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Abstract

Polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) are ubiquitous 

environmental chemicals that have long half-lives. Humans are exposed to PCBs and PBDEs 

mainly through diet, and relative to other populations, those who consume sport-caught fish 

generally have elevated body burdens. Numerous studies have found associations between prenatal 

exposure to these chemicals and neurodevelopmental deficits, but there are few studies assessing 

the impact of exposure during adolescence, a period of rapid development of executive functions. 

We assessed executive functions in adolescents at risk for exposure to PCBs and PBDEs through 

consumption of fish from the Lower Fox River and other contaminated waters in northeastern 

Wisconsin. Between 2007 and 2012, a sample of 115 12–18-year-old children was recruited from 

households in the Green Bay, WI area in which at least one parent held a WI fishing license. 

We assessed associations of total PCBs and total PBDEs, as well as the predominant individual 

congeners (PBDE 47 and 153; PCB 138/163, 153 and 180) with performance on four tests 

from the Cambridge Neuropsychological Test Automated Battery (CANTAB): Intradimensional/

Extradimensional Set-Shifting (ID/ED) which assesses cognitive flexibility, Delayed Matching to 

Sample (DMS) which assesses visual recognition memory, Spatial Working Memory (SWM), and 

Stockings of Cambridge (SOC) which assess planning and working memory. In addition to the 
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exposure and outcome variables, multivariable regression models included the child’s age, sex and 

IQ score as well as a sex by exposure interaction term. All of the children were non-Hispanic 

whites and most parents were married, employed, and had at least some college. After adjusting 

for serum lipids, the GM (GSD) for total PCBs (ng/g) was 30.83 (2.46), and the GM (GSD) 

for the predominant PCB congeners PCB 138/163, PCB 153, and PCB 180 were 4.60 (2.39), 

5.43 (2.37), and 1.01 (2.71), respectively. The GM (GSD) for total PBDEs (ng/g) was 26.82 

(3.30), and the GM (GSD) for the predominant PBDE congeners PBDE 47 and PBDE 153 were 

16.64 (2.94) and 3.95 (3.43), respectively. For both chemicals, the primary finding of the negative 

binomial regression analyses was that higher blood serum concentrations were associated with 

poorer cognitive flexibility as measured on the ID/ED task. In particular, the PCB x sex interaction 

p-value was 0.08, and stratifying by sex demonstrated that males with higher blood serum total 

PCB concentrations (β = 2.20, 95% CL: 1.16, 4.16, p = 0.02) took more trials to complete the 

ID/ED task, while both males and females with higher total PBDE concentrations (β = 1.74, 95% 

CL: 1.25, 2.42, p = 0.001) took more total trials to complete the task. Higher serum total PCB 

concentrations were also associated with more errors on the DMS task (β = 1.15, 95% CL: 1.00, 

1.31, p < 0.05). These findings suggest that exposure to PCBs or PBDEs during adolescence 

may be associated with impaired cognitive flexibility and that adolescent PCB exposure may be 

associated with visual recognition memory deficits.
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1. Introduction

Polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) are 

ubiquitous chemicals associated with neurodevelopmental deficits (Lam et al., 2017; Pessah 

et al., 2019). PCBs and PBDEs have similar molecular structures and are persistent in 

the environment. PCBs were used in numerous industrial capacities (Ross, 2004) and are 

still byproducts in the manufacture of paint pigments (Grossman, 2013). Older buildings 

containing PCBs in caulking and fluorescent light ballasts continue to contribute PCBs 

to ecosystems (Hornbuckle and Robertson, 2010). PBDEs were primarily used as flame 

retardants in consumer products, including furniture and electronics (de Wit, 2002; Rahman 

et al., 2001). Though production was phased out, many consumer products containing 

PBDEs are still in use.

Humans are exposed to PCBs and PBDEs mainly through diet (Agency for Toxic Substances 

and Disease Registry, 2017; Centers for Disease Control and Prevention, 2009), although 

house dust is also a source of exposure to PBDEs (Whitehead et al., 2014; Whitehead et 

al., 2013). Those who consume fish from contaminated waters typically have elevated PCB 

and PBDE blood concentrations (Anderson et al., 2008; Schaeffer et al., 2006; Turyk et al., 

2012).

Developmental exposure to PCBs or PBDEs has been associated with cognitive deficits, 

and evidence suggests that executive functions are particularly vulnerable to disruption 
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(Eubig et al., 2010; Pinson et al., 2016; Vuong et al., 2020). Executive functions refer 

to a set of abilities—including working memory, attention control, mental set shifting or 

cognitive flexibility, and impulse inhibition—controlled by the prefrontal cortex that allow 

individuals to plan steps necessary to achieve a desired goal, keep these steps in mind while 

acting on the goal, monitor their progress, and adjust the plan as appropriate (Aguiar et al., 

2010; Berthelsen et al., 2017). Prenatal PCB exposure has been associated with deficits in 

executive functions including working memory, cognitive flexibility, and response inhibition 

(Boucher et al., 2009; Eubig et al., 2010; Jacobson and Jacobson, 2003; Stewart et al., 2003; 

Stewart et al., 2006).

Concerning PBDEs, evidence (Lam et al., 2017; Vuong et al., 2020) from studies examining 

prenatal (de Water et al., 2019; Eskenazi et al., 2013; Zhang et al., 2017) as well as postnatal 

exposure (Eskenazi et al., 2013; Vuong et al., 2017) suggests that PBDEs impair executive 

functions. Specifically, prenatal PBDE exposure has been associated with poorer attention 

at 5–7 years (Eskenazi et al., 2013; Roze et al., 2009) and poorer attention and working 

memory at 9 and 12 years (Sagiv et al., 2015).

Animals perinatally exposed to PCBs or PBDEs also show executive function deficits. 

Impaired cognitive flexibility and response inhibition were reported in perinatally PCB-

exposed rats and monkeys (Eubig et al., 2010). Similarly, perinatal PBDE exposure was 

associated with deficits in memory and response inhibition in rats and mice (Pinson et al., 

2016). In summary, studies in both humans and animals suggest that pre- or perinatal PCB 

or PBDE exposure causes persistent adverse impacts on executive functions.

Few studies have examined the impact of exposure to these contaminants during 

adolescence, another critical period of brain development characterized by certain 

developmental changes, including neural specialization and maturation of processes in 

the prefrontal cortex which result in more efficient and effective executive function 

processes (Berthelsen et al., 2017; Crews et al., 2007; Luna, 2009). As they gather 

experience in monitoring their performance, learning from feedback, reasoning relationally, 

and integrating more contextual information, adolescents increase their capacity to control 

attention, manipulate information in memory (i.e., working memory), and be flexible when 

making decisions (Berthelsen et al., 2017). Due to these significant neurodevelopmental 

changes, the adolescent brain may be uniquely vulnerable to the adverse effects of 

contaminant exposure.

Few studies have examined the relationship between PCB or PBDE concentrations 

in adolescents and cognitive function. Newman et al. (2006) found that serum PCB 

concentrations were associated with impaired long-term memory and reasoning ability in 

adolescents from the Akwesasne Mohawk Nation cohort which consisted of 10–17-year-

olds that were exposed prenatally and concurrently to PCBs through consumption of 

contaminated fish and wild game (Newman et al., 2006; Newman et al., 2009) but they did 

not directly assess executive functions that mature during adolescence. PBDE serum levels 

in Flemish adolescents were negatively associated with motor function but not attention, 

information processing, or memory (Kiciński et al., 2012). The paucity of data on adolescent 
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exposure to these contaminants highlights the need for research on the impact of exposure 

during this critical period of neurodevelopment.

We hypothesized that PCB or PBDE exposure during adolescence would be associated 

with impairments in executive functioning. To address this, we assessed neuropsychological 

function in adolescents 12–19-years-of-age at risk for elevated exposure to PCBs and 

PBDEs through consumption of fish from the Lower Fox River and other contaminated 

waters in northeastern Wisconsin. We measured blood serum concentrations of PCBs and 

PBDEs and assessed the association of each contaminant with performance on the following 

tests of executive function from the Cambridge Neuropsychological Test Automated Battery 

(CANTAB): Intradimensional/Extradimensional Set-Shifting (ID/ED), Delayed Matching to 

Sample (DMS), Spatial Working Memory (SWM), and Stockings of Cambridge (SOC).

2. Materials and methods

Between 2007 and 2012, a sample of 12–19-year-old children were recruited from 

households in the Green Bay, Wisconsin area. Potential participants were identified through 

the Wisconsin Department of Natural Resources licensed angler database as having a valid 

Wisconsin fishing license during the 2006–2007 fishing season. They were Wisconsin 

residents who purchased fishing licenses in 2006–2007 and checked a box indicating that 

they gave permission for the release of their identifying information to outside parties, 

including biomedical researchers. We identified 15,528 households located in 8 zip codes 

within the greater Green Bay and De Pere metropolitan areas in northeastern Wisconsin 

with at least one licensed angler 32–65 years of age, so as to increase the chance of finding 

parents of adolescent children.

Of the 15,528 households, 6930 (45%) randomly selected homes received a letter explaining 

the study. Letters were mailed in batches of 200–500 every few months between March 2007 

and August 2011, and were followed by a phone call to determine if there were eligible 

children in the home and, if so, their willingness to participate. Eligible children had to 

be 12–19-years-of-age at the time of testing, fluent in English, and have a parent holding 

a current Wisconsin fishing license. Exclusion criteria included any health or physical 

condition (e.g., blindness, deafness, or inability to use hands) or a cognitive condition (e. 

g., a severe learning disability) that would significantly hinder performance on our battery 

of tests designed to measure learning, memory and problem-solving skills. We were able to 

connect via phone with 4478 (65%) of the homes that were sent the informational letter: 658 

(15%) refused to talk with us; 3206 (72%) were ineligible; and 614 (17%) were eligible. 

Out of the eligible households, 475 (77%) declined participation and 37 (6%) asked us for 

more time to decide but never gave us a final answer. Of those who declined participation, 

only 142 (30%) households agreed to answer a brief demographics and fish consumption 

questionnaire that also included a question about their reason for declining participation in 

the study: 47% of families said they were too busy; 18% did not want to do the blood 

draw; 17% said they did not eat fish; 10% did not specify a reason; 5% declared lack of 

interest sometimes elaborating that they were not concerned about chemical exposure from 

consumption of fish; and 3% gave other reasons.
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The final sample for the study included 116 children from 102 households. Of the 116 

adolescents that enrolled in the study, one was removed from all analyses because this 

participant did not have exposure data, yielding a final sample of 115 adolescents from 

102 households. All procedures were approved by the Institutional Review Boards (IRB) 

of the University of Illinois at Urbana-Champaign and Michigan State University, and all 

participants gave written informed consent (parents and children 18-years-of-age or older) or 

assent (children under 18-years-of-age).

2.1. Neuropsychological testing

Children were administered several tests from the Cambridge Neuropsychological Test 

Automated Battery (CANTAB; Cambridge Cognition Ltd.), which contains a variety of 

tests that assesses a wide range of cognitive domains including memory, attention, and 

executive function (Fray and Robbins, 1996). The CANTAB tests were administered by 

local study staff who were trained by a developmental psychologist on the study team 

(coauthor, Dr. Aguiar). They used specific instructions for the children provided in the 

CANTAB manual. All testing was done outside of school hours at our research field office 

in Green Bay. Tests were administered using a computer with a touchscreen. This paper 

focuses on a subset of the CANTAB tests specifically designed to assess executive functions, 

including the Intradimensional/Extradimensional (ID/ED) set-shifting test which assesses 

cognitive flexibility, the Delayed Matching to Sample (DMS) and Spatial Working Memory 

(SWM) tests which assess working memory, and the Stockings of Cambridge (SOC) test 

that assesses planning and working memory (see Fig. 1). CANTAB has been used in both 

pharmaceutical as well as academic research in several areas including CNS, neurology, 

and psychiatry studies. The instrument is validated by 30 years of neuroscience research 

conducted around the world with diverse populations, resulting in over 2500 peer-reviewed 

articles (Cambridge Cognition, 2022). Other studies assessing associations of chemicals 

with performance on executive functioning have found the CANTAB tests to be sensitive to 

the effects of exposure (Canfield et al., 2004; Frndak et al., 2019).

2.1.1. Intradimensional/Extradimensional set-shifting (ID/ED)—The ID/ED set-

shifting test assessed how quickly one learns rules for identifying the correct stimulus 

by attending to a specific stimulus dimension and how quickly one learns new rules by 

shifting attention to a previously irrelevant stimulus dimension. The series began with 

participants learning a simple shape discrimination (SD; one of two shapes was the correct 

one), followed by 8 subsequent stages (see Table 1). First, there was a simple reversal (SR) 

in which the opposite shape became the correct one. Then an additional, but irrelevant 

dimension (i. e., white lines next to or superimposed on the shapes) was introduced 

(compound discriminations; CD1; CD2). The same shape was still correct regardless of 

what line it was paired with. Then, an intra-dimensional shift (ID) took place in which 

new shapes and lines were presented, but shape was still the relevant dimension (i.e., one 

of the two shapes was correct regardless of what line it was paired with). Subsequently, 

an intra-dimensional reversal (IR) was introduced whereby the other, previously incorrect 

shape was now the correct one (Fig. 1A). In the next stage, an extradimensional shift (ED) 

occurred in which the lines became the relevant stimulus dimension (one of the two lines 

was correct regardless of which shape it was paired with). In the final stage, the same shapes 
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and lines from the previous stage were presented, but the opposite line was now correct 

(extradimensional reversal; ER). Participants progressed through the test by satisfying a 

criterion of 6 consecutive correct responses at each stage. If at any stage the participant 

failed to reach this criterion after 50 trials, the test terminated. The dependent variables for 

the ID/ED test included the number of trials to criterion at each stage and the total number of 

trials to complete all stages of the test.

2.1.2. Delayed matching to sample (DMS)—The DMS test assessed immediate and 

short-term visual recognition memory. There were 40 trials, and in each trial, the participant 

was shown a complex visual pattern (the sample) and then four patterns were displayed, 

wherein only one correctly matched the sample. The participant was instructed to select the 

matching pattern. The sample and the choice patterns were shown either simultaneously or 

with a delay of 0, 4 or 12 s between removing the sample pattern and presenting the choice 

patterns (Fig. 1B). If their first choice was incorrect, the participant had to make a second 

choice, and so on until a correct choice was made. The test continued until the participant 

completed all test trials. The number of incorrect choices as well as latency (milliseconds) to 

make incorrect choices were assessed.

2.1.3. Spatial working memory (SWM)—The SWM test assessed spatial working 

memory and strategy. The test began with the presentation of 3 colored “boxes.” The 

number of boxes displayed on the screen increased to 4, 6, and finally 8 on later sets. The 

participant was instructed to touch each box until one containing a blue token was found 

(considered a search). When the blue token was found, the participant was instructed to 

begin a new search for the next blue token, which could be in any of the boxes that were 

empty in the previous searches within that set (Fig. 1C). A box containing the blue token 

in a previous search would not contain a blue token on any future search within that set. 

Thus, returning to that box counted as an error. The set size (3, 4, 6 or 8 boxes displayed) 

corresponded to the number of tokens to be found in each set. The dependent variables were 

the total number of errors in a set, total number of responses in a set, and the total time to 

complete each set.

2.1.4. Stockings of Cambridge (SOC)—The SOC assessed planning and working 

memory. The participant was shown 2 displays containing 3 colored balls stacked in 

“stockings” suspended from a beam. The participant had to use the balls in the lower display 

to copy the pattern shown in the upper display using as few moves as possible. In the first 

part of the test, planning ability was assessed by measuring the time taken to start making 

moves and the number of moves made to reproduce the upper display. The number of moves 

required to copy the pattern in each problem gradually increased in difficulty from 2 to 5 

moves (Fig. 1D). In the second part of the test, the time to execute the moves was measured 

by having the participant copy the moves done by the computer in the upper display. This 

procedure controlled for motor performance. The difference between the times to initiate 

a move in the first part versus the second part of the test was considered an index of the 

“thinking time” that the participant took to plan a solution. If the participant made more than 

double the number of moves needed to solve the problem, the problem was terminated. If 
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3 problems in a row were terminated, the entire test ended. The dependent variables were 

thinking time (milliseconds) and the number of moves to completion.

2.2. Serum PCB and PBDE concentrations

A blood sample was collected from each participant by a trained phlebotomist at 

our research field office in Green Bay within two weeks after the neuropsychological 

assessment. Samples were analyzed for PCBs and PBDEs using a modification of the 

method described by Greizerstein et al. (1997) and also described in Kostyniak et al. (2005) 

and Woods et al. (2012). Briefly, PCB and PBDE congeners were extracted from the serum 

using pressurized liquid (n-hexane) extraction. The extract was evaporated to a final volume 

of 0.2 mL for PCB analysis (PCB congeners 30 and 204 added as internal standards) and 

further concentrated to 0.1 mL for PBDE analysis (BDE-118 added as internal standard) 

prior to chromatographic analysis.

A total of 97 PCB congeners and 7 PBDE congeners were measured. Selection of 

PCB congeners to analyze was based on knowledge about which congeners were used 

in commercial PCB mixtures and were most likely to be detected in environmental or 

human samples. For PBDEs, not as many congeners were used commercially. The 7 PBDE 

congeners that were detected in >60% of National Health and Nutrition Examination Survey 

participants (PBDE 28, 47, 99, 100, 153, 154, and 183) (Sjödin et al., 2008) were analyzed 

in the current study.

Total PCBs or PBDEs in serum were normalized for lipid content in sample matrices. 

Total PCBs or total PBDEs (ng/g) in each sample were calculated by summing individual 

congener concentrations detected in the serum sample. Lipid adjusted PCB or PBDE values 

(ng/g lipids) were obtained by dividing the total concentration by the concentration of lipid 

in the serum. PCB and PBDE concentrations in serum followed a log-normal distribution. 

Data were analyzed using both lipid adjusted and unadjusted values, as the use of lipid 

adjusted values only has been questioned (Schisterman et al., 2005); however, the findings 

were similar, and thus only results using lipid adjusted values are reported here.

In addition to total PCBs and total PBDEs, we examined congeners that were detected in at 

least 90% of the children. These were: PCB 138/163, PCB 153, PCB 180, PBDE 47, and 

PBDE 153. There were no machine read values for congener concentrations below the level 

of detection (LOD). For measurements below the LOD, the concentrations were replaced 

with LOD/√2 (Hornung and Reed, 1990). As with the total PCBs and total PBDEs, congener 

concentrations were adjusted for lipid serum.

2.3. Covariates

Information about possible confounders was gathered through interviews and questionnaires 

administered to participants and their parents. We obtained information about participants’ 

fish consumption, family demographic characteristics, lifestyle factors, and medical 

history (including conditions that may affect neuropsychological function). Additionally, 

the Vocabulary and Matrix Reasoning subtests of the Wechsler Abbreviated Scale of 

Intelligence (WASI) were administered to control for general intellectual functioning 

(Wechsler, 1999). When administered together, these subtests provide an estimate of overall 
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intellectual functioning that is highly correlated with the WASI full scale IQ score (r = 

0.93–0.94) (Wechsler, 1999).

2.4. Statistical analysis

All statistical analyses were performed using SAS 9.3 software (SAS Institute Inc., Cary, 

NC). A priori knowledge and univariate analyses were used to select covariates to include 

in the models. Family income and parental education were associated with some of the 

outcome variables, but when included in the models did not significantly contribute. Critical 

covariates identified for inclusion in the models were age, sex, and the WASI IQ score. 

A sex by exposure interaction term was also included in the analyses to explore potential 

sex-specific effects of exposure. If the interaction was significant (at p < 0.10), the analysis 

was then stratified by sex.

Multivariable linear regression was used for analysis of associations between normally 

distributed continuous outcomes and PCB or PBDE serum concentrations. Because the 

distributions of both total PCB and PBDE concentrations and their individual congeners 

were right-skewed, exposure values of all chemical concentrations were log-transformed. 

For continuous variables, checks for outliers and influential observations were based on 

leverage statistics and standardized residuals (Cook and Weisberg, 1982). Collinearity was 

assessed by variance inflation factors and condition numbers (Cook and Weisberg, 1982). 

Because the distributions of SWM outcomes lacked normality, long-tailed distributions for 

the dependent variables were assessed. After examining the fit statistics to determine the 

model of best fit to the data, the Weibull distribution was chosen for analysis of errors and 

the Burr distribution was chosen for number of responses and time to complete each set. 

Negative binomial regression was used for count variables (total trials on the ID/ED test and 

total wrong on the DMS). Outcomes with markedly skewed distributions (trials to criterion 

at each ID/ED stage and mean moves to completion for 5-move problems in SOC) were 

dichotomized and analyzed with logistic regression.

Of the 115 children with exposure data, 3 had missing WASI IQ scores and were excluded 

from the analyses. Data from one child with an IQ score of <70 was also excluded. The 

final dataset consisted of 111 children (60 males, 51 females) for whom complete exposure, 

outcome, and covariate data were available.

For analysis of ID/ED outcomes, 5 of the 111 children (2 males, 3 females) were missing 

outcome data. Based on large standardized residuals and leverage statistics, 1 male was 

excluded from the final model for the PCB analyses (n = 105 in final model), while 2 males 

were excluded from the final model for the PBDE analyses (n = 104 in final model). For 

trials to criterion at each ID/ED stage, data were markedly skewed; thus, this variable was 

dichotomized as the median or greater than the median and analyzed with logistic regression 

(see Table 1).

For analysis of DMS outcomes, only trials with a 12 s delay were analyzed, as all 

participants performed well and made few to no errors on trials with shorter delays. For 

this test, 3 participants had missing outcome data. Based on large standardized residuals and 

leverage statistics, 3 males and 2 females were removed from the final model for the PCB 
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analyses (n = 103 in final model), while 1 male and 1 female were removed from the PBDE 

analyses (n = 106 in final model).

SWM data were analyzed only for sets with 4 or more boxes, because all participants 

performed well and made few or no errors on the set with fewer than 4 boxes. For analysis 

of SWM outcomes, 2 males and 1 female had missing response data (n = 108 for the final 

models for both PCBs and PBDEs). Outcomes were total errors, total number of responses, 

and total time (minutes) to complete sets ≥4 boxes (all dependent variables were calculated 

by summing across sets with 4, 6, and 8 boxes).

SOC outcomes were analyzed only for 5-move problems, as participants performed well on 

problems with 4 or fewer moves such that there was not much variability in performance. 

For analysis of SOC thinking time, 1 female participant was dropped due to illogical values 

(n = 110 for both PCB and PBDE models). Regarding the analysis of the mean number of 

moves to complete a problem, 3 participants had missing outcome data (n = 107 for both 

PCB and PBDE models). The distribution for the mean number of moves to completion was 

skewed. This variable was dichotomized as 5 or > 5 and analyzed with logistic regression, as 

approximately 34% of participants had the minimum score of 5 (range: 5–10).

3. Results

3.1. Sample characteristics and serum PCB and PBDE concentrations

Table 2 presents the demographic characteristics of participating households and enrolled 

adolescents for whom exposure data were available. Mean participant age was 16.1 years 

(range = 12–19), and 74% reported consumption of local sport-caught fish for six or more 

years. Nearly 100% of parents were white. Over 70% of families reported total household 

incomes above $60,000, while only 6% had a household income of less than $40,000. 

Most households were supported by two incomes, with 94% of fathers and 82% of mothers 

employed. Over 70% of mothers and fathers held at least an Associate’s degree. Very few 

mothers reported consuming alcohol or smoking during pregnancy. Out of 102 households, 

7 mothers (6.9%) reporting smoking and 10 (9.8%) reported consuming alcohol during 

pregnancy.

There were no significant differences in serum PCB or PBDE concentrations among 

household income categories. Regarding parent education, there were no significant 

exposure differences in children whose parents did not attend college compared to those 

whose parents had some college. Child age was inversely correlated with total PCBs (r = 

−0.21, p = 0.02) but it was not significantly associated with total PBDEs (r = −0.15, p 
= 0.122). In addition, the concentration of total PBDEs was higher in children who never 

ate sport-caught fish (p = 0.03; mean ± SD: 71.61 ng/g ± 61.36 ng/g) compared to those 

who reported that they ate sport-caught fish (39.60 ± 43.46 ng/g), but there was no such 

difference for total PCBs (p = 0.38).

In the 142 families who declined participation but agreed to respond to a brief demographic 

and fish consumption survey over the phone, there were 154 adolescents. Sex and age 

information was available for 91% of these adolescents indicating that sex was evenly 
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represented (51% female, 49% male), and mean age was 15.7 years (range = 13–19). 

Total household income was reported by only 51% of the families and indicated that 

72% of these households had a total annual income above $60,000, while only 8% had a 

household income of less than $40,000. Thus, participants and non-participants were very 

similar in terms of their sex breakdown, their age, and total household income. No other 

demographic information was collected from the non-participants. In terms of consumption 

of local sport-caught fish, data were available for 85% of the non-participant teens with 42% 

reporting consumption of local sport-caught fish for six or more years, and 60% reporting 

consumption of local sport-caught fish for two or more years. Thus, there was a considerable 

difference between participants and non-participants in terms of their consumption of local 

sports-caught fish with non-participants reporting fewer years of fish consumption. This 

difference is to be expected as a common reason for declining participation was fact that the 

teens were not eating local sports-caught fish, and/or that the family was not interested in 

chemical exposure from the consumption of local sports-caught fish (possibly because the 

family felt they did not consume enough sports-caught fish to be concerned about this issue).

Table 3 shows the total PCB and PBDE serum concentrations (ng/g lipid; n = 115). The 

median serum total PCB concentration was 0.15 ng/g (lipid unadjusted) and 33.00 ng/g of 

serum lipid (lipid adjusted). The median serum total PBDE concentration was 0.12 ng/g 

(lipid unadjusted) and 29.14 ng/g of serum lipid (lipid adjusted). Supplemental Table 1 

displays the distribution of lipid unadjusted and adjusted serum concentrations for PCB 

138/163, PCB 153, PCB 180, PBDE 47, and PBDE 153. Correlations among total PCBs, 

total PBDEs, and the predominant individual congeners we examined are presented in 

Supplementary Table 2.

3.2. Associations of total PCB and PBDE serum concentrations with CANTAB measures

3.2.1. ID/ED shift—For PCBs, the negative binomial regression for total trials to 

complete the test revealed a sex by exposure interaction (p = 0.08). Stratum-specific 

analysis revealed a significant positive association of PCB exposure with total trials in 

males (β = 2.20, 95% CL: 1.16, 4.16, p = 0.02) but not females (β = 1.13, 95% CL: 

0.73, 1.77, p = 0.58), shown as means ratio estimates and 95% confidence limits (CL) in 

Fig. 2A. Specifically, males with higher serum PCB concentrations required more trials 

to complete the entire series of tests. As expected, IQ was negatively associated with 

total trials on this measure (p = 0.002) whereby higher IQ was associated with fewer 

total trials to complete the ID/ED test. The results of logistic regressions for trials to 

criterion at each stage are represented as odds ratio estimates and 95% CLs (Fig. 2B). PCB 

concentrations were positively associated with trials to criterion in males on the first stage 

(simple discrimination; SD) of the ID/ED test (OR = 3.31, 95% CL: 1.12, 9.73, p = 0.03), 

wherein higher PCB concentrations were associated with more trials to reach criterion. 

Higher PCB concentrations were also associated with increased trials to criterion on the 

compound discrimination 2 (CD2) stage (OR = 1.97, 95% CL: 1.09, 3.56, p = 0.02) and on 

the extradimensional reversal (ER) stage (OR = 1.83, 95% CL: 0.98, 3.40, p = 0.06), but 

there was no significant interaction of PCB exposure by sex.
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Negative binomial regression for total trials to complete all nine stages of the ID/ED test 

revealed a significant positive association of PBDE concentrations with total trials shown 

as means ratio estimate and 95% CL (β = 1.74, 95% CL: 1.25, 2.42, p = 0.001; see 

Fig. 3A) whereby higher PBDE serum concentrations were associated with more trials to 

complete the entire test. The interaction of sex with exposure was not significant, but IQ was 

negatively associated with total trials (p = 0.04). The results of logistic regressions for trials 

to criterion at each stage are shown as odds ratio estimates and 95% CLs (Fig. 3B). Similar 

to PCBs, higher PBDE concentrations were associated with an increase in trials to criterion 

in males on SD (OR = 3.28, 95% CL: 1.48, 7.25, p < 0.01), but unlike PCBs, higher PBDE 

exposure was also associated with an increase in trials to criterion on intra-dimensional 

reversal (IR) in males (OR = 2.65, 95% CL: 1.06, 6.62, p = 0.04). PBDE exposure was also 

associated with an increase in trials to criterion on intra-dimensional shift (ID) (OR = 1.98, 

95% CL: 1.10, 3.55, p = 0.02), but there was no significant interaction of PBDE exposure 

with sex (Fig. 3B).

3.2.2. DMS—Negative binomial regression for total wrong revealed a significant positive 

association of PCBs with total wrong trials (β = 1.15, 95% CL: 1.00, 1.31, p < 0.05) 

whereby participants with higher PCB serum concentrations made more errors, shown 

as a means ratio estimate and 95% CL (Fig. 2C). There was also a significant negative 

association of IQ (p = 0.04) in which higher IQ was associated with fewer total wrong trials. 

There was no significant sex by exposure interaction.

There was no significant main effect of PBDE exposure on total wrong (Supplemental Table 

3), although as in the PCB model, there was a significant negative association of IQ (p = 

0.02). There was no significant sex by exposure interaction.

There was no significant main effect of PCB or PBDE exposure on total wrong latency, 

although an effect of sex was apparent such that females tended to take less time to make an 

incorrect response than males in both PCB (p < 0.01) and PBDE (p < 0.01) statistical models 

(data not shown).

3.2.3. SWM—There were no significant associations of PCB or PBDE exposure 

(Supplemental Table 3), nor were there significant interactions of sex with exposure for any 

of the three outcomes assessed for the SWM test. However, there were significant negative 

associations of IQ with all outcomes. Higher IQ was associated with fewer errors (p < 0.001 

for both PCB and PBDE models), fewer total responses to complete the set (p = 0.08 and p 
< 0.05 for PCB and PBDE models, respectively), and less total time to complete a set (p < 

0.05 and p = 0.04 for PCB and PBDE models, respectively). There was also an effect of sex 

for the number of responses to complete a set in both exposure models (p = 0.05 and p = 

0.03 for PCBs and PBDEs, respectively) wherein females made more responses on average.

3.2.4. SOC—As shown in Supplemental Table 3, there were no significant associations of 

PCB or PBDE exposure or interactions of sex with exposure for the two outcomes assessed 

for the SOC test (thinking time and mean moves to completion for 5-move problems). There 

was a significant effect of IQ for thinking time for 5-move problems such that higher IQ was 
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associated with longer thinking time in both exposure models (p = 0.03 and p = 0.02 for 

PCBs and PBDEs, respectively).

3.3. Associations of PCB and PBDE congener serum concentrations with CANTAB 
measures

Overall, the outcomes associated with individual congeners were mostly consistent 

with total PCBs and total PBDEs. Associations of ID/ED outcomes with individual 

PCB congeners and PBDE congeners are presented in Supplementary Tables 4 and 5, 

respectively. Associations of outcomes for DMS, SWM, and SOC with individual PCB and 

PBDE congeners are presented in Supplementary Tables 6 and 7, respectively.

4. Discussion

In this study, there was a sex-specific association between PCB serum concentrations and 

total trials to criterion on the set-shifting test. Specifically, adolescent males with higher 

PCB exposure took a greater number of trials to complete the task. Similarly, there was 

an association between higher PBDE concentrations and total trials to criterion whereby 

males and females took more trials to complete the test. Higher concentrations of PCBs, 

but not PBDEs, were also associated with an increase in incorrect responses on the DMS 

test. These findings suggest that exposure to PCBs and PBDEs during adolescence may be 

associated with deficits in cognitive flexibility and/or visual recognition memory, two key 

aspects of executive function that mature during the adolescent years (Best and Miller, 2010; 

Theodoraki et al., 2020).

4.1. PCB & PBDE exposure

Data on adolescent PCB or PBDE exposure are sparse. To date, an Akwesasne Mohawk 

Nation cohort is one of the only other groups of adolescents in which PCB exposure has 

been assessed (Newman et al., 2006), while a cohort from Flanders, Belgium is one of the 

only adolescent cohorts in which PBDE exposure has been reported (Kiciński et al., 2012).

The PCB concentrations measured in the current study are lower than those reported in 

adult populations known to consume fish from polluted waters (Schantz et al., 2010). 

This was expected given that these compounds are lipophilic and gradually bioaccumulate 

over the lifespan. However, the PCB levels observed in our cohort are similar to those 

reported in the Akwesasne adolescents (median = 0.63 ppb) (Newman et al., 2006). 

Consistent with the results of our study, Newman et al. (2006) and Newman et al. (2009) 

reported significant, but subtle, associations of higher adolescent PCB serum concentrations 

with poorer performance on measures of cognitive function. Specifically, they found that 

PCBs were associated with impaired long-term memory, but not short-term memory or 

processing speed, as measured by the Woodcock Johnson-Revised (WJ-R), which yields 

overall cognitive functioning score and 7 cluster scores for specific cognitive domains. 

They also reported that PCBs were inversely associated with Delayed Recall, a measure 

similar to Long Term Retrieval, on the Test of Memory and Learning (TOMAL). Using 

the Ravens Progressive Matrices (RPM), a non-verbal measure of ability to discern patterns 

and derive meaning from complex data, they also reported an inverse association of RPM 
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performance and dioxin-like PCBs. Though these findings show associations of PCBs with 

specific cognitive domains, they did not specifically assess executive functioning.

To date, adolescent PBDE data from only one other cohort that also assessed neurocognitive 

outcomes has been published, and that study reported a median value for total PBDEs of 

7 ng/L; whether this value was lipid adjusted was not indicated (Kiciński et al., 2012). 

In contrast to the current findings, Kiciński et al. (2012) did not find that PBDE serum 

concentrations were associated with cognitive deficits, though they reported associations 

with poorer motor function. However, the effects of prenatal and childhood exposure to 

PBDEs have been assessed in the CHAMACOS birth cohort wherein the geometric mean 

for PBDE concentrations in 9-year-olds was 63.2 ng/g lipid (range: 6.5–430.2) (Sagiv et al., 

2015), which was higher than that of our cohort. They reported associations of both prenatal 

and concurrent PBDE concentrations with attention and executive function. Compared to 

prenatal exposure, associations of cognitive outcomes with childhood PBDE concentrations 

were more subtle and the most robust effects were in females. There are not yet published 

data on PBDE concentrations in CHAMACOS adolescent participants.

4.2. ID/ED shift

Our data suggest that PCB and PBDE exposures are associated with deficits in cognitive 

flexibility, as adolescent males with higher PCB concentrations and adolescent males and 

females with higher PBDE concentrations took more trials to complete the ID/ED test. 

In the individual stages, PCBs were associated with more trials to criterion in the SD 

stage in males and the CD2 and ER stages in males and females, while PBDEs were 

associated with more trials to criterion in the SD and IR stages in males and the ID 

stage in both males and females. Overall, the ID/ED test assesses cognitive flexibility and 

set-shifting (Luciana, 2003). Though there are differential effects of PCBs and PBDEs 

on the individual stages of the ID/ED test, a notable consistency is the association of 

higher concentrations of both contaminants with more trials to complete the test (i.e., an 

increase in total errors). In general, these findings indicate potential contaminant-related 

deficits in cognitive flexibility which could be the result of alterations of prefrontal cortex 

functioning (Fray and Robbins, 1996; Luciana, 2003). Though subtle, the overall decrements 

in cognitive flexibility associated with both PCB and PBDE exposure, and the decrement in 

working memory associated with PCB exposure are consistent with what has been reported 

previously in children exposed prenatally and early postnatally and in laboratory animal 

studies of these chemicals (Eubig et al., 2010; Vuong et al., 2020).

In the current study, the association of PCB exposure with cognitive flexibility was seen 

primarily in males. As PCBs are known endocrine disrupters (Crinnion, 2011), differential 

effects in males and females are not surprising. For instance, a study by Sagiv et al. (2012) 

reported an association of higher prenatal PCB exposure with poorer performance on a task 

of attention in 8-year-old males. On a similar computerized task of attention and impulsivity, 

higher concurrent PCB exposure was associated with greater errors of omission, suggesting 

an effect on attention/vigilance in males from the Akwesasne adolescent cohort (Behforooz 

et al., 2017).
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More specifically, some animal studies have reported male-specific effects on cognitive 

flexibility in PCB-exposed rats that mirror our findings on the ID/ED set-shifting test. 

Our group found a male-specific adverse effect of PCB exposure during adolescence on 

a set-shifting task that engaged cognitive flexibility (Monaikul et al., 2017). Importantly, 

that study exposed animals during adolescence and used an environmental mixture of PCBs 

designed to model PCB contamination in northeastern Wisconsin. Another study in rodents 

found that perinatal PCB exposure was associated with deficits in performance on a spatial 

reversal learning task, which also assessed cognitive flexibility, wherein exposed males 

exhibited increased errors on an intra-dimensional reversal similar to that presented in the 

IR stage of the ID/ED task (Widholm et al., 2001). Taken together, the sex-specific effect 

of PCBs on set-shifting in the current study is consistent with previous laboratory animal 

research in that males were more adversely affected and that PCB exposure was associated 

with deficits in cognitive flexibility.

Fewer studies have investigated whether PBDE exposure is related to deficits in cognitive 

flexibility, particularly in animal models. However, both prenatal PBDE and PCB exposure 

have been associated with poorer performance on the Wisconsin Card Sorting Test (WCST), 

which assesses functions similar to those assessed in the CANTAB ID/ED task (Jacobson 

and Jacobson, 2003; Sagiv et al., 2015). In contrast, there were no associations of concurrent 

childhood PBDE concentrations with WCST scores (Sagiv et al., 2015). Vuong et al. (2016) 

examined whether prenatal PBDE exposures were associated with executive function as 

measured with the Behavior Rating Inventory of Executive Function (BRIEF) in 5- and 

8-year-old children. Though specific effects of PBDEs on the BRIEF shift subscale were 

not reported, they did find that PBDE concentrations were associated with poorer scores in 

behavior regulation, a composite score that included subscales for shift (ability to transition), 

inhibit (impulse control), and emotional control (emotional response management).

Regarding possible biological mechanisms behind sex-specific associations of PCBs and 

PBDEs, it is well known that both contaminants are endocrine disrupting chemicals (Dishaw 

et al., 2014; Hood, 2006; Schug et al., 2015). Sex-specific effects of exposure to PCBs and 

PBDEs are common, and various mechanisms have been proposed (Dishaw et al., 2014; 

Liberman et al., 2020). PCBs can disrupt estrogen and thyroid hormone actions (Schug 

et al., 2015), while PBDEs are primarily linked to thyroid hormone disruption (Dishaw 

et al., 2014). Gonadal and thyroid hormones interact with neurotransmitters, particularly 

dopaminergic and serotonergic systems, and act as key neural signaling molecules (Baksi 

and Pradhan, 2021; Barth et al., 2015; Vigil et al., 2016). During adolescence, there are 

significant increases in endogenous hormone activity, and hormones modulate fine-tuning of 

neural circuitry and structural organization, which are sexually-dimorphic (Liberman et al., 

2020; Vigil et al., 2016). Though it is beyond of the scope of the current study to pinpoint 

specific mechanisms driving sex-specific exposure associations, we can hypothesize that 

through interactions with hormone-receptor complexes, PCBs and PBDEs may directly 

or indirectly exert endocrine-disrupting effects to alter typical sexually-dimorphic brain 

development, resulting in sex-specific functional differences.
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4.3. DMS, SWM, & SOC

The DMS test assessed visual recognition memory and working memory (Fray and Robbins, 

1996; Luciana, 2003), and we found that higher PCB exposure was associated with an 

increase in incorrect choices. Specifically, adolescents with higher PCB exposure made more 

errors before completing the test. However, contrary to our hypothesis, we did not see 

PCB- or PBDE-related detriments in performance on the tests that assessed spatial working 

memory (SWM) or planning and working memory (SOC).

Although the CANTAB DMS task has not yet been evaluated in other adolescent cohorts 

assessing PCB and PBDE exposure, decrements in performance on the DMS test align 

with previous research demonstrating associations of exposure with memory impairment. In 

the Akwesasne adolescent cohort, PCBs were associated with long-term memory deficits 

(Newman et al., 2006; Newman et al., 2009). Numerous studies in infants and children 

have shown that prenatal PCB exposure was associated with deficits in visual recognition 

memory (Darvill et al., 2000; Jacobson et al., 1992; Jacobson et al., 1985) and on measures 

of short term and working memory (Jacobson and Jacobson, 1996, 2003; Stewart et al., 

2008; Vreugdenhil et al., 2002). Berghuis et al. (2018) also found that maternal pregnancy 

serum levels of PCBs were inversely associated with verbal memory in 13- to 15-year-olds. 

Notably, most studies have reported associations of developmental PCB exposure with 

adverse effects on performance on tasks of verbal working memory rather than nonverbal 

working memory (Eubig et al., 2010), as measured in the current study.

We did not find associations of PBDEs with memory deficits. Like-wise, Kiciński et al. 

(2012) found no association of adolescent PBDE serum concentrations with performance 

on a digit span test that assessed working memory. In the CHAMACOS cohort, there 

were no effects of childhood PBDE exposure, but prenatal PBDE serum concentrations 

were associated with working memory decrements at 7 years (Eskenazi et al., 2013) and 

at 9 and 12 years (Sagiv et al., 2015). Similarly, another study found that cord plasma 

PBDE concentrations but not childhood PBDE levels were associated with auditory working 

memory impairment at 9 to 14-years-of-age. They also reported associations of childhood 

PBDE levels with visual memory deficits (Cowell et al., 2018). Finally, prenatal PBDE 

exposure was inversely associated with verbal memory in 13- to 15-year-old children 

(Berghuis et al., 2018). It is possible that working memory may be more vulnerable to 

disruption from PBDE exposure during the prenatal period.

4.4. Associations of individual congeners

For total trials on ID/ED, there were no significant associations for any of the PCB 

congeners, indicating that none of the individual congeners drove the effect observed for 

total PCBs on total trials. However, associations for both PBDE congeners aligned with the 

results for total PBDEs, as there were significant positive associations for both PBDE 47 and 

PBDE 153 with total trials.

For trials to criterion at each ID/ED stage, the overall results for individual congeners were 

consistent with those of total PCBs and total PBDEs, though in some cases, a significant 

association was found only for one congener rather than all of them. For instance, for trials 
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to criterion for CD2, there was a main effect of total PCBs; however, there was no effect 

for PCB 138/163 or PCB 153, though there was an exposure x sex interaction for PCB 

180 wherein females took more trials to reach criterion than males, suggesting that the total 

PCBs association for CD2 may have been driven by PCB 180 (see Fig. 2 and Supplemental 

Table 4).

For DMS, there was a significant exposure x sex interaction for PCB 180 but no effects for 

PCB 138/163 or PCB 153, indicating that PCB 180 may be driving the observed association 

of total wrong with total PCBs (see Fig. 2 and Supplemental Table 6). The congener-

specific findings generally agreed with the associations for total PCBs and total PBDEs. 

One exception was that there were several significant associations of the individual PCB 

congeners with SWM outcomes (see Supplemental Table 6), suggesting that examination of 

those individual congeners may have provided more insight into the possible effects of PCBs 

on spatial working memory.

4.5. Potential real-world implications

Interestingly, our findings suggesting that prenatal PCB exposure may impact cognitive 

flexibility in males more than females appear to be in line with research on ADHD. 

Cognitive flexibility deficits are one of the key defining factors in ADHD diagnosis, 

which is considered the most common neuropsychological disorder in children, with males 

being three times more likely to be diagnosed than females–9.2% vs. 3.0% respectively 

(Lambez et al., 2020; Roshani et al., 2020). Even more concerning, ADHD symptoms 

persist into adulthood in about 30–50% of cases (Lambez et al., 2020; Roshani et al., 2020), 

affecting social, educational, and emotional development and increasing the likelihood 

of delinquency, imprisonment, unemployment, marital problems and divorce (Roshani et 

al., 2020). Cognitive flexibility enables one to adapt strategies to cope with new and 

unpredictable situations and is one of the ADHD symptoms that correlates most strongly 

with mental health problems (Roshani et al., 2020). Although the present findings indicate 

only subtle impairment in cognitive flexibility due to PCB exposure, Bellinger (2007) has 

argued that small effect sizes in individual studies can represent a significant impact when 

the population is considered as a whole, especially in the case of outcomes that are seen in a 

large number of individuals and persist across the lifespan.

4.6. Strengths and limitations

When evaluating the current study’s findings and implications, there are many strengths as 

well as some limitations to consider. A major strength was the direct assessment of both 

cognitive function and contaminant exposure. Specifically, executive function was evaluated 

using an automated battery designed to interrogate distinct domains of cognition rather 

than relying on maternal or child self-report measures such as the BRIEF (Anderson et 

al., 2002; Vriezen and Pigott, 2002). Rather than obtaining measures of exposure through 

indirect assessment (e.g., questionnaire about contaminated fish consumption), serum PCB 

and PBDE concentrations provided direct biomarkers of exposure. It is important to note, 

however, that because our participants were children of sports anglers, serum PCB and 

PBDE concentrations may reflect exposure throughout the lifespan and not just exposure 

limited to adolescence, and PCBs and PBDEs have long half-lives. Thus, it is possible that 
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early developmental exposure to PCBs and PBDEs may confound our results, making it 

difficult to associate these cognitive outcomes with exposure during the adolescent period 

alone. Finally, our sample size was limited and underpowered to conduct mixtures analyses 

or analyses examining potential joint effects of both chemicals or to examine dose-response 

relationships. Also, the demographics of our sample were not representative of a diverse 

population; thus the ability to generalize the current results is a limitation, and caution is 

needed when interpreting the current findings.

4.7. Conclusions

Although the findings of this study were subtle, the deficits in performance on the cognitive 

flexibility and working memory tests associated with adolescent PCB and/or PBDE 

concentrations suggest vulnerability to exposure to these contaminants during this period 

and that some executive functions modulated by the prefrontal cortex could be particularly 

sensitive (Curtis and D’Esposito, 2003; Kim et al., 2011). Furthermore, PCBs (Grossman, 

2013) and PBDEs (Costa et al., 2014) will continue to persist in the environment, and 

there are very few studies assessing the effects of PCB and PBDE exposure in adolescents. 

Because these chemicals seem to affect executive functions that are developing during 

adolescence, future studies with larger samples sizes are needed to further investigate how 

contaminant exposure during this critical period of development may be associated with 

adverse cognitive and neurobehavioral outcomes.
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Fig. 1. 
Schematic representation of 4 CANTAB tests. (A) Intra/Extradimensional (ID/ED) set-

shifting, compound discrimination 1 (CD1) and compound discrimination 2 (CD2) are 

depicted on the left and right panel, respectively. In both stages, participants need to 

discriminate the shapes while ignoring the lines. (B) Delayed Matching to Sample (DMS), 

a no-delay trial is illustrated in which the sample pattern (top) and the 4 choices of patterns 

(bottom) are shown at the same time, with the arrow pointing to the correct choice matching 

the sample. (C) Spatial Working Memory (SWM), an 8-box search is depicted with one 

of the boxes “opened” revealing a hidden token. Four tokens found in previous searches 

are stacked in a column on the right side. (D) Stockings of Cambridge (SOC), a 3-move 

problem is shown. Participants need to move the balls in the lower display to match the 

upper display, making the least number of moves.
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Fig. 2. 
Associations between PCB serum concentrations and performance on ID/ED shift (n = 105) 

and DMS (n = 103). Means ratios and odds ratios are plotted on a log scale. (A) ID/ED 

shift: Total trials analyzed with negative binomial regression and associations reported as 

means ratio estimates (± 95% CL) for a 2 SD increase in PCB exposure on the log scale or 

a 6-fold increase in exposure on the original scale. (B) ID/ED shift: Trials to criterion for 

each stage analyzed with logistic regression and associations reported as odds ratio estimates 

(± 95% CL) for a 2 SD increase in PCB exposure on the log scale or a 6-fold increase in 

exposure on the original scale. (C) DMS: Total number of incorrect choices analyzed with 

negative binomial regression and associations reported as means ratio estimates (± 95% CL) 

for a 1 SD increase in PCB exposure on the log scale or a 2-fold increase in exposure on 

the original scale. All models were adjusted for age, sex, and IQ score. CL: confidence limit, 

SD: standard deviation.
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Fig. 3. 
Associations between PBDE serum concentrations and performance on ID/ED shift (n = 

104). Means ratios and odds ratios are plotted on a log scale. (A) ID/ED shift: Total 

trials analyzed with negative binomial regression and associations reported as means ratio 

estimates (± 95% CL) for a 2 SD increase in PBDE exposure on the log scale or an 11-fold 

increase on the original scale. (B) ID/ED shift: Trials to criterion for each stage analyzed 

with logistic regression and associations reported as odds ratio estimates (± 95% CL) for 

a 2 SD increase in PBDE exposure on the log scale or an 11-fold increase on the original 

scale. All models were adjusted for age, sex, and WASI IQ score. CL: confidence limit, SD: 

standard deviation.
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Table 1

Names and abbreviations of each stage of the ID/ED set-shifting test. The median for the number of trials to 

criterion for each stage are shown.

Intradimensional/Extradimensional (ID/ED) Stage Abbreviation Median: # trials to criterion
1

Shape discrimination SD 6

Simple reversal SR 7

Compound discrimination 1 CD1 8

Compound discrimination 2 CD2 6

Compound reversal CR 7

Intradimensional shift ID 7

Intradimensional reversal IR 7

Extradimensional shift ED 9

Extradimensional reversal ER 7

1
Dichotomized as median or greater than the median and analyzed with logistic regression.
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Table 2

Characteristics of households and adolescent participants.

Parental Characteristics Participating households
1

(n = 102 households)
N (%) or Mean ± SD

Maternal race

 White 101 (99.0)

 Other 0 (0.0)

 Missing 1 (1.0)

Paternal race

 White 100 (98.0)

 Other 2 (2.0)

 Missing 0 (0.0)

Maternal education

 Less than associate’s degree 20 (19.6)

 Associate’s degree or higher 79 (77.5)

 Missing 3 (2.9)

Paternal education

 Less than associate’s degree 23 (22.6)

 Associate’s degree or higher 75 (73.5)

 Missing 4 (3.9)

Household income

 <$60,000 14 (13.7)

 ≥$60,000 73 (71.6)

 Missing 15 (14.7)

Maternal employment status

 Employed 84 (82.3)

 Unemployed 17 (16.7)

 Missing 1 (1.0)

Paternal employment status

 Employed 96 (94.1)

 Unemployed 6 (5.9)

 Missing 0 (0.0)

Maternal age (years) at child’s birth 29.5 ± 5.0

Paternal age (years) at child’s birth 31.5 ± 5.2

Child Characteristics
Enrolled adolescents with exposure data

(n = 115)
N (%) or Mean ± SD

Child sex

 Male 62 (53.9)

 Female 53 (46.1)

Years consuming sports-caught fish

 0 27 (23.5)
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 1–5 9 (7.8)

 6–11 40 (34.8)

 12–18 35 (30.4)

 Missing 4 (3.5)

Child age (years) 16.1 ± 1.4

1
Reported values represent 102 households that had one to three adolescent participants. Twelve of the 102 households had more than one child 

participate in the study.
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