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A B S T R A C T   

Background: Bisphenol A (BPA) has been linked to attention-deficit/hyperactivity disorder (ADHD) symptoms, 
but the neurotoxic effects of bisphenol substitutes such as bisphenol F (BPF) and S (BPS) have not been well 
investigated. We investigated the associations between BPA, BPF, and BPS with ADHD symptoms at multiple 
time points in children. 
Methods: The levels of BPA (at ages 4, 6, and 8), BPF (at ages 6 and 8), and BPS (at ages 6 and 8) were measured 
in 619 children. Because of the low detection frequency of BPF and BPS levels, participants were divided into 
categories (<or ≥ limit of detection (LOD) for BPF; < LOD, ≥ LOD and < median, or ≥ median for BPS). ADHD 
symptoms were assessed using the ADHD Rating Scale IV (ARS). The relationship between bisphenols and ARS 
scores was analyzed using Poisson regression models, and generalized additive models and piecewise regression 
models were further explored for BPA. 
Results: BPA was detected in most participants (>97%), whereas BPF and BPS were less frequently detected (age 
6: 17.5% for BPF and 42.0% for BPS; age 8: 51.6% for BPF and 73.3% for BPS). Doubling in BPA levels was 
associated with increased ARS scores by 4.7% (95% confidence intervals [CI]: 0.5, 9.2) at age 6. The association 
was greater with BPA levels higher than 3.0 μg/g creatinine (24.2% [95% CI: 15.5, 33.6] increase). The BPF ≥
LOD group had 10.8% (95% CI: 1.2, 21.4) higher ARS scores than the BPF < LOD group. The BPS ≥ median 
group had 11.4% (95% CI: 2.0, 21.7) higher ARS scores than the BPS < LOD group. 
Conclusion: All bisphenols, in particular those at or above the LOD or median levels, were associated with ADHD 
symptoms at age 6. Further prospective studies are warranted to determine causal inference.   

1. Introduction 

Attention-deficit/hyperactivity disorder (ADHD) is a common 
childhood-onset neurodevelopmental disorder that persists into adult-
hood, with a worldwide prevalence of 5% (Polanczyk et al. 2007). Even 
though most children do not reach the threshold of full diagnosis, ADHD 
traits are continuously distributed throughout the population (Brikell 
et al. 2021). ADHD is a complex genetic disorder with a high heritability 

of 76%, but this estimate encompasses gene-by-environment in-
teractions (Faraone and Larsson 2019). Many endocrine-disruption 
chemicals (EDCs), such as lead and phthalates, have been suggested to 
be involved in the pathophysiology of ADHD (Donzelli et al. 2019; 
Praveena et al. 2020). 

Bisphenol A (BPA) is an EDC extensively used in the manufacturing 
of polycarbonate plastics and epoxy resins (Rochester 2013) and is 
found in food and beverage containers, children’s toys, medical devices, 
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and thermal receipt papers (Liu and Martin 2017; Vandenberg et al. 
2007). Previous literature has reported that BPA interferes with thyroid 
and gonadal hormone signaling, resulting in disrupted brain develop-
ment and associated behavioral changes (Henrichs et al. 2013; Schug 
et al. 2015; Stacy et al. 2017), including decreased IQ (Lin et al. 2017), 
increased autistic traits (Hansen et al. 2021), and internalizing and 
externalizing problems (Li et al. 2020; Roen et al. 2015). Studies on the 
relationship between BPA and ADHD have been inconclusive (Minatoya 
and Kishi 2021), as some studies found an association of childhood BPA 
exposure and parent- and/or teacher-reported inattention or hyperac-
tivity symptoms in school-age children (Harley et al. 2013; Li et al. 2018; 
Tewar et al. 2016), whereas others have found none (Perez-Lobato et al. 
2016; Tsai et al. 2020). 

Due to the regulation of BPA use in certain consumer products, BPA 
alternatives such as bisphenol F (BPF) and bisphenol S (BPS) have been 
increasingly used to replace BPA (Liao and Kannan 2013; Rochester and 
Bolden 2015). All three bisphenols have been demonstrated to have anti- 
androgenic activity (Rosenmai et al. 2014; Sauer et al. 2021), and in 
particular, BPA and BPF have been shown to affect thyroid hormone 
transport (Sauer et al. 2021). Emerging experimental evidence has 
suggested that these bisphenol alternatives affect neurodevelopment 
and behavior (Gu et al. 2019; Kinch et al. 2015; Rosenfeld 2017), but 
human studies are scarce. Prenatal exposure to BPS has been found to 
affect psychomotor development at age 2, and BPF influenced IQ at age 
7 (Bornehag et al. 2021; Jiang et al. 2020; Tanner et al. 2020). However, 
the effect of exposure to BPF and BPS on attention and behavior prob-
lems has not yet been investigated. 

The purpose of this study was to investigate the cross-sectional as-
sociation of childhood exposure to bisphenols (BPA, BPF, and BPS) and 
ADHD symptoms at ages 4, 6, and 8, which are critical ages in the 
detection of ADHD symptoms. Due to the reported nonmonotonous ef-
fects of BPA on neurodevelopment (Hong et al. 2013; Lim et al. 2017), 
we also explored the possible nonlinear relationship of BPA with ADHD 
symptoms. 

2. Materials and methods 

2.1. Study design and participants 

We analyzed data from the Environment and Development of Chil-
dren (EDC) study, an ongoing prospective birth cohort in South Korea. A 
detailed description of the protocol of the EDC study has been provided 
elsewhere (Kim et al. 2018). To elaborate, a total of 13,484 pregnant 
women were enrolled in the Congenital Anomaly Study from 2008 to 
2010. Data on their individual characteristics (sociodemographic and 
lifestyle factors, past medical history) and exposure levels of EDCs 
measured by spot urine or peripheral blood samples were measured in 
the second trimester (between 14 and 27 weeks of gestation). Subse-
quently, among the randomly contacted 2,085 mothers, 726 participants 
and their offspring were finally recruited in the EDC study. The moth-
er–child pairs visited the Seoul National University Hospital at an in-
terval of two years. They were asked to fast for breakfast on the day of 
visit from the age of 4 years. Blood and urine samples were drawn to 
examine environmental exposure levels and clinical markers. We 
collected data on children’s characteristics, including sociodemographic 
characteristics, living environments, and health statuses, using struc-
tured questionnaires. A validated semiquantitative food-frequency 
questionnaire (FFQ) that assesses the frequency of consumption and 
portion size of 91 food items during the previous year (Kim et al., 2016) 
was implemented to assess daily dietary intake at ages 4, 6, and 8. The 
children’s neurocognitive development was repetitively assessed 
(autistic traits and attention problems from age 4, executive function 
from age 6) by trained psychologists. 

Of the 726 children, 62 (8.5%) children who did not visit at least 
once between age 4 and 8 years and 36 (5.0%) children who lacked 
information on the ADHD Rating Scale IV (ARS) scores were excluded. 

Additionally, 1 child and 8 children (1.1%) were excluded due to 
missing information on bisphenol levels and covariates, respectively. A 
total of 619 (85.3%) children were included in the analyses (Fig. 1), and 
411 (58.1%), 491 (67.6%), and 521 (71.8%) visited at ages of 4, 6, and 8 
years, respectively. 

We obtained written informed consent from mothers (since preg-
nancy) and children (aged ≥ 8 years). The study protocol was approved 
by the Institutional Review Board of the Seoul National University 
Hospital (IRB No. C-1201–010–392). This study was performed in 
accordance with the principles of the Declaration of Helsinki. 

2.2. Measurement of bisphenols 

The protocol of bisphenol level assessment has been published 
elsewhere (Lim et al. 2017). Children’s urine samples were collected 
after a minimum 8-hour fast, and the collected samples were stored at 
− 20 ◦C. We measured the total concentrations (free and conjugated 
species) of urinary BPA, BPF, and BPS. Urine samples (1 mL) were 
treated with 50 μL β-glucuronidase, extracted with methyl tertiary butyl 
ether, concentrated, dried, and dissolved in 300 μL of 60% acetonitrile. 
BPA was quantified using high-performance liquid chromatography- 
tandem mass spectrometry (Agilent 6410 Triple Quad LCMS; Agilent 
Technologies, Santa Clara, CA, USA). The concentrations of BPF and BPS 
were quantified using an Agilent 6490 Triple Quad LCMS (Agilent 
Technologies). Standard solutions were prepared at 50, 25, 12.5, 6.25, 
3.125, and 1.5625 μg/L, and analyzed to determine the standard cali-
bration curve (r2 > 0.999). The back calculation concentrations of the 
standard solutions should be within ± 15% of the nominal value, except 
for the lower limit of quantitation for which it should be within ± 20% 
(European Medicines Agency, 2009). The lower limit of detection (LOD, 
unit: ug/L) for BPA differed among measurement batches and ranged 
from 0.108 to 0.115, that for BPF ranged from 0.074 to 0.079, and that 
of BPS was 0.02; therefore, we used the highest value among the LODs 
(BPA 0.115, BPF 0.079, and BPS 0.02). The method detection limit 
(MDL) was defined as LOD in this study. MDL is defined as the minimum 
measured concentration of a substance, prepared as an ordinary sample, 
that can be reported with 99% confidence that the measured concen-
tration is distinguishable from method blank results (United States 
Environmental Protection Agency, 2016). For BPA, we substituted the 
values below LOD with the value of LOD divided by the square root of 2 
(Hornung 1990). Due to the low detection frequencies, BPF was divided 
into two groups (<LOD: n = 405 and ≥ LOD: n = 86 at age 6; < LOD: n =
252 and ≥ LOD: n = 269 at age 8), while BPS was divided into three 
groups according to the LOD and median value in the detectable range 
(<LOD: n = 285, LOD to < median: n = 103, ≥ median: n = 103 at age 6; 
< LOD: n = 139, LOD to < median: n = 191, ≥ median: n = 191 at age 
8). We used creatinine-adjusted values (unit: μg/g creatinine) to adjust 
for urine dilution. 

2.3. Assessment of ADHD symptoms 

We used a parent-reported questionnaire called the ADHD Rating 
Scale IV (ARS) (Dupaul 1998a) at ages 4, 6, and 8. The Korean version of 
the ARS has well-established validity and reliability (So 2002). The ARS 
is a screening tool for ADHD symptoms that consists of 18 items rated on 
a Likert scale from 0 (never or rarely) to 3 (very often). Nine items are 
related to inattention symptoms, and the other nine items reflect 
hyperactivity-impulsivity symptoms. We used the total score (range 
0–54) for analyses. All higher scores indicate a greater severity. 

2.4. Covariates 

Potential covariates were selected based on previous literature 
(Bornehag et al. 2021; Jiang et al. 2020; Lim et al. 2017), including 
maternal characteristics—maternal age at pregnancy (years), maternal 
education (<or ≥ college education), paternal education (<or ≥ college 
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education), and family income (monthly family income < or ≥
$3,500)—and the child’s characteristics—age (in months), sex, body 
mass index (BMI: kg/m2), twin (yes or no), birth order (<or ≥ 2nd), 
birthweight (kg), gestation age at birth (weeks), breastfeeding (exclu-
sive breastfeeding, mixed feeding, or exclusive formula feeding), intake 
of instance rice (<or ≥ once a week), and use of plastic dishes in mi-
crowave ovens (yes or no). Covariates were selected based on explor-
atory analyses for the associations of potential covariates with ARS 
scores at ages 4, 6, and 8 and bisphenol levels (ages 4, 6, and 8). 

2.5. Statistical analyses 

As BPA levels were not normally distributed, we used the log2- 
transformed BPA values in the subsequent analyses. We used descriptive 
statistics to summarize the characteristics of the children at ages 4, 6, 
and 8 years. The characteristics of the population included in the study 
(n = 619) and those excluded (n = 107) were compared using inde-
pendent t-tests (continuous variables) and chi-square tests (categorical 
variables). Univariate GLMs with corresponding link functions were 
used to identify potential covariates associated with ARS scores (log-link 
function), BPA (identity-link function), and BPF and BPS (logit-link 
function). 

ARS scores were treated as count variables, we used GLMs with a 
Poisson distribution to examine the association of each bisphenol at ages 

4 (BPA only), 6 (BPA, BPF, and BPS), and 8 (BPA, BPF, and BPS) with the 
ARS total score. While BPA was highly detected across years among the 
participants, BPF and BPS were detected in limited participants. 
Therefore, we used a continuous variable for BPA but categorical vari-
ables for BPF and BPS by dividing participants into categories (<or ≥
LOD for BPF; < LOD, LOD -< median, or ≥ median for BPS). We adjusted 
for child age, sex, birth order, maternal education level, birthweight, 
and gestational age at birth. As eligible participants differed by follow- 
up age, we included 411, 491, and 521 children aged 4, 6, and 8 years, 
respectively. To test for robustness, we conducted sensitivity analyses by 
further adjusting for intake of instant rice and use of plastic dishes in 
microwave ovens in addition to the covariates in the main analyses to 
see if dietary habits affected the results, as over 90% of BPA exposure is 
from diet (Lim et al. 2009; Wilson et al. 2007). Although we were not 
aware of any formal diagnoses of ADHD among the participants, 3 
children reported having taken medication that could have affected 
symptom manifestation (2 children at age 6, 1 child at age 8: antiepi-
leptics, unspecified psychotropics or atomoxetine). In a sensitivity 
analysis, we conducted the analysis after excluding these children 
(sample size: n = 411 at age 4, n = 489 at age 6 and n = 520 at age 8). 

When the association between BPA and ADHD was not linearly 
visualized (Rochester et al. 2018), we compared two models with as-
sumptions of linearity and nonlinearity using a chi-square test of the 
Akaike Information Criteria (AIC) values in the models (Lim et al. 2017). 

Fig. 1. Study flow of the participants. Abbreviations: ARS, ADHD Rating Scale IV.  
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The nonlinear model was fitted with a penalized spline term (4 degrees 
of freedom). Using piecewise linear regression models, we then esti-
mated a flexion point of BPA levels at which the association with ARS 
scores was theoretically minimal, along with the estimated association 
at or above the flexion point of BPA levels (Bae et al. 2017). As we 
observed that the flexion points ranged from approximately 3.0 μg/g 
creatinine, the results for nonlinear associations were presented based 
on the estimation of the associations at or above 3.0 μg/g creatinine (Lim 
et al. 2017). We also divided the participants according to the median 
value of BPA at each age (3.3 μg/g creatinine at age 4, 2.2 μg/g creat-
inine at age 6 and 1.9 μg/g creatinine at age 8), and compared the results 
with that dividing the participants according to the threshold value of 
3.0 μg/g creatinine. Effect modification by sex was examined in sex- 
stratified analyses for all analyses mentioned above. 

Intraclass correlation coefficients (ICCs; two-way mixed models, 
single rater, absolute agreement option: ICC(3,1)) were computed to 
examine differences in BPA levels within a child over time (ages 4, 6, 
and 8 years). We calculated Cohen’s kappa values to investigate the 
stability of BPF and BPS exposure at ages 6 and 8 and to investigate the 
correlation of bisphenols (BPA, BPF, and BPS) at ages 6 and 8. To derive 
kappa values, we divided the values of each bisphenol into two cate-
gories: BPF and BPS levels were divided according to the LOD value 
(<or ≥ LOD), and BPA levels were divided with the median value in the 
detectable range as a reference (<or ≥ median). 

Statistical analyses were performed using SPSS for Windows (ver. 
22.0; SPSS Inc., Chicago, IL, USA) and R version 4.0.2 (The Compre-
hensive R Archive Network, Vienna, Austria; http://cran-r-project.org). 
Statistical significance was set at a p value < 0.05 (t-tailed). 

3. Results 

3.1. Characteristics of the participants 

Among the 619 children included, 325 (52.5%) were boys. Most 
mothers had a college education (82.4%), and 71.2% had a monthly 
family income of ≥ $3,500. The mean maternal age at birth was 31.3 
years (standard deviation [SD]: 3.6), the average gestational age at birth 
was 38.6 ± 1.6 weeks, and the average birthweight was 3.2 ± 0.5 kg. 
The children included in our study were more likely to be first born and 
have a mother with college education and less likely to be formula-fed 
than those excluded (n = 107) (Table 1). 

The characteristics of the children at ages 4, 6, and 8 are presented in 
Table 1. The mean ages (±SD) were 4.0 ± 0.2 years, 5.9 ± 0.1 years, and 
7.9 ± 0.1 years at ages 4, 6, and 8, respectively. The proportion of boys 
was similar across visits (52.3%, 52.1%, and 47.2% at ages 4, 6, and 8, 
respectively). The ARS scores at each age showed right-skewed distri-
butions (Fig. S1), and the mean ARS scores (±SD) were similar at age 
(6.9 ± 5.8, 6.2 ± 5.7, and 6.6 ± 5.6 at ages 4, 6, and 8, respectively). The 
ICC value of 0.55 showed relatively stable ARS scores within a child 
during the follow-up. 

3.2. Bisphenol metabolite levels 

The detection rates of BPA were 97.1%, 99.8%, and 98.0% at ages 4, 
6, and 8, respectively. The detection rates of BPF were 17.5% at age 6 
and 51.6% at age 8, while the detection rates of BPS were 42.0% at age 6 
and 73.3% at age 8 (Table 2). The distribution of each bisphenol at each 
age is presented in Table 2. The creatinine-adjusted BPA levels showed a 
tendency to decrease across age (geometric mean of BPA: 3.29 at age 4, 
2.36 at age 6, and 1.96 at age 8). The creatinine-adjusted BPF and BPS 
values increased at age 8 compared to age 6 (geometric mean of BPF: 
0.20 at age 6, 0.40 at age 8; geometric mean of BPS: 0.10 at age 6, 0.16 at 
age 8). At age 4, girls showed higher levels of BPA than boys. Although 
there were no statistically significant differences, boys tended to have 
higher levels of bisphenols than girls at ages 6 and 8. The ICC of BPA at 
ages 4, 6, and 8 was 0.10, indicating low stability across ages. All 

Table 1 
Characteristics of the children at age 4, 6 and 8.  

Variables Age 4 
(n =
411) 

Age 6 
(n =
491) 

Age 8 
(n =
521) 

Excluded 
children 
(n = 107) 

P-value 
(Included vs 
Excluded 
children) 

Age, years, mean 
(SD) 

4.0 
(0.2) 

5.9 
(0.1) 

7.9 
(0.1)   

Sex, boys, N (%) 215 
(52.3) 

256 
(52.1) 

246 
(47.2) 

52 (48.6)  0.46 

BMI, kg/m2, mean 
(SD) 

15.7 
(1.2) 

15.7 
(1.8) 

16.8 
(2.4)   

Twin, yes, N (%) 36 
(8.8) 

41 
(8.4) 

49 
(9.4) 

9 (8.4)  0.96 

Birth order, N (%)      0.02 
1st 231 

(56.2) 
280 
(57.0) 

302 
(58.0) 

48 (44.9)  

2nd or higher 180 
(43.8) 

211 
(43.0) 

219 
(42.0) 

59 (55.1)  

Birth weight, kg, 
mean (SD) 

3.2 
(0.8) 

3.2 
(0.5) 

3.2 
(0.5) 

3.2 (0.5)  0.49 

Gestational age, 
weeks, mean (SD) 

38.6 
(1.5) 

38.6 
(1.6) 

38.6 
(1.6) 

38.6 (1.5)  0.86 

Breastfeeding, N 
(%)      

<0.01 

Exclusive 
breastfeeding 

124 
(30.2) 

154 
(31.4) 

161 
(30.9) 

35 (33.0)  

Mixed feeding 264 
(64.2) 

317 
(64.6) 

343 
(65.8) 

57 (53.8)  

Formula feeding 16 
(3.9) 

19 
(3.9) 

17 
(3.3) 

14 (13.2)  

Maternal age at 
pregnancy, mean 
(SD) 

31.3 
(3.6) 

31.4 
(3.6) 

31.4 
(3.5) 

31.6 (3.8)  

Maternal 
Education, N (%)      

0.04 

Less than college 
education 

73 
(17.8) 

76 
(15.5) 

78 
(15.0) 

28 (26.2)  

College graduate or 
more 

338 
(82.2) 

415 
(84.5) 

443 
(85.0) 

79 (73.8)  

Paternal education, 
N (%)      

0.35 

Less than college 
education 

54 
(13.1) 

76 
(15.5) 

79 
(15.2) 

21 (19.6)  

College graduate or 
more 

357 
(86.9) 

415 
(84.5) 

442 
(84.8) 

86 (80.4)  

Monthly family 
income      

< $3500, N (%) 75 
(18.2) 

101 
(20.6) 

101 
(19.4)   

≥$3500, N (%) 290 
(70.6) 

386 
(78.6) 

420 
(80.6)   

Intake of instant 
rice, N(%)      

< once a week 405 
(98.5) 

467 
(95.1) 

491 
(94.2)   

≥ once a week 6 (1.5) 24 
(4.9) 

30 
(5.8)   

Use of plastic dishes 
in microwave 
oven, yes, N(%) 

12 
(2.9) 

16 
(3.3) 

26 
(5.0)   

ARS total score, 
mean (SD) 

6.9 
(5.8) 

6.2 
(5.7) 

6.6 
(5.6)   

Bisphenol levels, 
μg/g creatinine, 
GM (GSD)      

BPA 3.29 
(2.51) 

2.36 
(2.32) 

1.96 
(2.58)   

BPF  0.20 
(2.89) 

0.40 
(2.98)   

BPS  0.10 
(3.96) 

0.16 
(3.84)   

Abbreviations: SD, standard deviation; BMI, body mass index; ARS, ADHD 
Rating scale IV; GM, geometric mean; GSD, geometric standard deviation; BPA, 
bisphenol A; BPF, bisphenol F; BPS, bisphenol S. 
P-value for difference of characteristics between included and excluded children 
(chi-square test for categorical variables and t-test for continuous variables) 
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bisphenol pairs showed low kappa values (BPF age 6 and 8: 0.02, BPS 
ages 6 and 8: 0.03, BPA and BPF age 6: 0.020, BPA and BPS age 6: 0.013, 
BPF and BPS age 6: 0.145, BPA and BPF age 8: 0.006, BPA and BPS age 8: 
0.004, BPF and BPS age 8: 0.185), implicating poor correlation. 

Statistical analyses for monthly family income, intake of instant rice, use of 
plastic dishes in microwave oven, ARS scores and bisphenol levels between 
included and excluded participants were not feasible due to large percentage of 
missing values in excluded participants. 

Table 2 
Geometric distributions of creatinine-adjusted bisphenol levels (μg/g creatinine) at ages of 4, 6, and 8 years.  

Metabolite Detection frequency (%) Percentile GM (GSD) 

5th 25th 50th 75th 95th All Boys Girls p-value 

Age 4           
BPA  97.1  0.74  1.89  3.31  5.53  12.53 3.29 (2.51) 3.28 (2.46) 3.30 (2.57)  0.945 
Age 6           
BPA  99.8  0.63  1.37  2.19  3.89  9.11 2.36 (2.32) 2.40 (2.5) 2.33 (2.13)  0.691 
BPF  17.5  0.06  0.09  0.15  0.44  1.36 0.20 (2.89) 0.20 (2.71) 0.20 (3.18)  0.963 
BPS  42.0  0.02  0.04  0.07  0.16  1.50 0.10 (3.96) 0.09 (3.99) 0.10 (3.95)  0.670 
Age 8           
BPA  98.0  0.41  1.09  1.92  3.42  9.47 1.96 (2.58) 2.07 (2.58) 1.84 (2.58)  0.142 
BPF  51.6  0.07  0.18  0.36  0.83  2.52 0.40 (2.98) 0.42 (3.15) 0.39 (2.82)  0.576 
BPS  73.3  0.02  0.06  0.12  0.33  1.99 0.16 (3.84) 0.16 (4.08) 0.15 (3.57)  0.772 

Abbreviations: GM, geometric mean; GSD, geometric standard deviation; BPA, bisphenol A; BPF, bisphenol F; BPS, bisphenol S. 

Fig. 2. Relationship between BPA and ARS scores by age (4, 6 and 8) and sex (all, boy, and girl). Adjusted for child’s age, sex, birth order, maternal education 
level, birthweight, and gestational age in analyses with all children Adjusted for child’s age, birth order, maternal education level, birthweight, and gestational age in 
sex-stratified analyses. Abbreviations BPA, bisphenol A ARS, ADHD Rating Scale IV GAM, generalized additive model. 
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3.3. Association between exposure to BPA and ADHD 

Exploratory analyses of potential covariates revealed that child age, 
sex, birth order, maternal education level, birthweight, and gestational 
age at birth were related to both ARS scores and bisphenol values 
(Tables S1 and S2). These were included as final covariates in the sub-
sequent models. 

BPA was nonlinearly associated with ARS scores at ages 6 and 8 
(Fig. 2). The association deviated from linearity at ages 6 and 8 (p <
0.01), while the association was linear at age 4. With an assumption of 
linearity, a doubling in BPA level was associated with a 3.3% increase 
(95% CI 0.3, 6.3) in ARS scores at age 6 and a 3.6% increase (95% CI 1.0, 
6.2) at age 8 (Table 3). The group with BPA levels ≥ median should 
decreased scores compared to the group with BPA levels <median at age 
4 (-7.3% change, 95% CI − 14.0, − 0.1), but there were no statistical 
differences at age 6 and 8. However, with an assumption of nonlinearity, 
a doubling in BPA levels above 3.0 μg/g creatinine was associated with a 
24.2% increase (95% CI: 15.5, 33.6) in 6-yr ARS scores in all children. 
The association was greater among girls than among boys (19.0% [95% 
CI: 8.8, 30.1] increase in boys and 25.9% (95% CI: 9.9, 44.1) increase in 
girls) (Table 4). 

Table 3 
Associations between exposure to bisphenols and ARS scores at each age.  

Bisphenol Age of 
ARS 
assessment 

Totala (% change [95% CI]) Sample 
size 

Boysb (% change [95% CI]) Sample 
size 

Girlsb (% change [95% CI]) 

Crude Adjusted Crude Adjusted Crude Adjusted 

BPA: 
continuous 

Age 4 (n =
411) 

− 0.2 (-3.0, 
2.6) 

− 0.3 (-3.1, 2.5) n = 215 − 2.2 (-5.6, 1.4) − 2.4 (-5.8, 1.2) n = 196 3.0 (-1.4, 7.7) 2.4 (-2.0, 7.0) 

LOD - <
median 

n = 206 R R n = 103 R R n = 103 R R 

≥ median n = 205 − 6.8 (-13.5, 
0.5) 

¡7.3 (-14.0, 
¡0.1) 

n = 112 ¡10.6 (-18.6, 
¡1.8) 

¡11.2 (-19.3, 
¡2.3) 

n = 93 0.4 (-11.2, 
13.5) 

− 0.03 (-11.6, 
13.1) 

Continuous Age 6 (n =
491) 

3.5 (1.0, 6.0) 3.3 (0.3, 6.3) n = 256 2.3 (-1.2, 6.0) 2.2 (-1.3, 5.9) n = 235 5.2 (0.1, 
10.7) 

4.3 (-0.8, 9.7) 

LOD - <
median 

n = 246 R R n = 132 R R n = 114 R R 

≥ median n = 245 4.5 (-2.7, 
12.2) 

3.4 (-3.8, 11.0) n = 124 6.6 (-3.0, 17.2) 6.6 (-3.0, 17.2) n = 121 2.1 (-8.3, 
13.8) 

− 0.2 (-10.5, 
11.2) 

Continuous Age 8 (n =
521) 

2.9 (0.5, 5.5) 3.6 (1.0, 6.2) n = 275 1.4 (-1.7, 4.6) 2.5 (-0.7, 5.8) n = 246 5.3 (1.2, 9.6) 5.1 (1.1, 9.4) 

LOD - <
median 

n = 260 R R n = 127 R R n = 133 R R 

≥ median n = 261 2.1 (-3.7, 
10.2) 

4.6 (-2.2, 11.9) n = 148 − 0.9 (-9.0, 8.0) 1.1 (-7.3, 10.3) n = 113 9.5 (-1.7, 
22.0) 

8.9 (-2.3, 21.3) 

BPF Age 6 (n =
491)   

n = 256   n = 235   

< LOD n = 405 R R n = 206 R R n = 199 R R 
≥ LOD n = 86 10.4 (0.8, 

20.9) 
10.8 (1.2, 21.4) n = 50 12.0 (-0.3, 

25.7) 
9.6 (-2.5, 23.3) n = 36 10.0 (-4.9, 

27.1) 
19.5 (3.2, 
38.3)  

Age 8 (n =
521)   

n = 275   n = 246   

< LOD n = 252 R R n = 135 R R n = 117 R R 
≥ LOD n = 269 − 0.2 (-6.9, 

6.9) 
− 3.7 (-10.3, 
3.3) 

n = 140 ¡9.4 (-17.1, 
¡1.0) 

¡11.2 (-18.9, 
¡2.8) 

n = 129 16.3 (4.0, 
30.0) 

10.6 (-1.3, 
23.9) 

BPS Age 6 (n =
491)   

n = 256   n = 235   

< LOD n = 285 R R n = 147 R R n = 138 R R 
LOD - <

median 
n = 103 − 8.0 (-16.2, 

1.1) 
− 6.2 (-14.7, 
3.1) 

n = 56 − 12.0 (–22.3, 
− 0.4) 

− 10.7 (-21.2, 
1.2) 

n = 47 − 5.1 (-17.8, 
9.6) 

− 3.8 (-17.0, 
11.4) 

≥ median n = 103 11.0 (1.7, 
21.1) 

11.4 (2.0, 21.7) n = 53 7.0 (-4.9, 20.4) 4.4 (-7.4, 17.7) n = 50 15.8 (1.6, 
32.1) 

16.1 (1.5, 
32.8)  

Age 8 (n =
521)   

n = 275   n = 246   

< LOD n = 139 R R n = 71 R R n = 68 R R 
LOD - <

median 
n = 191 − 7.7 (-16.2, 

1.7) 
− 8.0 (-15.5, 
0.2) 

n = 101 ¡15.2 (-24.0, 
¡5.5) 

¡16.6 (-25.3, 
¡7.0) 

n = 90 9.7 (-4.3, 
25.9) 

6.5 (-7.3, 22.4) 

≥ median n = 191 − 3.1 (-10.6, 
4.9) 

− 5.4 (-13.1, 
3.1) 

n = 103 − 8.8 (-18.0, 1.5) ¡10.9 (-19.9, 
¡0.8) 

n = 88 7.5 (-6.7, 
23.8) 

5.1 (-8.9, 21.3)  

a Adjusted for child’s age, sex, birth order, maternal education level, birthweight, and gestational age. 
b Adjusted for child’s age, birth order, maternal education level, birthweight, and gestational age Abbreviation: ARS, ADHD Rating Scale IV; CI, confidence interval; 

BPA, bisphenol A; BPF, bisphenol F; BPS, bisphenol S; LOD, limit of detection; R, reference Significant results shown in bold. 

Table 4 
Percent changes in score of the ARS associated with a doubling in BPA (above 
3.0 μg/ g creatinine).  

Age of 
ARS assessment 

Gender Sample size At or above threshold 
% change (95% CI) p-value 

Age 4 Alla N = 225 − 1.7 (-8.5, 5.6)  0.65 
Boysb N = 121 − 4.3 (-12.9, 5.1)  0.36 
Girlsb N = 104 1.1 (-9.4, 12.9)  0.85 

Age 6 Alla N = 169 24.2 (15.5, 33.6)  <0.01 
Boysb N = 86 19.0 (8.8, 30.1)  <0.01 
Girlsb N = 83 25.9 (9.9, 44.1)  <0.01 

Age 8 Alla N = 152 4.7 (-2.5, 12.5)  0.21 
Boysb N = 84 2.5 (-6.0, 11.8)  0.57 
Girlsbb N = 68 2.6 (-9.7, 16.6)  0.69  

a Adjusted for child’s age, sex, birth order, maternal education level, birth-
weight, and gestational age. 

b Adjusted for child’s age, birth order, maternal education level, birthweight, 
and gestational age Abbreviation: ARS, ADHD Rating Scale IV; BPA, bisphenol A; 
CI, confidence interval; R, reference Significant results shown in bold. 
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3.4. Association between exposure to BPF and BPS and ADHD 

We observed that those exposed to BPF ≥ LOD showed 10.8% (95% 
CI 1.2, 21.4) higher ARS scores than those exposed to BPF < LOD at age 
6. Those exposed to BPS ≥ median showed 11.4% (95% CI 2.0, 21.7) 
higher ARS scores than those exposed to BPS < LOD at age 6. Girls 
showed stronger associations between all bisphenols and ARS scores at 
all ages than boys (BPF ≥ LOD vs. BPF < LOD at age 6: 19.5% [95% CI: 
3.2, 38.3] vs. 9.6% [95% CI: − 2.5, 23.3]; BPS ≥ median vs. BPS < LOD 
group at age 6: 16.1% [95% CI: 1.5, 13.8] vs. 4.4% [95% CI: − 7.4, 17.7]) 
(Table 3 and Fig. 3). In boys, the estimates of associations between BPF/ 
BPS and ARS scores were positive at age 6 but negative at age 8 (BPF ≥
LOD vs. BPF < LOD: 9.6% [95% CI: − 2.5, 23.3] at age 6 vs. − 11.2% 
[95% CI: − 18.9, − 2.8] at age 8; BPS ≥ median vs. BPS < LOD group: 
4.4% [95% CI: − 7.4, 17.7] at age 6 vs. − 10.9% [95% CI: − 19.9, − 0.8] at 
age 8). 

3.5. Sensitivity analyses 

Neither further adjustment of intake of instant rice (Model 1) nor use 
of plastic dishes in microwave ovens (Model 2) changed the significance 
of the results of the main analyses (Table S3), suggesting robustness of 
the analyses and minimal impact of dietary exposure sources. Exclusion 
of children that reported taking psychotropic medication did not affect 
the results, either. 

4. Discussion 

To our knowledge, this is the first study to investigate the association 
of bisphenol A and its alternatives (BPS and BPF) with ADHD symptoms 
in childhood. All bisphenols were significantly associated with ARS 
scores at age 6, and the magnitude of association was stronger in girls 
than in boys. A nonlinear dose–response curve of BPA was found at age 
6; although the estimated association of overall BPA levels with ARS 
scores was small (3.3% [95% CI: 0.3, 6.3]), the association was pro-
nounced above the flexion point of BPA levels at age 6 (24.2% [95% CI: 
15.5, 33.6]). 

All three bisphenols were associated with ARS scores, suggesting 
similar neurotoxic properties. In comparison, a recent study reported 
that prenatal exposure to BPF was associated with IQ score at age 7, 
whereas BPA and BPS did not influence the neurocognitive development 

of children (Bornehag et al. 2021). However, another study reported 
that prenatal exposure to BPA was associated with impaired neuro-
development at age 2, and BPS showed a trend of negative association 
with psychomotor development (p = 0.01) (Jiang et al. 2020). Our study 
was the first to investigate the relationship between bisphenol sub-
stitutes and ADHD symptoms in childhood. Our study results are 
consistent with a previous animal study which showed that BPA, BPF, 
and BPS affected dopamine-related genes in the prefrontal cortex of rats, 
which has been reported to be involved in the neurobiological etiology 
of ADHD (Castro et al. 2015). Currently, studies on the effect of 
bisphenol substitutes on neurodevelopment are scarce, and further 
studies are necessary. 

We examined the nonlinear relationship of BPA and ADHD at mul-
tiple time points in childhood. Despite the possible nonmonotonous 
action of BPA, the nonlinear neurotoxic effect of BPA has not been well 
studied. Peluso et al. reported U-shaped, inverted U-shaped, and J- 
shaped dose–response curves between BPA and behavior in a meta- 
regression analysis in rodents (Peluso et al. 2014). Lim et al. found that 
the association between prenatal BPA and autistic traits at age 4 devi-
ated from a straight line, and the association was significant in girls (Lim 
et al. 2017). Hong et al. found a J-shaped curve in 8- to 11-year-olds 
between cross-sectional BPA levels and learning disability scores 
(Hong et al. 2013). Other studies have explored the possibility of 
nonlinearity but found only linear relationships (Braun et al. 2011; 
Harley et al. 2013; Jiang et al. 2020). The discrepancy among studies 
may be due to exposure levels, timing of assessment, and tools for 
measuring neurodevelopment. Further longitudinal studies are war-
ranted to elucidate the nonlinear dose–response curve of BPA and other 
bisphenols. 

Mechanisms of nonmonotonous dose response relationships include 
cytotoxicity, receptor specificity and selectivity, receptor down-
regulation and desensitization, receptor competition, and negative 
feedback loop disruptions (Schug et al. 2011; Vandenberg et al. 2009; 
Vandenberg et al. 2012). As the neurotoxic effect increased 7-fold above 
the flexion point, investigation of nonlinear dose–response curves can 
help identify new limits for safety regulation. We applied a flexion point 
of 3.0 μg/g creatinine that was also found in our previous study (Lim 
et al. 2017). Approximately 30% of the children surpassed the flexion 
point, indicating that a rather large proportion were at risk of neurotoxic 
effects of BPA, and further efforts to regulate BPA exposure to a lower 
level should be considered. Moreover, dividing participants according to 

Fig. 3. CI plots of associations between bisphe-
nols and ARS scores at age 4, 6 and 8, according 
to sex. Adjusted for child’s age, sex, birth order, 
maternal education level, birthweight, and gesta-
tional age in analyses with all children. Adjusted for 
child’s age, birth order, maternal education level, 
birthweight, and gestational age in sex-stratified an-
alyses. The associations of exposures to bisphenols 
with ARS scores measured at ages of 4 (square), 6 
(circle), and 8 (triangle) years were expressed with 
95% confidence intervals in vertical lines. Abbrevi-
ations: CI, confidence interval; ARS, ADHD Rating 
Scale IV; BPA, bisphenol A; BPF, bisphenol F; BPA, 
bisphenol S.   
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the median did not give us any further information, which implied that 
children in this study responded to the BPA levels above threshold of 3.0 
μg/g creatinine. However, further studies are warranted to investigate 
the threshold level of toxicity of BPA in children. 

BPA, BPS, and BPF were all associated with ARS scores at age 6, but 
only BPA was related to ARS scores at age 8. Why BPF and BPS were 
linked to ADHD symptoms at only age 6 is unclear but may be related to 
the great differences in detection frequency between age 6 and 8. The 
kappa values between age 6 and age 8 bisphenols were small, indicating 
that the stability of exposure was low. The different detection fre-
quencies may be caused by different study years and LODs, rather than 
exposure age per se. Further studies with high frequencies of biphenol 
alternatives are warranted for clarity. 

The associations between bisphenols and ARS scores were stronger in 
girls, and the largest estimate was found in girls with higher BPA levels 
(a doubling of BPA was associated with a 25.9% increase in ARS scores). 
However, previous studies on sex-specific effects have shown mixed 
findings. The effect of prenatal BPF and BPS on neurodevelopment was 
observed in boys (Bornehag et al. 2021; Jiang et al. 2020). While a study 
conducted in South Korea suggested that childhood exposure to BPA was 
associated with increased ADHD-related behavior in boys (Hong et al. 
2013), several studies found an association in both sexes (Harley et al. 
2013; Tewar et al. 2016), while other studies found that childhood BPA 
exposure was associated with hyperactivity and externalizing behavior 
in girls but not boys (Findlay and Kohen 2015; Roen et al. 2015). Pre-
vious studies have suggested that BPA impacts boys and girls differently 
according to developmental stage and level of exposure (Li et al. 2018; 
Roen et al. 2015). These sexually dimorphic associations may be 
partially explained by the influence of bisphenols on sex hormones 
(Chen et al. 2016; Skledar and Masic 2016). Also, bisphenols and ARS 
scores were positively associated in girls at both ages 6 and 8, whereas 
BPF and BPS were negatively associated with ARS scores in boys at age 
8. Although the reason for this remains unclear, this may be due to 
nonlinear associations (Peluso et al., 2014), which were not explored 
due to small sample sizes of detected BPF or BPS levels. Moreover, the 
small sample sizes (n = 50 of boys and n = 36 girls in the BPF ≥ LOD 
group at age 6) prohibit definite conclusions, and further studies with 
larger sample sizes are warranted. 

The detection frequencies for BPA, BPF, and BPS in 6-year-old 
Korean children during 2015–2017 were 99.8%, 17.5%, 42.0%, 
respectively, but these detection frequencies increased to 98%, 51.6%, 
and 73.3%, respectively, in 8-year-old children during 2017–2019. The 
detection rate was somewhat lower than that of a study of 509 
childbearing-aged women (20–48 years old) in Korea which reported a 
detection rate of 84% for BPS in 2015–2016 (Mok et al. 2021). Another 
study of 196 Korean pregnant women found a detection rate of 81% for 
BPF and 65% for BPS in 2017–2019 (Kang et al. 2020). In comparison, 
the detection rates in 6- to 19-year-olds in the National Health and 
Nutrition Examination Survey (NHANES) of 2013–2016 were 97.8%, 
54.8%, and 88.4%, for BPA, BPF and BPS, respectively (Wang et al. 
2021). A study of 283 Chinese children aged 3–11 years old showed 
detection rates of 12% for BPF and 89% for BPS in 2015 (Chen et al. 
2018). Reports on the detection rates of bisphenol substitutes differ 
greatly according to age, region, and year of collection; therefore, these 
factors should be considered when interpreting study results. The dif-
ference in detection rates coincides with the timing of regulations of BPA 
in each country, as Korea started and extended regulations in 2011 and 
2019 ((MFDS) 2019). Exposure to BPF and BPS in children is expected to 
continue to increase in the future, and further studies regarding their 
effects on neurodevelopment are necessary. 

The mean ARS score ranged from 6.2 to 6.9 in our study. The mean 
ARS score in 29,914 community-based Korean children was 9.5 (SD 7.4) 
in boys and 6.8 (6.0) in girls aged 5–7 years (Choi et al. 2019), whereas a 
study of 814 children in the US reported a mean score of 12.5 (SD 10.0) 
in boys and 9.5 (8.2) in girls (DuPaul et al. 1998b). Our ARS scores were 
similar to those of the Korean study but lower than those of the US 

population. ADHD symptom perception tends to differ among cultures. 
Asian cultures are more introverted than their American counterparts, 
and thus, this may partially mask hyperactivity (Tani et al. 2010). The 
mean ARS score was lower than the suggested cutoff score of 18 (Brown 
et al. 2011), indicating a generally healthy population. Another factor 
may be the high proportion of families with higher family income 
(71.2% had a monthly family income of ≥ $3500) and maternal edu-
cation (82.4% had a college education). Therefore, our study results may 
not be generalizable to populations with low income or maternal 
educational status. However, ADHD symptoms are not dichotomous but 
rather continuously distributed in the general population without clear- 
cut flexion points in terms of associations with adverse outcomes (Riglin 
et al. 2021; Thapar and Cooper 2016). Moreover, subthreshold ADHD 
symptoms can affect the child’s daily function, as these symptoms have 
been found to be associated with higher rates of comorbid psychopa-
thologies and cognitive, interpersonal, and school functioning deficits 
(Biederman et al. 2018). Childhood ADHD traits share the same set of 
environmental and genetic risks as clinical disorders (Sullivan et al. 
2012), so investigation of the effects of bisphenols on ADHD traits in a 
relatively healthy population may be generalizable to a clinical 
population. 

Our study has some limitations. First, the associations were investi-
gated cross-sectionally in childhood. The associations may be due to bias 
by reverse causation, and further prospective studies on the effect of 
prenatal and early childhood exposure are warranted. Second, BPA was 
assessed by using spot urine, and as the half-life of BPA has been thought 
to be as short as 4–6 h (Volkel et al. 2002), the BPA levels may not reflect 
consistent exposure although humans are continuously exposured to a 
variety of sources. Third, BPS and BPF were only treated as categorical 
variables, and further studies with high detection frequencies are war-
ranted to explore the effect of bisphenols as continuous variables. 
Fourth, ADHD symptoms were measured using a parent-reported ques-
tionnaire. Although the ARS is widely used as a screening tool for ADHD 
and has shown good correlation with standard diagnostic measures 
(Park et al. 2014), our results may not be generalizable in clinical 
populations diagnosed with ADHD. Finally, although we investigated a 
wide variety of potential covariates, the results may have been 
confounded by exposure to other EDCs and factors of the home envi-
ronment that affect neurodevelopment. 

Nonetheless, our study is the first to investigate the association be-
tween bisphenol substitutes and ADHD symptoms. We also assessed 
exposures and outcomes at multiple time points and found that children 
at age 6 were more vulnerable to the neurotoxic effects of bisphenols. 
This is the first report of the sex- and age-specific nonmonotonous re-
lationships of BPA and ADHD, providing insights into the mechanism 
underlying this association. 

5. Conclusions 

We repeatedly examined the association of bisphenol substitutes 
with ADHD symptoms in 619 children from age 4 to 8. This study sug-
gests that BPA, BPF, and BPS are related to ADHD symptoms at age 6, 
and the association was greater among those with higher levels of BPA at 
age 6. While the associations between bisphenols and ARS scores were 
significantly positive in girls, boys showed different directions of asso-
ciations at ages 6 and 8. Considering the rapid increase in the use of BPF 
and BPS, public awareness of the suggested neurotoxic effects of 
bisphenol substitutes in childhood should be enhanced. 
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