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Abstract

Purpose: Study of the relationship between prenatal cocaine exposure (PCE) and executive 

function (EF) has yielded inconsistent results. The purpose of the current study is to examine 

whether PCE, biological sex, environmental risk, and their interaction predicted EF in early 

adolescence.

Methods: 135 12-year-old adolescents (40.7% with PCE), who were followed prospectively from 

birth, attempted up to 8 Tower of Hanoi (ToH) puzzle trials of increasing complexity. The number 

of correctly completed puzzles served as the main outcome measure. Survival analysis was used to 

examine predictors of the number of successfully completed trials.

Results: As trial difficulty increased, fewer adolescents were able to solve the TOH puzzle. 

Adolescents from high risk environments and with either prenatal alcohol or prenatal cannabis 

exposure completed fewer puzzles (p<.05). In addition, a hypothesized 3-way interaction of PCE × 

sex × environmental risk was found such that cocaine-exposed males with high environmental risk 

had the worst performance (p<.01).
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Conclusions: The current findings are consistent with prior research indicating that males with 

PCE may be at particular risk of poorer functioning and highlight the potential importance of 

examining adolescent’s sex and environmental risk as moderators of PCE effects.
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1. Introduction

Executive function (EF) empowers people to organize, plan, control, and change behaviors 

according to circumstances. EF helps them to execute everyday tasks and achieve set goals. 

It is a necessary component of daily function ranging from optimizing behavior in different 

and changing environments to facilitating academic achievements. EF comprises a set of 

four primary skills: working memory, attention control, shifting, and inhibition (Jones et al., 

2016). Although there is still disagreement regarding when EF skills reach full maturation, it 

is generally thought that this process occurs continuously from early childhood to adulthood 

while undergoing sensitive, vulnerable periods (Ready and Reid, 2019; Thompson and 

Steinbeis, 2020). EF has been primarily associated with frontal lobe function, especially the 

prefrontal cortex (PFC), albeit with some parietal involvement (Casey et al., 2000; Guevara 

et al., 2012; Rottschy et al., 2012; Yuan and Raz, 2014). Deficits in EF are associated 

with attention-deficit/hyperactivity disorder, autism, depression, schizophrenia, dementia, 

and traumatic injuries to the brain (Barch, 2006; Demetriou et al., 2018; Foran et al., 

2021; Garon et al., 2018; Hervey et al., 2004; Rüsch et al., 2008; Shakehnia et al., 2021; 

Stuss, 2011; Wagner et al., 2015; Willcutt et al., 2005). EF dysfunction may impact school 

readiness and achievements, language development, and behaviors leading to increases in 

violence and initiation of alcohol use and binge drinking (Cruz et al., 2020; McClelland 

et al., 2013; Morgan, et al., 2019; Nayfeld et al., 2013; Peeters et al., 2015; White et al., 

2017). EF deficits are also associated with externalizing problems (Schoemaker et al., 2013), 

an outcome that youth with prenatal cocaine exposure (PCE) may be at increased risk of 

exhibiting (Bennett et al., 2013; Min et al., 2018).

According to data from the 2018 National Survey of Drug Use and Health (Substance Abuse 

and Mental Health Services Administration [SAMHSA], 2019), past month use of illicit 

drugs by pregnant women was 5.4%, while cocaine use in lifetime among females aged 12 

or older was 11.5%, suggesting that the potential for PCE remains high today.

Early effects of PCE have been studied, however, few studies have examined how PCE 

exposure affects the EF of the offspring of cocaine users. PCE effects at early ages include 

brain grey matter abnormality (Grewen et al., 2014; Huttenlocher and Dabholkar, 1997), 

small head size and intrauterine growth retardation (Bateman and Chiriboga, 2000; Bauer 

et al., 2005; Chiriboga et al., 1999), and neurological and behavioral changes such as 

abnormalities in movement and tone, difficulties in reactivity, regulation and temperament 

(Bendersky and Lewis, 1998; Chiriboga et al., 2007, 1999; Eiden et al., 2009; Richardson 

et al., 2008; Singer et al., 2007). Some physical and brain changes, for instance, smaller 

structural brain volumes, smaller head circumference, reduced weight and height, have been 
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found to persist into late childhood and beyond (Akyuz et al., 2014; Richardson et al., 2015, 

2013). Studies of long term effects of PCE have found increased risk for substance use 

(Delaney-Black et al., 2011; Min et al., 2014; Minnes et al., 2017; Richardson et al., 2019), 

risk taking behaviors in males (Allen et al., 2014), early sexual behavior (Min et al., 2015), 

and externalizing problems (Bennett et al., 2013; Min et al., 2018; Richardson et al., 2011). 

Recent work indicates that young adults with a history of PCE are at increased risk for 

conduct disorder and for being arrested (Richardson et al., 2019).

While multiple studies have found PCE to predict externalizing problems, research 

examining PCE and its association with EF has produced inconsistent results (Buckingham­

Howes et al., 2013). Several studies have found PCE to predict poorer EF performance, 

including Richardson et al. (2015) who found first trimester PCE predicted poorer 

performance on problem solving and abstract reasoning tasks at age of 10. Minnes et al. 

(2016), using caregiver ratings on the Behavior Rating Inventory of Executive Function 

(BRIEF) and child performance on CANTAB Stockings of Cambridge (SOC), found girls 

with PCE performed worse than non-cocaine exposed (NCE) girls and both groups of boys 

at age 15 on SOC test, that involves planning and working memory. They also found girls 

with PCE to have more difficulties in inhibiting behavior and in cognitive flexibility-shifting 

based on BRIEF at age 12, although showing the greatest improvement by age 15. Several 

studies have used a Stroop task, a measure of inhibitory control, to assess EF. Bridgett 

and Mayes (2011) found children with PCE made more errors on a Stroop task at 7 

years, with girls of both groups (PCE and NCE) improving their performance faster than 

boys by 11 years. Furthermore, while no PCE by sex group differences were found on 

the time it took to complete the Stroop task at 7 years, unexposed children had greater 

age-related improvements than children with PCE on time taken to complete the task at 

later visits. Importantly, children with PCE, as well as comparison children without PCE, 

made more errors at 7 years if they were in a high cumulative risk group that included low 

maternal education, highlighting the potential impact of environmental risk. Rose-Jackobs 

et al. (2009), using the Stroop and Rey Osterrieth Complex Figure tasks, found 9.5 and 

11-year-old children with heavy PCE exhibited poorer inhibitory control skills, although 

these deficits were subtle. In contrast to these findings, Betancourt et al. (2011) used a 

computerized Stroop number task and a spatial working memory task at ages 12, 14 and 17 

and found no association between PCE and either inhibitory control or working memory. In 

a subsample from this same study, Hurt et al. (2008) found no PCE-related differences in 

either performance or brain activity using fMRI during an n-back working memory task at 

age 13–14 years. Also using an fMRI task for 21-year-olds, but to assess attention, Willford 

et al. (2018) found no associations between PCE and task accuracy, speed of processing, or 

activation in key brain regions associated with the attention networks. Finally, in the current 

sample, Carmody et al. (2011) found boys with PCE to exhibit more inhibitory control and 

attention errors on a go/no-go task, and to be less likely to complete the task administered 

at 6, 9, and 11 years. Collectively, these studies suggest the possibility that PCE negatively 

impacts EF, but findings are inconsistent and often subtle, perhaps reflecting the unique and 

often only modest to moderate correlations among measures of EF (e.g.,Testa et al., 2012).

The Tower of Hanoi (ToH) is a commonly used, validated EF task that has not yet been 

examined as an outcome in the PCE literature. Although considered to be a planning task, 
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the ToH is also thought to involve subgoal creations, recursions, and use of short-term 

memory for goals and rules, as well as other aspects of working memory, perceptual 

strategy, and inhibition of prepotent response (Ahonniska et al., 2000; Goel and Grafman, 

1995; Zook et al., 2004). The ToH requires participants to move different sized and colored 

disks among 3 pegs until they are in the goal position. It has been validated in studies of 

individuals with a variety of EF-related pathologies, including those with schizophrenia, 

Parkinson’s disease, prefrontal lesions, and intellectual disability (Bustini et al., 1999; Goel 

and Grafman, 1995; Numminen et al., 2001; Vakil et al., 2014), as well as among typically 

developing children (Welsh, 1991), and is associated with activation of the prefrontal cortex, 

the primary region involved in EF (Liang et al., 2016).

Prior research supports that pregnant women who use cocaine are likely to use other 

substances as well, including alcohol, cannabis, and tobacco (Bendersky et al., 1996). Given 

that prenatal exposure to alcohol and tobacco has been shown to predict poorer EF (Khoury 

et al., 2015; Rose-Jacobs et al., 2017), while prenatal cannabis exposure shows mixed results 

(Sharapova et al., 2018), it is important to consider these substances when examining the 

association of PCE with future EF.

In order to examine the potential effects of PCE on EF, the role of the environment needs 

to be considered. Children prenatally exposed to cocaine are more likely to reside in higher 

risk environments, themselves a risk factor for poor EF (Bendersky et al., 1996; Hurt et 

al., 2009). Home environment, maternal education and occupation, and family income are 

each associated with developmental problems and other cognitive outcomes (Biedinger, 

2011; Bradley and Corwyn, 2002; Bradley et al., 2000), and lower socioeconomic status has 

been associated with poor EF (Ardila et al., 2005; Hackman and Farah, 2009; Kishiyama 

et al., 2008). Considering the potential importance of environmental factors on EF, it is 

necessary to include environmental risk in analyses of the association between PCE and EF. 

We used a composite score to evaluate the environment that included multiple variables, 

including family income, maternal education, home structure, family support and stress, 

race, instability of child’s environment, and irregularity of child’s schedule. Moreover, in 

addition to controlling for the effects of environmental risk when examining the association 

of PCE with developmental outcomes, environmental risk may moderate the potential 

impact of PCE. Youth with PCE and those who reside in high-risk environments have 

been found to experience the worst developmental outcomes (Bendersky et al., 2006; Eiden 

et al., 2014). In addition to examining environmental risk as a moderator, child’s sex may 

also moderate the effects of PCE, most often such that exposed boys have more adverse 

outcomes (e.g., externalizing behaviors, increase in marijuanna use, attention difficulties, 

increase in risk-taking behaviors) than exposed girls, including in the current sample (Allen 

et al., 2014; Bennett et al., 2013; Kestler et al., 2012; Minnes et al., 2017).

The purpose of the current study is to examine whether PCE, both independently and 

in conjunction with adolescent’s sex and environmental risk, predicts EF during early 

adolescence. Given prior research, we hypothesized that: a) PCE would be associated with 

worse EF; and b) the association between PCE and EF performance on the ToH task would 

be moderated by high environmental risk and male sex. In testing these hypotheses, the 
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effects of other prenatal substances (alcohol, cigarettes, and cannabis) were covaried given 

their own potential effect on EF (Mattson et al., 2019; Oh et al., 2020).

1. Methods

2.1. Participants

Participants were from a longitudinal cohort study recruited at birth examining 

developmental outcomes associated with PCE. Pregnant women from hospital-based 

prenatal clinics or those newly delivered were approached between February 1993 and 

December 1995 in Philadelphia, PA and Trenton, NJ. Newborns were excluded from the 

study if they were born before 32 weeks of gestation, required NICU care or oxygen 

therapy for more than 24 hours, had congenital abnormalities, were exposed to opiates 

or phencyclidine in utero, or their mothers were diagnosed with HIV. Participation was 

voluntary, and incentives were provided at each visit in the form of 30$ vouchers for use 

at local stores. The study was approved by the Institutional Review Boards of participating 

institutions, and informed consent was obtained at the time of the study from the child’s 

legal guardian.

135 adolescents completed the Tower of Hanoi task at age of 12 (M= 12.6 years, SD=0.19). 

Maternal ethnicity was as follows: 91.1% African American, 6.7% Caucasian, 1.5% 

Hispanic, and 0.7% Asian. Out of participants seen at the 4 months lab visit, 72 moved 

out or could not be located, 41 had no ToH data, and 10 were too young to participate, at 

under 12 years old. Analysis of subjects without data did not differ from subjects originally 

recruited on prenatal cocaine exposure, sex or environmental risk. Imputation for missing 

data produced similar findings to the subjects reported.

2.2. Procedure

Recruited children were brought to the lab by their parents. During their first year, they were 

seen every 4 months, thereafter, every 6 months, excluding 9.5 year visit, which allowed 

about 30 visits in total. All lab sessions were videotaped through a one-way mirror. Research 

staff were blind to participant prenatal exposure status.

2.3. Measures

2.3.1. Maternal prenatal substance use—Maternal substance use was obtained 

by semi-structured interviews within 2 weeks of the infant’s birth. Interviews were 

administered by substance abuse counselors, or study personnel trained in substance use 

interview techniques. Amounts were assessed and each scored on a scale based on the 

number of drinks consumed, cigarettes or cannabis joints smoked, and how many grams 

of cocaine and in what form it was used per day. PCE was confirmed by analysis of 

the newborn’s meconium for the presence of benzoylecgonine (cocaine metabolite) using 

radioimmunoassay followed by gas chromatography/mass spectrometry. Prenatal cocaine 

exposure was determined based on maternal interview and/or newborn meconium sample 

analysis. By maternal report 40.7% of mothers used cocaine, 90.2% of whom also used 

other substances (40.0% used alcohol and cigarettes, 14.5% used alcohol, 12.7% smoked 

cigarettes, and 25.5% used other combinations of substances, including cannabis), which is 
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consistent with published literature (Richardson et al., 2002). Among mothers who did not 

use cocaine, 10.0% smoked cigarettes, 7.5% used alcohol and cigarettes, 6.3% used alcohol, 

and 2.5% used other combinations of alcohol, cigarettes and cannabis. Cocaine use was 

associated with greater use of cigarettes (r =.54, p=.01) and alcohol (r =.33, p=.01), but not 

cannabis use (r =.16, p=.075).

2.3.2. Environmental Risk—Environmental risk was assessed using a cumulative risk 

score. Prior research has found such cumulative risk scores to explain more variance in child 

and adolescent outcomes than single factor scores (Atzaba-Poria et al., 2004; Bendersky and 

Lewis, 1994; Deater-Deckard et al., 1998; Sameroff et al., 1987). Moreover, such aggregate 

variables are more stable than individual ones and there is increased power to detect effects 

of the environment as errors of measurement decrease when scores are summed and degrees 

of freedom are preserved (Burchinal et al., 2000; Wachs, 1991). Environmental risk scores 

were created by converting each individual variable to a z-score at each of time points, and 

then summing the mean z-scores across each of nine time points (from birth to age 13) with 

higher numbers indicating greater risk. The score included: family life stress in the past 6 

months using the Social Environment Inventory (Orr et al., 1992); maternal social support 

network size based on the Norbeck Social Support Questionnaire (Norbeck et al., 1981); the 

irregularity of the child’s schedule (e.g., variability as to when the child woke up, ate, went 

to sleep during the past week); the instability of the child’s surroundings (e.g., the number 

of changes in the room in which the child slept, who lived in the house, etc., during the past 

6 months) from the Family Chaos Scale; single parenthood (single parent associated with 

higher risk); maternal education (number of years of education, reverse scored); maternal 

race (African American associated with higher risk given the potential exposure to racism 

and structural disadvantage); and public assistance status (whether the family received Aid 

to Families with Dependent Children [AFDC] or, later, Temporary Assistance to Needy 

Families [TANF] funding). This cumulative risk score has been used in prior reports from 

the current study (e.g., Allen et al., 2014; Bendersky et al., 2006; Bennett et al., 2008, 2013; 

Carmody et al., 2011).

2.3.3. Tower of Hanoi—The ToH puzzle consists of 3 pegs on a wooden board, and 

5 different-sized disks that need to be stacked according to a series of rules: 1) a larger 

disk cannot be placed atop a smaller one; 2) only one disk can be moved at a time; and 

3) aside from the disk being moved, all other disks must remain on a peg. To complete 

each ToH trial, subjects (Ss) must move disks from their initial position to a different final 

configuration. In addition, a) if at any time a subject began to make an illegal move, the 

examiner stopped him/her and gave a reminder of the rules while noting that the illegal 

move did not count as a move; and b) if the Tower was built on the wrong peg, the 

examiner repeated the rules, and encouraged Ss to move the whole tower, using only legal 

moves, to the correct peg. The first trial was initiated only after Ss learned all rules and 

successfully completed a practice trial of a 5-disk, 2 move ToH puzzle after the puzzle 

solution was demonstrated to the children. The ToH task was stopped if Ss failed to solve 

2 consecutive trials, with failure defined as Ss either not solving the puzzle after 100 

moves or making no move for a period > 60 sec. Ss had the opportunity to solve each 

of 8 trials that were administered on the same day and were videotaped. The trials were 

Karpova et al. Page 6

Neurotoxicol Teratol. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



administered in ascending order of complexity. The optimal number of moves needed to 

solve a puzzle increased from 10 to 31 over the 8 trials, reflecting the increased difficulty 

for each subsequent trial. Gradually increasing complexity, which has been used previously 

(Goel and Grafman, 1995; Emick and Welsh, 2005; Welsh, 1991; Welsh et al., 1999), 

allowed Ss to learn strategies and provided an opportunity to apply newly learned skills 

when faced with more complex trials. The number of trials solved correctly served as the 

primary measure of EF in our study, with correct completions of each trial presented for 

descriptive purposes.

2.4. Data analysis

Given the change in performance as a function of increased task complexity, a discrete 

time survival analysis on the number of decreasing Ss who correctly completed trials was 

used. Latent variable modeling (Raykov et al., 2017) was used to examine the effects 

of PCE, environmental risk, sex, and their interactions on the adolescent’s ability to 

complete the tasks across all 8 trials. Different from the traditional Cox regression model 

for survival analysis, recent advances in latent variable modeling have provided unique 

analytic advantages to researchers interested in survival time modeling (Muthen and Masyn, 

2005, Raykov et al., 2018a, 2018b). Like any other latent variable modeling, discrete time 

survival analysis via latent variable modeling could offer “the opportunity to account for 

measurement error” (Raykov et al., 2017), as the latent variable (i.e., propensity for the 

event) is extracted from multiple indicators (i.e., observations in discrete time points). 

Additionally, in traditional survival analysis an event is defined as the only appearance of 

the interested act (e.g., death, high school dropout); in contrast, in latent variable modeling, 

and in the case of our study, an event (failing of the particular ToH trial, which was coded 

as “0”) was not defined by one observed wrong response. Rather, Ss needed to demonstrate 

two consecutive wrong responses from two discrete time points of observation to end the 

task. Thus, the event history of a subject may include multiple 0s and 1s (with “1” coded as 

a success on a particular trial), rather than only 0s before ending in two failed trials, which 

indicates the occurrence of the event. Accordingly, the latent variable modeling was chosen 

because it allowed the inclusion of correctly and incorrectly solved trials before the event 

occurrence. The model was estimated using Mplus software version 7 (Muthén and Muthén, 

1998–2008).

3. Results

3.1. ToH Trial Completion

Successful ToH trial completion served as our outcome of interest. Table 1 presents the 

number of subjects who successfully solved trials by sex and by PCE status.

3.2. EF as a function of PCE, environmental risk, and sex: Survival analysis

Our modeled latent factor, which we called the propensity to succeed in the ToH trials 

as they become more difficult, was abstracted from 8 indicators (i.e., Ss were assigned a 

score of 1 or 0 on each of the 8 trials, with 1 indicating success and 0 failure). Table 2 

presents estimates for the unique covariate effects on the Propensity to Succeed. Table 3 

presents the results of the survival analysis. As shown in the Table 3, there was no main 
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effect for PCE, nor for prenatal cigarette exposure or sex in predicting ToH performance. 

Environmental risk (p=.038), however, as well as prenatal alcohol exposure (p=.039) and 

prenatal cannabis exposure (p=.002), were each associated with EF. Specifically, adolescents 

with greater environmental risk, prenatal alcohol exposure, and prenatal cannabis exposure 

were each less likely to successfully complete ToH tasks.

There was also support for the hypothesized 3-way interaction between PCE × sex × 

environmental risk on adolescent’s EF performance (p=.004), indicating that being a male 

prenatally exposed to cocaine and growing up in a higher risk environment resulted in worse 

ToH performance. Figures 1a and 1b illustrate the 3-way interaction between exposure × 

sex × environmental risk. This interaction was independent from the effects of cannabis 

and alcohol. In addition, there were two non-significant trends for 2-way interactions for 

environmental risk × sex (p=.082) and environmental risk × PCE (p=.054) in predicting the 

propensity to succeed. Specifically, males from high-risk environments and adolescents with 

a history of PCE from a high-risk environment tended to perform worse on the ToH.

4. Discussion

The purpose of our study was to examine the long-term effects of prenatal cocaine 

exposure and its interactions with both sex and environmental risk. We found that higher 

environmental risk was associated with less likelihood of correctly solving ToH tasks. This 

finding is consistent with research highlighting how environmental factors affect children’s 

development, behavior, and cognitive abilities (Bendersky and Lewis, 1994; Bennett et 

al., 2013; Marsh et al., 2020; Ruiz et al., 2016). Due to its importance, the American 

Academy of Pediatrics advocates for pediatric screening of children and their families for 

environmental, family, economic, and social conditions (ex., Garner et al., 2012, reaffirmed 

2016).

While there are no significant sex differences in executive function in typically developing 

children (Grissom and Reyes, 2019), our findings of male adolescents with PCE struggling 

the most with tasks of increasing difficulty are unique in the EF literature and highlight the 

potential importance of examining moderators of PCE. ToH puzzles, with their escalating 

complexity, required our Ss to plan, use, and apply newly built knowledge from previously 

solved trials in order to reach their final goal in subsequent trials. In our sample, males with 

PCE who had higher environmental risk scores independent of other teratogenic exposures, 

such as alcohol and cannabis, were more likely to struggle to complete all 8 trials correctly 

when the demand on their cognitive function was increased due to the escalating complexity 

of the task. Our sex specific findings of males with PCE demonstrating a worse completion 

rate differ from findings by Minnes et al. (2016), who found poorer EF performance 

among girls but not boys with PCE. Our findings, however, are consistent with an earlier 

report from the current sample in which males with PCE exhibited worse performance on 

inhibitory control and attention (Carmody et al., 2011).

Prenatal alcohol and cannabis exposure may also affect EF among youth. We found that 

adolescents who were prenatally exposed to alcohol had worse EF performance, consistent 

with prior research reporting deficits in some EF domains (Khoury et al., 2015; Kingdon 
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et al., 2016). Long-term effects of cannabis on EF have been less often studied. The 

National Academies of Sciences, Engineering and Medicine in its report on cannabis effects 

did not identify clear evidence of prenatal exposure on later child outcomes (NASEM, 

2017). A recent review of research publications on outcomes in children 1– 11 years 

by Sharapova et al. (2018) found varied associations ranging from none to negative and 

positive between prenatal cannabis exposure and neuropsychological functioning. Smith et 

al. (2016), using fMRI during four EF tasks in young adults, reported no differences in 

performance between exposed and non-exposed participants, but did report greater neural 

activity in the postcentral gyrus, the cuneus, the middle occipital gyrus, and the posterior 

cingulate depending on EF task among those prenatally exposed to cannabis. Thus, our 

finding regarding prenatal cannabis exposure affecting successful completion of ToH adds to 

the growing literature suggesting a possible subtle, long-term effect on EF.

It has been theorized that the ToH puzzle may involve two strategies: one is “goal­

recursive”, involving planning and creating subgoals that are held in working memory 

to reach the end-goal; and the second is perceptual, where making a move brings a 

person perceptually closer to the final goal. The perceptual strategy is thought to involve 

inhibitory executive processes because the individual inhibits counterintuitive moves, which 

are necessary for a more effective and shorter puzzle solution. It is believed that this 

strategy is used more often because it is less mentally demanding and does not involve 

holding subgoals in memory (Miyake et al., 2000). Though the extent to which our subjects 

used each of these strategies is unknown, we can speculate that while overall there were 

no main effects for PCE, males with PCE from high-risk environments may have had 

greater difficulty on the ToH because of deficits in their perceptual reasoning or inhibitory 

control skills (Carmody et al., 2011; Singer et al., 2004; 2008; 2018). These shortfalls could 

possibly stem from structural differences in the brain due to prenatal cocaine exposure 

(Lebel et al., 2013; Roussotte et al., 2012).

The current study has several limitations. First, our findings do not necessarily apply to 

children of different ages, racial, ethnic, or cultural groups. Second, EF is a broad construct 

and as such our findings do not necessarily generalize to tasks that may assess somewhat 

distinct aspects of EF. Third, like most studies of PCE, we have examined maternal 

substance use while pregnant. However, there is some evidence from animal studies that 

paternal cocaine exposure can also affect the offspring’s cognitive, behavioral, and physical 

functioning (He et al., 2006; Killinger et al., 2012; White et al., 2016; Yaw et al., 2018), 

possibly due to epigenetic changes (Vassoler et al., 2013). Future research is needed to 

examine the relative contributions, if any, of paternal vs. maternal substance use at the time 

of conception as well as throughout the prenatal and postnatal periods. Fourth, the size of the 

current sample is modest, limiting our statistical power to examine interaction effects. Fifth, 

the current findings examined the association between PCE and EF as indicated by the ToH 

and may not necessarily generalize to other measures of EF. Sixth, while our environmental 

risk composite score included multiple risk factors, additional risks (e.g., abuse and neglect) 

that might affect EF were not included.
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5. Conclusion

This is the first study to examine PCE as a predictor of EF using the ToH puzzle in 

adolescents. Our results highlight the potential role of environmental risk on EF, with males 

with high environmental risk and PCE being most affected, consistent with prior research 

(Allen et al., 2014; Bendersky et al., 2006; Bennett et al., 2013; Carmody et al., 2011).

The results add important information to our understanding of the complex relationships 

among a growing child’s environment, prenatal exposures, and the potential vulnerability of 

male sex. It will be important to replicate these findings and to disseminate this knowledge 

to the medical, educational, and public health, and policy communities to best direct 

preventive, educational and supportive measures to this population at greatest risk for EF 

deficits.
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Highlights

• Environmental risk has a potential negative role on adolescents’ executive 

function

• Prenatal alcohol and cannabis exposure may affect executive function

• Males with prenatal cocaine exposure from high risk environments had poorer 

executive function
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Fig. 1a. % of Subjects with low environmental risk* score who completed each trial by exposure 
status and sex
NE = non-exposed to cocaine prenatally, E = exposed to cocaine prenatally.

*For the sake of visual representation ER was divided into high and low risk at the median.
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Fig. 1b. % of Subjects with high environmental risk* score who completed each trial by exposure 
status and sex
NE = non-exposed to cocaine prenatally, E = exposed to cocaine prenatally.

*For the sake of visual representation ER was divided into high and low risk at the median.
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Table 1.

Number of subjects solving trials as a whole, by sex and exposure

Trials # of subjects solving trials correctly (n-135)
# of subjects solving trials by sex # of subjects solving problems by exposure

F (n-61) M (n-74) PCE (n-55) NCE (n-80)

1 132 60 72 53 79

2 131 59 72 53 78

3 122 56 66 47 75

4 116 53 63 44 72

5 116 56 60 43 73

6 96 46 50 40 56

7 100 48 52 37 63

8 98 45 53 36 62
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Table 2.

Covariance Convergence Matrix on the Propensity to Succeed scores

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Trial 8

Trial 1 0.985

Trial 2 0.985 1.000

Trial 3 0.985 1.000 1.000

Trial 4 0.985 0.993 0.993 0.993

Trial 5 0.978 0.993 0.993 0.985 0.993

Trial 6 0.978 0.993 0.993 0.985 0.993 0.993

Trial 7 0.978 0.993 0.993 0.985 0.993 0.993 0.993

Trial 8 0.956 0.970 0.970 0.963 0.970 0.970 0.970 0.970

Neurotoxicol Teratol. Author manuscript; available in PMC 2022 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Karpova et al. Page 22

Table 3.

Propensity to Succeed on Tower of Hanoi trials as a function of child sex, prenatal substance exposure, and 

environmental risk: survival analysis

Estimate S.E Est/S.E. P-value

Sex (0=Female, 1=Male) −0.342 0.449 −0.763 0.446

Environmental risk −2.219 1.071 −2.072 0.038

Prenatal cocaine exposure −0.044 0.621 −0.070 0.944

Prenatal alcohol exposure −0.178 0.086 −2.063 0.039

Prenatal cannabis exposure −0.249 0.078 −3.174 0.002

Prenatal cigarettes exposure −0.008 0.020 −0.377 0.707

Sex x cocaine exposure −0.402 0.711 −0.566 0.572

Sex x Environmental risk 2.155 1.237 1.742 0.082

Cocaine exposure x Environmental risk 3.093 1.606 1.926 0.054

Sex x Environmental risk x Cocaine exposure −5.661 1.942 −2.915 0.004
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