
Early-life Triclosan Exposure and Parent-Reported Behavior 
Problems in 8-year-old Children

Medina S. Jackson-Browne1, George D. Papandonatos2, Aimin Chen3, Kimberly Yolton4, 
Bruce P. Lanphear5, and Joseph M. Braun1

1Department of Epidemiology, Brown University, Providence, Rhode Island, 2Department of 
Biostatistics, Brown University, Providence, Rhode Island, 3Division of Epidemiology, Department 
of Environmental Health, University of Cincinnati College of Medicine, Cincinnati, Ohio, 
4Department of Pediatrics, Cincinnati Children’s Hospital Medical Center, University of Cincinnati 
College of Medicine, Cincinnati, Ohio, 5British Columbia Children’s Hospital and the Faculty of 
Health Sciences, Simon Fraser University, Vancouver, British Columbia

Abstract

Background: Triclosan exposure may decrease circulating thyroxine levels or cause neuron 

apoptosis, which in turn may adversely affect neurodevelopment. However, few studies have 

examined the association of early life triclosan exposure with child behavior.

Objective: To quantify the association between early-life triclosan exposure and child behavior at 

age 8-years in 202 mother-child pairs from the HOME study (Cincinnati, OH; enrolled: 2003–

2006).

Methods: We quantified urinary triclosan concentrations up to 3 times in mothers (16-weeks, 26-

weeks, and delivery) and up to 6 times in children (1, 2, 3, 4, 5, and 8 years). Parents rated 

children’s problem behaviors at age 8-years using the Behavioral Assessment System for 

Children-2 (BASC-2). Adjusting for covariates and accounting for exposure measurement error, 

we estimated changes in behavior problem scores per 10-fold increase in mean gestational and 

childhood triclosan concentrations. In addition, we estimated sex-specific associations.

Results: Child sex modified the association of gestational and childhood triclosan with several 

BASC-2 scales (sex x triclosan p-values<0.2). In boys, increasing gestational triclosan was 

associated with higher behavioral symptom index (β: 4.5; 95% CI: 1.0, 8.1), externalizing 

problems (β: 5.0; 95% CI: 1.2, 9.0), attention problem (β: 6.6; 95% CI: 2.4, 11), hyperactivity (β: 

6.4; 95% CI: 2.1, 11), and somatization (β: 3.8; 95% CI: 0.3, 7.3) scores. In contrast, triclosan-

BASC-2 associations in girls were generally null and not statistically significant. We observed 
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similar patterns of associations between childhood triclosan and these same behavioral scores; 

however, their magnitude decreased substantially after adjusting for gestational triclosan and 

associations were not statistically significant.

Conclusion: In this cohort, increasing gestational and childhood urinary triclosan concentrations 

were associated with higher behavior problem scores in 8-year old boys, but not girls.
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1. Introduction

Triclosan, a man-made antimicrobial compound that was used in some soaps, and continues 

to be used in some toothpastes, cosmetics, and cleaning products, is frequently detected in 

the urine of pregnant women and children in North America (Calafat et al., 2008; Stacy et 

al., 2017a; Woodruff et al., 2011). In 2016 and 2017, the FDA ruled that triclosan could no 

longer be used in over-the-counter (OTC) consumer antiseptic products, due to concerns 

regarding its safety (FDA, 2016; Food and Drug Adminnistration, 2016).

Studies in laboratory animals and humans suggest that early-life triclosan exposure disrupts 

thyroid hormone homeostasis in pregnancy, infancy, and childhood (Braun et al., 2017b; 

Johnson et al., 2016; Wang et al., 2017). During gestation, thyroid hormones transferred 

from the mother to the embryo and fetus are critical for proper neurodevelopment (Escobar 

et al., 2004); even small differences in thyroid hormone concentrations during pregnancy 

have been associated with adverse neurodevelopmental outcomes in children (Haddow et al., 

1999; Henrichs et al., 2013; Heyer and Meredith, 2017; Korevaar et al., 2016). Furthermore, 

evidence from in vitro studies suggests that triclosan exposure may induce apoptotic 

signaling pathways in neocortical neurons (Szychowski et al., 2016, 2015).

Despite the potential for triclosan to adversely impact neurodevelopment, previous 

epidemiological studies are inconclusive. In the HOME (Health Outcomes and Measures of 

the Environment) Study, we previously found no association between triclosan and visual-

spatial abilities (Braun et al., 2017a). In contrast, we found that triclosan concentrations at 

birth were inversely associated with child IQ at age 8 years for children in this same study 

(Jackson-Browne et al., 2018). We are aware of two studies assessing associations between 

early life triclosan exposure and parent-reported child behavior, which have yielded 

inconclusive results. In the MIREC study, a Canadian pregnancy-birth cohort, gestational 

urinary triclosan concentrations were not associated with higher behavior problem scores in 

3 year-olds (Etzel et al., 2018). In the EDEN cohort of French mother-son pairs, 2nd 

trimester urinary triclosan concentrations were associated with higher behavior problem 

scores in boys at age 3 years (Philippat et al., 2017). Both studies assessed triclosan 

exposure once during pregnancy in either the first (MIREC) or second (EDEN) trimester, but 

not during other periods of potential susceptibility (i.e., childhood). Moreover, prior studies 

examining associations between triclosan and neurodevelopment did not account for 

triclosan exposure misclassification. Given that urinary triclosan concentrations are variable 

within individuals due to triclosan’s short half-life (~21 hours) and the episodic nature of 
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exposure, exposure misclassification may attenuate associations between triclosan and 

neurodevelopmental outcomes (Arbuckle et al., 2015; Bertelsen et al., 2014; Calafat et al., 

2008; Koeppe et al., 2013; Messerlian et al., 2018; Stacy et al., 2017a).

To better understand the potential effects of early life triclosan exposure on child behavior, 

we used a prospective pregnancy and birth cohort study to determine if repeated gestational 

and childhood urinary triclosan concentrations were associated with higher parent-reported 

behavior problems in children at age 8 years, accounting for measurement error in triclosan 

exposure.

2. Methods

2.1. Study Participants

We used data from mother-child pairs enrolled in the HOME Study, a prospective pregnancy 

and birth cohort in Cincinnati, Ohio that was designed to examine the health effects of early-

life environmental exposures (Braun et al., 2016). We recruited women from nine prenatal 

care clinics from March 2003 to January 2006. Eligibility criteria included being ≥18 years 

old, 16±3 weeks pregnant, living in a home built before 1978, planning to live in the greater 

Cincinnati area for the next year, planning to continue prenatal care and deliver at 

participating hospitals, and no history of thyroid disorders, or diagnosis of diabetes, bipolar 

disorder, schizophrenia, or cancer resulting in radiation treatment or chemotherapy. Of 1,263 

eligible women, 468 agreed to participate; we excluded children with congenital or genetic 

anomalies (n=2). Among 389 mothers who remained in the study until delivering singleton 

infants, those missing all triclosan measurements (n=5), neurobehavioral assessments at age 

8 years due to loss to follow-up (n=170), and covariates (n=12) were also excluded from 

analyses. Our primary analysis included 202 mother-child pairs (52% of all mothers who 

delivered singletons) who had at least one prenatal and postnatal triclosan measurement, an 

8-year neurobehavioral assessment, and all covariates.

The institutional review boards (IRBs) at Cincinnati Children’s Hospital Medical Center 

(CCHMC) and participating delivery hospitals approved this study. The Centers for Disease 

Control and Prevention (CDC) and Brown University deferred to the CCHMC IRB as the 

IRB of record. All women provided informed consent for themselves and their children

2.2. Urinary Triclosan Concentrations

Women provided up to two single urine samples at their prenatal care clinic visits around 16- 

and 26-weeks of pregnancy and another at the delivery hospital, usually within 48 hours 

after delivery. We also collected single urine samples from children during annual clinic or 

home visits from age 1–5 years, and again at age 8 years. Maternal and child urine samples 

were collected at convenient times (i.e., randomly). Urine samples were collected from 2003 

through 2014 and stored at −20°C until shipment to the CDC, where they were stored at or 

below −20°C until analysis. We analyzed maternal samples between 2007–2009; childhood 

samples were analyzed between 2010–2012 and in 2015. For urine sample collection, 

storage, and analysis, we followed previously described protocols to minimize external 

contamination (Jackson-Browne et al., 2018; Stacy et al., 2017a; Ye et al., 2013). The 
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concentrations of total (free plus conjugated) triclosan were measured using online solid 

phase extraction-liquid chromatography isotope-dilution tandem mass spectrometry methods 

(Kuklenyik et al., 2005). The limit of detection (LOD) was 2.3 ng/mL for all gestational 

maternal urine samples and child urine samples collected at the 1–5-year visits and 1.0 

ng/mL for child urine samples collected at the 8-year visit. Concentrations below the LOD 

were assigned a value of LOD/√2 (Hornung and Reed, 1990). To account for urine dilution, 

we measured urinary creatinine concentrations using previously described methods (Larsen, 

1972).

2.3. Child Behavior Problems

We assessed children’s behavior problems at age 8 years via parent-report using the 

Behavioral Assessment System for Children-2 (BASC-2). The BASC-2 is a valid, reliable, 

160-item assessment of a child’s adaptive and problem behaviors in community and home 

settings (Kamphaus, 2015). We analyzed three composite scales from the BASC-2: 

behavioral symptoms index (BSI), externalizing problems, and internalizing problems. In 

addition, we evaluated nine clinical subscales of problem behaviors on the BASC-2. The BSI 

reflects the child’s overall level of problem behaviors that includes aggression, atypicality, 

attention problems, depression, hyperactivity, and withdrawal subscales. The externalizing 

problem composite scale measures disruptive behavior problems including aggression, 

conduct problems, and hyperactivity subscales. Finally, the internalizing problem composite 

scale assesses inwardly directed behaviors including anxiety, depression, and somatization 

subscales. Higher scores on these BASC-2 scales indicate more problem behaviors.

2.4. Covariates

Using a directed acyclic graph, we considered adjusting for variables associated with 

gestational or childhood urinary triclosan concentrations and child behavior in previous 

studies, or those believed to confound relations between other environmental toxicants and 

neurodevelopment (Figure S1) (Bellinger, 2004; Braun et al., 2011; Stacy et al., 2017a, 

2017b; Textor et al., 2016). We did not include variables identified as potential mediators or 

colliders in regression models (Rothman et al., 2008). Children’s sex was abstracted from 

medical records, while the remaining sociodemographic covariates (child’s race/ethnicity, 

mother’s education, household income, and marital status) were obtained using standardized 

interviews. To assess gestational exposure to tobacco smoke, we calculated the mean 

concentration of cotinine, a metabolite of nicotine, measured in maternal serum samples 

collected during pregnancy or at birth. We administered the Home Observation for 

Measurement of the Environment Inventory during home visits at age 1-year to assess the 

caregiving environment (Bradley et al., 2003). We also considered maternal depression and 

attention-deficit/hyperactivity disorder (ADHD) behaviors, which were assessed with the 

Beck Depression Inventory-II (BDI-II) (Beck et al., 1997) and Conners’ Adult ADHD 

Rating Scale (CAARS) (Conners et al., 1999) at the baseline and 8-year study visit, 

respectively. Higher scores on the BDI-II and CAARS indicate more depressive and ADHD-

like symptoms, respectively.

Jackson-Browne et al. Page 4

Environ Int. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.5. Statistical Analysis

We began by calculating the geometric mean of log10-transformed gestational (16 and 26-

week, and delivery samples) and childhood (ages 1–5 and 8-year samples) urinary triclosan 

concentrations according to covariates. We also calculated the mean and standard deviation 

of BSI, externalizing, and internalizing problem scores according to covariates.

2.5.1. Exposure Measurement Error—To account for triclosan exposure 

measurement error, we used distinct regression-calibration approaches for the gestational 

and childhood measures. Specifically, we used a random intercept model (Carroll et al., 

2006), where subject-specific replicates were used to estimate true geometric mean 

gestational urinary triclosan concentrations (log10-transformed and creatinine adjusted) 

across three measurement occasions during the gestational period (16 and 26 weeks and at 

delivery).

Our model assumes that triclosan observations collected on the ith mother during the jth 

measurement occasion during gestation are distributed as Yij = μi +εij, where μi~N(μ, σB
2 )

and εij N(0, σW
2 ). Under this model, the reliability of observed geometric mean triclosan 

concentration for the ith mother across gestation, yi, is given Ri = σB
2 /(σB

2 + σW
2 /ni), where σB

2

and σW
2  are the between-subject and within-subject variance components respectively, and ni 

= 1–3 is the number of available triclosan measures. In our regression model for the BASC-2 

outcomes we replaced yi by yi, its best linear unbiased predictor (BLUP) from a linear mixed 

effects (LME) model, estimated using the NLME package in R (Pinheiro and Bates, 2000). 

Under a random intercept model, the BLUP has a closed form given by 

yi = (1 − Ri) * μ + Ri * yi is the generalized least squares (GLS) estimate of the geometric 

mean gestational triclosan concentration across all three measurement periods for the entire 

HOME Study sample. From this formula, yi is a weighted average of μ and yi, with observed 

geometric mean concentrations from subjects with just one to two gestational measures 

shrunk more towards the grand mean than those from subjects with complete data, because 

of their lower reliability. Further, if we rewrite yi = μ + Ri * (yi − μ), we see that we end up 

regressing BASC-2 scores not on (yi − μ), but on Ri * (yi − μ) instead. Were all subjects 

contribute triclosan measures on all three gestational measurement occasions, their means 

would all be equally reliable and the estimate of the triclosan regression coefficient in the 

BASC-2 outcome model would change from β to β/R where R = σB
2 /(σB

2 + σW
2 /n). This is 

exactly the correction for dis-attenuation suggested by psychometric theory for the 

geometric mean of n imperfect, but equally reliable, exposure measures (Spearman, 1904).

The above calibration approach is appropriate when geometric mean triclosan concentrations 

show no time trends across measurement occasions. This was the case for gestational 

triclosan, but not for childhood measures, where our previous data showed that triclosan 

changed quadratically with child age (Stacy et al., 2017a). Therefore, a more complex linear 

mixed effects model was used to account for measurement error in childhood triclosan 

measures. Models included linear and quadratic fixed effects of time, random intercepts, and 
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random linear time slopes. Under an unstructured between-subject covariance matrix for the 

random effects (ΣB) and a spherical covariance matrix for the within-subject residuals (σW
2 Ii)

(whose dimension ni depends on the number of available measurement occasions for each 

subject), we can show that the previous shrinkage formula generalizes to one that replaces 

the scalar reliability measure for the gestational geometric mean with a subject-specific 

reliability Ri = ZiΣBZi
T(Zi * ΣBZi

T + Ii)
−1

. This subject-specific reliability matrix 

differentially shrinks the observed triclosan concentrations towards the GLS estimates of the 

occasion-specific grand means. The amount of shrinkage depends on the number and timing 

of measurement occasions for each subject as captured by the matrix Zi (details available 

upon request). Having estimated a subject-specific triclosan concentration trajectory for each 

HOME study participant, we then calculated the average concentration during the childhood 

period by integrating the resulting quadratic polynomial in closed form. We then divided the 

area under the curve by the length of exposure for each subject. The exact date of the 8-year 

visit was used to determine the childhood exposure interval.

It should be noted that regression calibration methods use an estimate from a first-stage 

regression model as the “true” triclosan concentration. It is, therefore, important to 

propagate this uncertainty to the second stage by appropriately inflating the standard errors 

for the outcome model. We accomplished this by simulating the joint distribution of the 

BLUPs via a parametric bootstrap. We subsequently employed these replicates as covariates 

in a succession of outcome models whose output was combined using Rubin’s multiple 

imputation rules (Rubin, 1987).

2.5.2. Regression Model Analyses—All statistical analyses and figures were 

completed using R (R Development Core Team, 2015). We used normal linear regression 

models to analyze BASC-2 T-scores, as our outcome, with geometric mean (GM) 

measurement error corrected log10-transformed gestational/childhood creatinine-

standardized urinary triclosan concentrations, as our main exposure variable. In all 

regression models, we adjusted for child sex (female or male), race/ethnicity (Black-non-

Hispanic, While-non-Hispanic, or other), maternal education (less than high school diploma, 

high school graduate, or some college or more), household income (continuous), marital 

status (married or unmarried), gestational log10-transformed serum cotinine (continuous), 

caregiving environment scores (continuous), BDI-II scores (continuous) and CAARS scores 

(continuous). In addition, we replaced model-based standard errors with robust versions at 

each bootstrap iteration, calculated via the SANDWICH package in R (Zeileis, 2006, 2004) 

to deal with possible non-normality in the outcome distributions.

Because we previously observed that child sex modified the associations between child 

behavior and other environmental chemical exposures in this cohort (Braun et al., 2011, 

2009; Stacy et al., 2017b), we included sex x triclosan interaction terms in regression models 

to formally test for modification by sex at the p <0.2 threshold (Greenland et al., 2016; 

Vanderweele, 2009). If we found that sex did modify our associations, we then conducted 

sex-stratified regression analyses for all BASC-2 outcomes to estimate sex-specific effects.
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2.5.3. Secondary Regression Model Analyses—Because household sources of 

triclosan exposure may be shared over time by both mothers and children, the association 

between gestational urinary triclosan concentrations and children’s behavior problems could 

be confounded by childhood urinary triclosan concentrations and vice-versa. Thus, we 

performed additional analyses with both gestational and childhood urinary triclosan 

concentrations together in the same regression model. In addition, we previously found that 

gestational urinary bisphenol A (BPA) concentrations had a weak positive association with 

triclosan concentrations (Stacy et al., 2017a) and modest positive association with higher 

girl’s behavioral outcomes in the HOME Study (Stacy et al., 2017b). Therefore, we 

performed sensitivity analyses further adjusting for gestational BPA concentrations in 

regression models.

2.5.4. Windows of Susceptibility Analyses—We investigated potential periods of 

heightened susceptibility to triclosan using a multiple-informants model. This approach 

utilizes information gathered from multiple individuals or sources to measure the same 

construct and can be used when there are repeated environmental exposure biomarker 

measures at different time points that serve as informants (Sánchez et al., 2011). Using 

multivariable linear regression with Generalized Estimating Equations (GEE), we 

simultaneously estimated the associations between BASC-2 composite (BSI, externalizing 

problem, and internalizing problem) scores and log10-transformed creatinine-standardized 

urinary triclosan concentrations at 9 time points; 3 during gestation (16 and 26-weeks and at 

delivery) and 6 during childhood (ages 1, 2, 3, 4, 5, and 8 years). In addition, to test for 

unique windows of susceptibility, we examined the interaction between log10-transformed 

creatinine-standardized triclosan concentration and exposure window. Due to the low power 

of the omnibus interaction test (Greenland et al., 2016), we employed a more liberal 

significance threshold for this test, regarding p-values < 0.2 as suggestive evidence that 

associations differed by exposure window.

3. Results

3.1. HOME Study participant characteristics.

Sociodemographic characteristics were similar between included and excluded HOME study 

participants (Table S1). Median gestational triclosan concentrations decreased slightly 

between 16-weeks and delivery, from 18 to 13 ng/mL, whereas median childhood triclosan 

concentrations increased, from 4 to 17 ng/mL, between ages 1 to 4 years and then decreased 

slightly to 10 ng/mL at age 8 years (Figure 1, Table S2). Average gestational and childhood 

concentrations were 17 and 11 ng/mL, respectively (Table 1) and weakly correlated (r = 

0.24; 95% CI: 0.11–0.37).

Geometric mean triclosan concentrations were lower in boys than girls at 16- and 26-weeks; 

similar to girls at 1-, 3-, and 5-years, but higher at delivery and at ages 2-, 4-, and 8-years of 

age (Figure 1). Gestational triclosan concentrations were higher in mothers who delivered 

boys, were college graduates and married, and had higher incomes and caregiving scores, 

and had lower serum cotinine concentrations, BDI-II scores, and CAARS scores (Table 1). 

In contrast, childhood triclosan concentrations did not differ by child sex, race and ethnicity, 
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or maternal serum cotinine concentrations or BDI-II scores but were higher in children of 

mothers who were married and had higher education, higher income, and higher CAARS 

scores (Table 1).

Mean BSI, externalizing, and internalizing problem scores were 50, 49, and 48, respectively; 

scores did not substantially differ by child sex and race/ethnicity, or by maternal education, 

income, caregiving scores, and cotinine. BSI, externalizing, and internalizing problem scores 

were higher among children born to women with higher BDI-II and CAARS scores than 

women with lower BDI-II and CAARS scores (Table 1).

3.2. Urinary triclosan measurement error models.

For gestational triclosan, the reliability of creatinine-standardized-log10-transformed urinary 

triclosan concentrations was quite high, with approximately equal between- and within- 

subject variance components (σB
2 = 0.52,σW

2 = 0.49). This resulted in ICCs= 0.53, 0.69, 0.77 

for subjects with 1, 2, and 3 observations, respectively, and a significant attenuation of the 

average exposure among subjects with one or more missing gestational-specific exposures. 

For childhood exposures, measurement error correction was more complicated due to the 

presence of between-person variation in both intercepts and linear time slopes (σINT
2 = 0.107, 

σSLOPE
2 = 0.013, ρINT , SLOPE = 0.638, σW

2 = 0.246), as well as of significant fixed quadratic 

time effects (p<0.001). Here, the time axis corresponded to child’s age in month at each 

urinary triclosan measurement occasion, standardized by the mean (45.6) and standard 

deviation (28.6) of the overall sample.

3.3. Gestational urinary triclosan concentrations and BASC-2 scores.

After adjustment for potential confounders, gestational triclosan concentrations were 

positively associated with higher BSI, externalizing, and internalizing scores (β’s= 1.6, 1.9, 

and 0.4, respectively), although all these associations did not reach statistical significance 

(Figure 2, Tables S5). Child sex modified the associations of gestational triclosan 

concentrations with all BASC-2 composite scales (gestational triclosan x sex p-values <0.2, 

Table S7). In boys, a 10-fold increase in gestational triclosan was associated with 4.5 (95% 

CI: 0.9, 8.1), 5.0 (95% CI: 1.2, 9.0), and 2.2 (95% CI: −1.1, 5.5) higher BSI, externalizing, 

and internalizing scores, respectively; associations among girls were not statistically 

significant (Figure 2, Table S5).

After adjustment for potential confounders, gestational triclosan concentrations were 

positively associated with all BASC-2 clinical subscale scores among all children, except for 

withdrawal scores (β: −1.4; 95% CI: −4.4, 1.6); all triclosan-BASC-2 associations were not 

statistically significant, except for hyperactivity (β: 2.8; 95% CI: 0.3, 5.3) (Figure 3, Table 

S5). Child sex modified the associations of gestational triclosan with aggression, attention, 

hyperactivity, somatization, and withdrawal problem scores (gestational triclosan x sex p-

values <0.2, Table S7). In boys, a 10-fold increase in gestational triclosan was associated 

with 6.6 (95% CI: 2.4, 11), 6.4 (95% CI: 2.2, 11), and 3.8 (95% CI: 0.3, 7.3) point higher 

attention, hyperactivity, and somatization scores, respectively; in girls, these associations 

were negative and did not reach statistical significance (Figure 3, Table S5).
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3.4. Childhood urinary triclosan concentrations and BASC-2 scores.

Childhood triclosan concentrations were not associated with BASC-2 composite scores. 

However, child sex modified associations between childhood triclosan concentrations and 

BASC-2 composite scales (childhood triclosan x sex p-values < 0.2, Table S7). In boys, 

increasing childhood triclosan concentrations were associated with 4.7 (95% CI: −3.3, 13), 

6.1 (95% CI: 1.4, 11), and 4.0 (95% CI: −4.2, 12) higher BSI, externalizing, and 

internalizing scores, respectively (Figure 2, Table S6). Associations between childhood 

triclosan and BASC-2 composite scales among girls were negative and more precise 

(narrower 95% CI) than associations among boys (Figure 2). Childhood triclosan 

concentrations were not associated with BASC-2 clinical subscale scores (Figure 3, Table 

S6). Child sex modified the associations of childhood triclosan with aggression, attention 

problems, conduct problems, depression, hyperactivity, and somatization scores (childhood 

triclosan x sex p-values <0.2, Table S7). In boys, each 10-fold increase in childhood 

triclosan concentrations was associated with 2.7 to 6.6 higher point scores on these clinical 

subscales (Figure 3, Table S6). In girls, we observed negative associations between 

childhood triclosan and all BASC-2 clinical subscale scores, except atypicality (β: 1.0; 95% 

CI: −4.0, 5.9); all 95% CIs for clinical subscale point estimates included the null value 

(Figure 3, Table S6).

3.5. Secondary Analyses: Joint gestational and childhood triclosan model and 
gestational BPA model results.

After adjusting for both gestational and childhood triclosan concentrations in the same 

model, the magnitude of the associations between triclosan concentrations and BASC-2 

scores among boys were substantially attenuated, but less so for gestational triclosan 

compared to childhood triclosan (Table S8). For instance, after joint adjustment for both 

triclosan measures, the effect estimate for the association between gestational triclosan and 

externalizing problems in boys was attenuated from 5.0 to 4.1, whereas the estimate for 

childhood triclosan was attenuated from 6.1 to 3.6. Generally, the 95% CI’s in the jointly 

adjusted regression model included the null value and were less precise compared to models 

not adjusting for both measurements. However, associations of gestational triclosan with 

attention problem and hyperactivity scores remained significant among all children and boys 

(Table S8). Furthermore, many sex x triclosan p-values were no longer significant at the 0.2 

level for gestational and childhood triclosan after joint adjustment (Table S9).

After adjusting for gestational BPA concentrations, the magnitude of the associations 

between triclosan concentrations and BASC-2 scores did not substantially change (Tables 

S10). In addition, all associations between triclosan concentrations and BASC-2 scores that 

were modified by child sex, remained significant at the 0.2 level after adjusting for 

gestational BPA concentrations (Table S7).

3.6. Window of susceptibility results.

The associations of repeated gestational and childhood (log10-transformed-creatinine-

standardized) triclosan concentrations with BSI and externalizing, but not internalizing 

problem scores varied by the timing of exposure measurement (triclosan x exposure period 

interaction p-value = 0.06, 0.06, and 0.28, respectively). Associations for measures during 
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gestation and at delivery were consistently positive with all BASC-2 composite scores but 

the associations did not reach statistical significance (Figures 4A–C). During childhood, no 

individual triclosan concentrations were statistically significantly associated with BSI 

scores. However, triclosan concentrations at age 1 year was associated with lower 

internalizing scores, whereas age 3-year triclosan concentrations were associated with higher 

externalizing problem scores (β: 2.1; 95% CI: 0.4, 3.7) (Figures 4B–C).

4. Discussion

In this cohort, we found that triclosan concentrations during gestation and the first 8 years of 

childhood were associated with more externalizing behavior problems in boys, but not girls. 

However, associations between childhood triclosan and externalizing behaviors were 

substantially attenuated after adjustment for gestational triclosan. In secondary analyses, 

repeated triclosan concentrations during gestation and at delivery were consistently 

positively associated with externalizing behaviors but these associations were not 

statistically significant. In contrast, repeated childhood triclosan concentrations were 

generally not associated with externalizing behaviors and more heterogeneous with regard to 

the direction and magnitude of associations.

The biological pathways by which triclosan exposure influences neurodevelopment during 

gestation or childhood is unknown. We speculate that early life triclosan exposures may 

affect child behavior by interfering with thyroid hormone homeostasis. A recent review of 

thyroid function and ADHD found some evidence for an association between maternal 

hypothyroidism and ADHD-related behaviors (i.e. inattention and hyperactivity), while there 

was insufficient evidence for an association between neonatal hypothyroidism and ADHD-

related behaviors (Drover et al., 2019). In rodents, triclosan exposure during the gestational 

and postnatal periods reduces thyroxine (T4) concentrations during pregnancy, infancy, and 

adulthood (Johnson et al., 2016; Louis et al., 2017). In humans, recently published findings 

in our group and a Chinese cohort, found that increasing urinary triclosan concentrations 

during gestation or at delivery was associated with decreased maternal or neonatal thyroid 

hormone concentrations (Braun et al., 2017b; Wang et al., 2017). Decreased T4 

concentrations in pregnancy and early childhood have also been shown to be an important 

indicator of developmental neurotoxicity; reductions in thyroid hormones in both periods 

have consistently been associated with poorer neurodevelopmental outcomes in both human 

and animal studies (Klein et al., 2001; Lazarus, 1999; Murphy et al., 2015). Another 

potential biological pathway that triclosan could affect neurodevelopment involves the 

induction of neocortical neuron apoptosis. In vitro studies show that triclosan exposure 

activates apoptotic signaling pathways and induces apoptosis through the aryl hydrocarbon 

receptor (AhR) via reduced transcriptional activity of AhR (Szychowski et al., 2016, 2015).

Prior epidemiologic studies examining early-life triclosan exposure and neurobehavioral 

outcomes in children have yielded inconclusive findings (Etzel et al., 2018; Philippat et al., 

2017). Similar to our findings, in the EDEN study of French boys, 2nd trimester urinary 

triclosan concentrations were associated with higher externalizing behavior problem scores 

(Philippat et al., 2017). However, in the MIREC study, 1st trimester urinary triclosan 
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concentrations were not associated with neurobehavioral outcomes at age 3 years (Etzel et 

al., 2018).

Several possible reasons may contribute to the difference in results of the present and prior 

studies. First, while discrepancies across these two prior studies could arise because they 

measured triclosan at different times of pregnancy, results from the present study do not 

suggest that the association of gestational triclosan concentrations and child behavior 

problems differ across the 2nd and 3rd trimesters. Second, it is possible that associations 

between urinary triclosan concentrations and child neurobehavior could differ if the 

outcomes were measured at different ages. Our current study was conducted at age 8-years 

but these prior studies were both conducted at earlier ages. However, we previously found 

that many aspects of parent-reported child behavior had fair to excellent reproducibility 

during the first 8 years of life (Braun et al., 2017c). Finally, while previous studies and the 

present one measured triclosan concentrations in the late 1st to 3rd trimester, prior studies 

only had a single prenatal triclosan measurement (Etzel et al., 2018; Philippat et al., 2017). 

Therefore, there is more potential for exposure misclassification in these prior studies. Our 

study had up to 3 measurements from the 2nd trimester through delivery and up to 6 

measurements between ages 1 and 8 years. We utilized these repeated measures to account 

for triclosan exposure measurement error while accounting for variable missingness in the 

number of children’s urine samples and to identify susceptible periods of development to 

triclosan exposure.

Our current study found evidence of effect modification by child sex, however, the MIREC 

study did not find compelling evidence of sex modification and the study from France only 

assessed the association between triclosan and behavior problems in boys and thus could not 

test potential effect modification by child sex (Etzel et al., 2018; Philippat et al., 2017). Our 

sex-specific associations may be related to the potential effects of triclosan on gonadal 

hormones, which are known to influence sexually dimorphic behaviors (Cohen-Bendahan et 

al., 2005). In male rats, triclosan induces anti-androgenic effects by reducing luteinizing 

hormone, follicle-stimulating hormone, and cholesterol concentrations (Kumar et al., 2009; 

Rodríguez and Sanchez, 2010). A recent epidemiological study reported that urinary 

triclosan concentrations during pregnancy were associated with increased cord serum 

testosterone concentrations and that these associations were stronger in boys than girls 

(Wang et al., 2018), but a cross-sectional NHANES study of children at ages 6–19 years did 

not find an association between triclosan and testosterone in either sex (Scinicariello and 

Buser, 2016).

Our study has some strengths and limitations. One strength was our use of regression 

calibration to account for both triclosan measurement error and variation in the number of 

missing triclosan measurements. In addition, we used up to 9 repeated urinary triclosan 

concentrations from 16-week gestation through age 8 years to identify potential periods of 

heightened susceptibility. While we used regression-calibration to minimize the impact of 

triclosan exposure measurement error in our primary analyses, there is the potential for non-

differential exposure misclassification to attenuate observed associations in our analysis of 

periods of heightened susceptibility given that we previously reported that triclosan 
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concentrations had fair reproducibility during gestation (intraclass correlation coefficients 

[ICC]~0.5) and poor reproducibility during childhood (ICC~0.2–0.4) (Stacy et al., 2017a).

Second, we adjusted for an extensive array of covariates that may affect child behavior, 

including maternal ADHD behaviors and depressive symptoms. Still, residual confounding 

from unknown or unmeasured factors is always a possibility. For instance, gestational BPA 

concentrations were correlated with triclosan and behavior in this cohort (Stacy et al., 2017a, 

2017c). However, our associations were not materially different when we adjusted for 

gestational BPA concentrations. Other environmental chemicals have been associated with 

behavioral outcomes in the HOME study, including polybrominated diphenyl ethers (Vuong 

et al., 2018, 2017; Zhang et al., 2017) and perfluoralkyl substances (Vuong et al., 2016). 

However, these were weakly correlated (r’s <0.3) with triclosan concentrations (Kalloo et 

al., 2018). Interestingly, the magnitude of the association between gestational triclosan and 

externalizing problems among boys in the current study (β = 5.0; 95% CI: 1.2–9.0) was 

comparable to the magnitude of association between gestational BPA and externalizing 

problems among girls in this cohort (β = 6.2, 95% CI: 0.8, 11.6) (Stacy et al., 2017c).

Third, there is the potential for type I error associated with multiple comparisons, since we 

measured associations between multiple triclosan measures and several behavioral 

outcomes. However, traditional methods of correcting for multiple comparisons do not 

account for the correlated nature of the outcomes and have low statistical power and 

accuracy (Gelman et al., 2012; Rothman, 1990). Moreover, the consistency of our 

associations between triclosan concentrations and several related behavioral domains 

reduces the likelihood that these results are spurious. Fourth, our sample size was modest, 

especially in sex-stratified analyses, which may have reduced our ability to precisely 

estimate associations. Thus, future studies with larger sample sizes are needed to confirm 

these associations. Finally, our findings may not be generalizable to other populations. 

However, urinary triclosan concentrations in the analyses cohort were similar to the original 

HOME study cohort and previous U.S. studies, including those from the NHANES 

(Philippat et al., 2015; Teitelbaum et al., 2008; Wolff et al., 2010; Woodruff et al., 2011).

In conclusion, both gestational and childhood triclosan concentrations were associated with 

several dimensions of externalizing behaviors, including hyperactivity and attention 

problems, at age 8 years among boys in this cohort. Given that these behaviors are core 

features of ADHD, future studies could examine clinical ADHD diagnosis in relation to 

triclosan exposure. Our results suggest that gestational triclosan exposures may be more 

strongly associated with these behaviors than childhood exposures. Future studies examining 

the neurotoxicity of early life triclosan exposure could also consider using statistical 

approaches to account for measurement error and examine internalizing problems during 

adolescence, when these traits tend to manifest.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We measured urinary triclosan concentrations up to twice during pregnancy, 

at delivery, and up to 6 times in children from ages 1–8-years.

• We assessed children’s problem behaviors at age 8 years by parent-report.

• We used a regression-calibration approach to account for triclosan exposure 

measurement error.

• Gestational and childhood triclosan concentrations were positively associated 

with externalizing problem, attention, and hyperactivity scores in boys, but 

not girls.
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Figure 1. 
Beanplots of urinary triclosan concentrations (ng/ml) from 16-weeks of pregnancy until age 

8- years among mother-child pairs from the HOME Study: stratified by child sex.

N for each visit= 206, 202, 189, 183, 162, 165, 131, 160, and 202, respectively.

Abbreviations: W= weeks of gestation, Y= age in years.

Dotted line represents overall geometric mean uncreatinine-standardized-log10-transformed 

triclosan concentrations.

Solid line in each bean plot represents the geometric mean uncreatinine-standardized-log10-

transformed urinary triclosan concentration for that visit.

Fringes within each plot represent individual observations and shaded area is the density 

function of triclosan concentrations.
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Figure 2. 
Adjusted difference in child BASC-2 composite scale scores at age 8 years with a 10-fold 

increase in gestational and childhood triclosan concentrations.

Abbreviations: GM= Geometric mean, BASC-2= Behavioral Assessment for Children-2, 

BDI-II= Beck Depression Inventory-II, ADHD= attention deficit-hyperactivity disorder.

Separate gestational and childhood GM (measurement error corrected creatinine-

standardized log10-transformed) urinary triclosan concentration linear regression models 

adjusted for log10-transformed serum cotinine concentrations (continuous), child sex (male 

vs. female)*, child race/ethnicity (White-non-Hispanic, Black-non, Hispanic, and other), 

household income (continuous), marital status (married vs. unmarried), maternal education 

(less than high school, high school graduate, and some college or greater), caregiving 

environment scores (continuous), BDI-II scores (continuous), and maternal ADHD scores 

(continuous).

* Removed in sex-stratified models.

Error bars are 95% Confidence Intervals.
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Figure 3. 
Adjusted difference in child BASC-2 clinical subscale scores at age 8 years with a 10-fold 

increase in gestational and childhood

Abbreviations: GM= Geometric mean, BASC-2= Behavioral Assessment for Children-2, 

BDI-II= Beck Depression Inventory-II, ADHD= attention deficit-hyperactivity disorder.

Separate gestational and childhood GM (measurement error corrected creatinine-

standardized log10-transformed) urinary triclosan concentration linear regression models 

adjusted for log10-transformed serum cotinine concentrations (continuous), child sex (male 

vs. female)*, child race/ethnicity (White-non-Hispanic, Black-non, Hispanic, and other), 

household income (continuous), marital status (married vs. unmarried), maternal education 

(less than high school, high school graduate, and some college or greater), caregiving 

environment scores (continuous), BDI-II (continuous), and ADHD (continuous).

* Removed in sex-stratified models.

Error bars are 95% Confidence Intervals.
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Figure 4A. 
Adjusted differences in child BSI scores at age 8-years per 10-fold increase in gestational 

and childhood triclosan concentrations.
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Figure 4B. 
Adjusted differences in child externalizing scores at age 8-years per 10-fold increase in 

gestational and childhood triclosan concentrations.
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Figure 4C. 
Adjusted differences in child internalizing scores at age 8-years per 10-fold increase in 

gestational and childhood triclosan concentrations.

Abbreviations: BSI= behavioral symptoms index, BASC-2= Behavioral Assessment for 

Children-2, BDIII= Beck Depression Inventory-II, ADHD= attention deficit-hyperactivity 

disorder.

Multiple informant regression models of (creatinine-standardized-log10-transformed) urinary 

triclosan concentration and BASC-2 composite linear regression models adjusted for log10-

transformed serum cotinine concentrations (continuous), child sex (male vs. female), child 

race/ethnicity (White-non-Hispanic, Black-non, Hispanic, and other), household income 

(continuous), marital status (married vs. unmarried), maternal education (less than high 

school, high school graduate, and some college or greater), caregiving environment scores 

(continuous), BDI-II (continuous), and ADHD (continuous). Error bars are 95% Confidence 

Intervals.

Urinary triclosan x exposure period interaction p-value= 0.06, 0.06, and 0.28, respectively.
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