review suggest a long-lasting, 

inverse relationship between low postnatal lead exposure, measured via BLLs, and executive 

function in middle childhood throughout early adolescence. Specifically, BLLs are observed 

to be significantly inversely related to two domains of executive function in middle 

childhood including working memory and cognitive flexibility (Canfield et al., 2004; Chiodo 

et al., 2004; Stiles and Bellinger, 1993; Surkan et al., 2007). There is only marginal evidence 

to suggest a relationship between BLLs and attention and unitary executive functioning in 

middle childhood. Finally, the relationship between BLLs and inhibition is not suggested, 

though the lack of available evidence in this domain limits conclusions.

4.1. Timing of lead exposure assessment

The findings of this review reflect the detrimental effects of lead exposure specifically in the 

postnatal period. The timing of lead exposure assessment is important to consider, as 

exposure at distinct times throughout development could have different effects on executive 

function outcomes. It is generally considered that foundational neurodevelopment occurs 

prenatally and early postnatally in the first 5 years of life (Black et al., 2017; ). This aligns 

with a high-risk period, when children are most susceptible to lead exposure due to high oral 

curiosity and risk of ingesting lead particles (World Health Organization, 2018). In this 

review, prenatal exposure was assessed exclusively through infant UCLLs. While maternal 

BLLs and infant UCLLs have been shown to correlate, there are many factors that influence 

the transfer of lead from maternal blood to the fetus. These factors remain unclear and could 

include maternal variables such as hemoglobin levels and high blood pressure (Harville et 

al., 2005; Ladele et al., 2019). For that reason, and in an effort to synthesize homogeneous 
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BLL measurements, we decided to only include measurements of lead that came directly 

from the child. Therefore, studies assessing lead exposure through maternal BLLs were 

excluded. This, however, left only two studies that assessed the relationship between 

prenatal lead exposure and executive function outcomes. These studies assessed the same 

cohort and reported non-significant relationships between UCLLs and executive function 

outcomes. BLLs at 24 and 57 months in this cohort, however, were related to measures of 

working memory and cognitive flexibility at 10 years (Stiles and Bellinger, 1993). Due to 

the lack of studies assessing prenatal lead exposure, conclusions cannot be drawn on the 

relationship between prenatal lead and executive functioning outcomes across development.

Overall, the included studies lacked repeated lead exposure assessment. Only three studies, 

inclusive of two unique samples, assessed lead exposure more than once across development 

(Bellinger et al., 1991; Canfield et al., 2004; Stiles and Bellinger, 1993). Considering the 

half-life of blood lead is 1–2 months, a one-time assessment of lead cannot be used to 

quantify sustained exposure (Center for Disease Control and Prevention, 2017). Therefore, it 

cannot be determined if these results reflect the influence of short- or long-term lead 

exposure. The results could suggest that postnatal lead exposure only influences certain 

domains of executive function, namely cognitive flexibility and working memory. Indeed, 

there seem to be only marginal to non-significant relationships between BLLs and outcomes 

in the attentional, unitary executive function, and inhibitory domains (Chandramouli et al., 

2009; Kim et al., 2010; Prpíc-Majíc et al., 2000; Surkan et al., 2007). It is important to 

consider that the previous lead exposure of the children in most of the included studies is 

unknown. Inconsistencies could, therefore, be due to the inability of these studies to assess 

the impact of previous lead exposure on executive functioning outcomes. Further 

longitudinal study, including UCLL assessment with repeated measurement of BLLs across 

development, is needed to assess the consequences of sustained lead exposure.

4.2. Dose and sex stratification

Six studies in this review assessed for a dose response relationship between lead exposure 

and executive functioning outcomes. Most studies reported that children with higher BLLs 

had worse executive functioning abilities compared to those with lower BLLs (Kim et al., 

2012; Kim et al., 2010; Surkan et al., 2007). Researchers have hypothesized, however, that 

lead exposure could have a supralinear relationship with neurocognitive outcomes, with 

lower levels of lead inducing worse neurocognitive outcomes than higher levels (Lanphear et 

al., 2000; Téllez-Rojo et al., 2006). In fact, one study did report that children with lower 

BLLs performed worse on cognitive shift factors than children with higher BLLs 

(McDiarmid, 2003). Further research in this area would help determine if certain domains of 

executive function are more susceptible at lower levels of lead exposure compared to higher, 

and at what level that is.

Four studies assessed the relationship between lead exposure and executive functioning 

stratified by sex. The results were relatively inconsistent, reporting no constant differences 

between male and female performance on executive function tasks. For example, two studies 

reported marginal and significant relationships between BLLs and executive functioning 

measures only for males (Kim et al., 2010; McCabe, 2009). However, another study reported 
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significant relationships between BLLs and executive functioning outcomes for the whole 

sample and a significant difference for females, suggesting the effect of lead on female's 

executive functioning abilities was worse than males (Barg et al., 2018). Another study 

reported a significant relationship between BLLs and executive functioning only when 

comparing the low (< 2.76 μg/dl) to high lead dose female group ( Kim et al., 2012). 

Researchers hypothesize that there are differing developmental trajectories of executive 

functioning for males versus females, though the mechanisms behind these difference, if 

they exist, are unknown (Wierenga et al., 2019). If there are indeed different sex-based 

developmental trajectories, the results reported here could be influenced by the timing of 

executive functioning assessment. It would be worthwhile to assess executive functioning 

outcomes in later adolescence to see if sex differences exist once these neurocognitive 

processes are more mature.

4.3. Executive functioning assessment

The lack of infant/preschool executive function assessment could be due to the difficulty in 

measuring these domains in younger children. Some researchers expressed difficulty finding 

executive function tools with age appropriate tasks. For example, in one study many young 

children, ages 48–54 months, were unable to complete a portion of the SST because they 

were incapable of identifying the shapes used in the task (Canfield et al., 2003). Children's 

confusion over task directions could, therefore, have impacted task accuracy and completion, 

thus influencing the results of this review. In infancy especially, many tools lack specificity 

when measuring executive function. For example, several studies examining the relationship 

between lead exposure and neurocognition in infancy assessed neurocognition via the 

Bayley Scales of Infant Development Mental Developmental Index, a general cognition tool 

(Al-Saleh et al., 2009; Bellinger et al., 1986; Bellinger et al., 1987; Bellinger et al., 1984; 

Huang et al., 2012; Liu et al., 2014; Polanska et al., 2018; Téllez-Rojo et al., 2006). Though 

scores have been shown to relate to later executive function outcomes, the total score 

represents overall cognition and, therefore, lacks specificity when measuring executive 

function (Anderson et al., 2010; Lowe et al., 2012; Wu et al., 2017). While other validated 

tools to assess executive function in infants/preschoolers exist, such as the A not B task or 

Delayed Response task, they were not used by the included studies (Diamond and Doar, 

1989; Sun et al., 2009). Using age-appropriate, validated executive function tests is 

necessary to determine the true relationship between lead exposure and executive function 

abilities. Future studies assessing neurocognition of infants/preschoolers should consider 

assessing executive functioning in addition to general cognition.

Executive function processes are thought to mature throughout the adolescent period, 

suggesting that the true impact of lead on executive function may not be visible until later 

childhood into adolescence (Best and Miller, 2010). The longest cohort study in this review 

lends support to this hypothesis. BLLs had no relationship with executive function in early 

childhood but went on to have marginal/significant inverse associations with working 

memory and cognitive flexibility at 10 years old (Bellinger et al., 1991; Stiles and Bellinger, 

1993). Studies reported a significant cross-sectional relationship between BLLs and various 

domains of executive function in early adolescence, suggesting lead exposure may influence 

adolescent executive functioning outcomes (Kim et al., 2012; Min et al., 2007; Shamsudin 
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and Majid, 2017; Shamsudin et al., 2017). Importantly, most studies in this review 

conducted executive function assessment primarily in middle childhood thereby assessing 

executive function before maturity. The results of this review could, therefore, be influenced 

by the limited age ranges at which executive function was assessed by the included studies. 

Future longitudinal study, from birth through adolescence with repeated measures of 

executive function outcomes, is needed to assess whether the negative impact of lead 

exposure on executive function continues into adolescence, when these processes mature.

4.4. Other influences on neurocognition

The relationship between lead exposure and executive function is influenced by several other 

neurocognitive, psychosocial, and biological factors. Although many studies included 

multiple demographic covariates (i.e. SES, parental education, etc.), some substantial 

potential covariates were left out. For example, while there is evidence that IQ and executive 

function are distinct constructs, working memory is highly correlated with IQ (Friedman et 

al., 2006). Only seven studies controlled for child IQ in this review (Barg et al., 2018; 

Canfield et al., 2004; Canfield et al., 2003; Chandramouli et al., 2009; Hong et al., 2015; 

McDiarmid, 2003; Surkan et al., 2007). While only three of these seven studies reported 

attenuated relationships when child IQ was added to the analyses, it is likely that other 

significant outcomes reported in this review would be attenuated when accounting for child 

IQ (Canfield et al., 2004; Canfield et al., 2003; Chandramouli et al., 2009). Additionally, 

there is a known association between iron deficiency/hemoglobin levels and lead absorption 

as well as overall neurocognition warranting inclusion as a covariate when assessing the 

relationship between lead exposure and executive function (Jáuregui-Lobera, 2014; Kwong 

et al., 2004). Only one study adjusted for serum iron levels in their analysis, suggesting the 

reported results of the other 18 studies in this review may limited due to this omission (Barg 

et al., 2018).

There are likely other factors that influence associations between lead exposure and 

executive function outcomes and future study is needed to understand the many variables 

involved in this relationship. Notably, lead exposure does not occur in isolation, but coexists 

with a multitude of early childhood risk factors (Cory-Slechta, 2005). For example, three of 

the included studies controlled for measures of family/environmental stress, both of which 

are risk factors of neurologic impairment (Chandramouli et al., 2009; Chiodo et al., 2004; 

McEwen, 2006; Stiles and Bellinger, 1993). As both lead and environmental stress have 

been shown to result in similar neurocognitive deficits, future research should also examine 

how lead exposure and environmental stress interact to influence neurocognitive outcomes. 

Researchers should consider the multiple neurocognitive, psychosocial, and biological 

covariates and modifiers that potentially influence the relationship in their future study.

4.5. Strengths and limitations

To our knowledge, this is the first review to synthesize the literature on the relationship 

between low prenatal/postnatal lead levels (≤10 μg/dl) and executive function across 

childhood development. Other strengths include the systematic search strategy and breadth 

of search terms used. The review was guided by the executive function unity and diversity 

model to better search and synthesize the results. The review also included only blood lead 

Arnold and Liu Page 10

Neurotoxicol Teratol. Author manuscript; available in PMC 2021 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



measurements, as compared to dentine or bone lead measurements, which made the results 

and effect sizes from the included studies more directly comparable.

In addition to strengths, this review should be evaluated in recognition of certain limitations. 

This review did not include studies that assessed the combined impact of lead and another 

neurotoxicant or neurocognitive risk factor. While studying the combined impact of 

neurocognitive risk factors should be a focus for future study, this review sought to 

synthesize the direct impact of lead exposure on executive functioning. Additionally, this 

review did not include maternal BLLs as a prenatal lead exposure measurement, which 

could have omitted studies examining the relationship between maternal BLLs and executive 

function outcomes. Finally, this review was mostly qualitative in nature and did not examine 

magnitude of association between lead exposure and various executive function outcomes. 

This was done because of the wide variety of executive function assessment tools used by 

the included studies, making direct comparison difficult.

4.6. Implications for future research and practice

Future research is needed to fill methodological gaps in the area of lead exposure and 

executive function research. Overall, further longitudinal study is necessary, ideally 

beginning with prenatal lead exposure assessments and continuing with repeated lead 

exposure and executive function assessment throughout development into adolescence. This 

will allow for the assessment of not only executive function outcomes over time as they 

mature, but also the impact of sustained lead exposure to determine if there is a specific 

developmental period in which lead exposure is most detrimental to executive function. 

Researchers examining the longitudinal relationships between lead and neurocognition 

should consider assessing executive functioning outcomes in addition to general cognition to 

provide a more holistic view of lead's influence on neurocognition. Future studies should 

additionally consider the multiple variables that interplay with executive function 

development and control for these variables to better study the direct relationship between 

lead exposure and executive function. Additionally, robust inclusion of confounding 

variables will also increase researchers' confidence that the effect of lead is causal. Finally, 

the results of this review suggest that low levels of lead exposure significantly impact 

executive function processes in middle childhood. Providers working with children should 

be aware of this relationship and be proactive in assessing children's lead status and 

determining sources of exposure to prevent neurocognitive deficits, as even extremely low 

levels of lead are shown to impair executive function outcomes.

5. Conclusion

The majority of evidence suggests the inverse relationship between low postnatal lead 

exposure and executive function. The most evidence exists for the inverse relationship 

between BLLs and working memory and cognitive flexibility in middle childhood. The 

relationship between BLLs and unitary executive functioning and attention is marginally 

supported. The relationship between BLLs and inhibition, however, was not supported, 

though lack of available studies limits conclusions. Few studies were available assessing 

lead exposure repeatedly over time, limiting conclusions on the impact of sustained 
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exposure. Additionally, change in executive function abilities overtime in relation to lead 

exposure cannot be determined due to lack of longitudinal study with repeated measures. 

The results of this review are limited by the focus on middle childhood populations. Though 

executive function is more fully developed in adolescence, only four studies assessed 

executive function in this time period, limiting conclusions on how lead exposure influences 

executive functioning across development into adolescence. In summary, the results of this 

review suggest an inverse relationship between low postnatal lead exposure and executive 

function in middle childhood, though further research is needed to determine the full extent 

of this relationship across childhood development.
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Appendix

Appendix A.

Search strings by database

Database Search string

PubMed (Pb OR “blood lead” OR “lead exposure” OR “Lead”[Mesh]) AND (“Executive Function”[Mesh] OR 
“Attention”[Mesh] OR “Cognition” [Mesh] OR “executive function” OR “cognitive development” OR 
“cognitive flexibility” OR “attentional control” OR “inhibition control” OR “working memory” OR 
app“neuropsychological tests”)

Embase (‘lead blood level’/exp. OR ‘lead exposure’ OR ‘blood lead’) AND (‘executive function’/exp. OR 
‘executive function’ OR ‘attention’/exp. OR ‘working memory’ OR ‘cognition’/exp. OR ‘cognitive 
development’ OR ‘cognitive flexibility’ OR ‘inhibition control’ OR ‘attentional control’)

PsycINFO (mainsubject.Exact(“lead”) OR “lead exposure” OR “blood lead”) AND (mainsubject.Exact(“executive 
function” OR “cognition” OR “attention”) OR “executive function” OR “working memory” OR 
“inhibition control” OR “cognitive development” OR “cognitive flexibility” OR “attentional control” 
OR “neuropsychological tests”

Scopus TITLE-ABS-KEY ((“blood lead” OR “lead exposure”) AND (“executive function” OR “working 
memory” OR “cognitive development” OR “cognitive flexibility” OR “attentional control” OR 
“inhibition control” OR “neuropsychological tests”))

Google 
Scholar

(“blood lead”) AND (“executive function” OR “working memory” OR “cognitive development” OR 
“cognitive flexibility” OR “attentional control” OR “inhibition control” OR “neuropsychological 
tests”)

Appendix B.

Inclusion and exclusion criteria

Inclusion Exclusion

Population Infants-Adolescents ages 0–20 years old.
No geographic restrictions.

Participants older than 20 years old.

Exposure: 
blood lead 
levels

Sample mean blood lead levels ≤10 micrograms/dl
Cord blood or postnatal lead levels.

Sample mean blood lead levels >10 
micrograms/dl
Dentin or bone lead levels.
Maternal blood lead levels only.

Outcome: 
executive 
function

Assessments of the domains either
1. Cognitive flexibility (shifting)
2. Working memory (updating)
3. Inhibition control (inhibition)

Assessments of ‘general’ cognition or IQ.
Disorder diagnosis (i.e. ADHD, autism, 
etc.)
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Inclusion Exclusion

4. Attention
5. Unitary executive functioning.
Direct child studies or teacher/parent reports.
Individual subtests of general cognition tools.

Assessments of motor, sensory, or auditory 
abilities.

Study design Longitudinal/long-term/Cross-sectional design.
Studies assessing the association between lead 
exposure and executive functioning.
No intervention.
Correlational/observational design.

Studies assessing the combined impact of 
lead exposure and another predictor (ex. 
mercury) on executive functioning.
Studies including an intervention.
Animal studies.

Language Studies written in English. Any other language.

Publication Published paper, dissertations/thesis to reduce 
publication

Editorials, poster presentations, opinion 
pieces.
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Fig. 1. 
PRISMA diagram.
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