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Abstract 

Environmental Health Monitoring of Air Pollutants and Flame Retardants: Measurements 

Communication, and Health Implications 

Kylie Wheelock Riley, MPH 

Pregnancy is a critical window of susceptibility to environmental exposures, impacting both 

maternal and child health. This dissertation is conducted within the Columbia Center for 

Children’s Environmental Health’s Fair Start Cohort and explores a broad spectrum of topics in 

environmental health research. It examines emerging contaminants such as organophosphate flame 

retardants alongside well-studied pollutants like organophosphate pesticides, employs novel 

exposure assessment methodologies, investigates the associations of these exposures with child 

health outcomes, and develops return-of-results documents to effectively communicate findings to 

cohort participants. 

Chapter 1 includes background and overview of topics that will be covered in the following 

chapters.  

Chapter 2 explores community engagement in returning polycyclic aromatic hydrocarbon (PAH) 

exposure results to Fair Start participants. Using qualitative data analysis methodologies on data 

collected in focus group discussions, this study highlights the role of community feedback in 

refining environmental health reports. We found that participants exhibited varying levels of 

comprehension of PAH exposure sources, routes and information, survey data comparing feedback 

on initial and revised reports showed no significant difference in perceived readability or 

knowledge gained.  



  
 

Chapter 3 quantitatively examines factors influencing the perception of PAH exposure results. 

Findings indicate that individuals with a college degree were significantly more likely to be 

surprised by their PAH exposure compared to those with lower educational attainment (OR = 5.60, 

p ≤ 0.05). Additionally, higher naphthalene levels were associated with decreased odds of being 

surprised (OR = 0.37, p ≤ 0.02). Participants with higher education and income levels tended to 

score higher on environmental health literacy measures, and emotional responses to exposure 

results were correlated with greater engagement in environmental health concerns. 

Chapter 4 evaluates the effectiveness of silicone wristbands as passive samplers for measuring 

organophosphate ester (OPE) exposure in pregnant individuals by comparing wristband-derived 

and urinary biomarker measurements. A significant correlation was observed between triphenyl 

phosphate (TPHP) detected in wristbands and its urinary metabolite diphenyl phosphate (DPHP). 

However, chi-squared analyses revealed no significant categorical associations. Maternal age, 

education, and material hardship are predictors of exposure variation, emphasizing the need for 

further research to optimize wristband wear duration and refine exposure assessment 

methodologies. 

Chapter 5 investigates the association between prenatal exposure to organophosphate pesticides 

and flame retardants with infant heart rate variability. Linear regression analysis indicates that OP 

pesticide metabolites (∑DAP) were associated with increased RMSSD during the play phase of 

the still-face paradigm (β = 2.80; 95% CI: 0.70-4.91) and negatively associated with the transition 

from play to still-face (β = -3.06; 95% CI: -4.91, -1.21). OP flame retardants did not show 

significant associations, suggesting that OP pesticides may contribute to parasympathetic nervous 

system dysregulation in infants. 



  
 

Collectively, this research underscores the vulnerability of pregnant individuals and infants to 

environmental exposures and highlights the need for improved exposure assessment tools, risk 

communication strategies, and targeted interventions to mitigate potential health risks during this 

critical developmental period. 
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Chapter 1 : Introduction 

1.1 BACKGROUND 

1.1.1 Silicone wristband measures and uses 

Silicone wristband samplers offer a novel approach to measure environmental exposures. In 

biomonitoring and epidemiological studies, exposure is typically assessed through blood or urine 

analysis. While blood collection requires a venipuncture or lancet for blood spots, urine is 

relatively easy to collect from individuals. However, both types of samples require infrastructure 

for processing and storage at a laboratory shortly after collection. For environmental monitoring 

of air quality, personal active air monitors have traditionally been used, but these devices rely on 

noisy pumps and rechargeable batteries which require regular maintenance. In contrast, silicone 

wristbands are less invasive than traditional biospecimen collection and require minimal 

maintenance.  

Wristbands used as monitors are made from lightweight silicone and have been shown to elicit 

high levels of compliance from research participants because they do not interrupt daily activities 

(1). This ease of wear allows for exposure measurements over a continuous 48-hour period. This 

timeframe could be advantageous over a spot urine sample because it is more representative of 

chronic daily exposure (2). The wristbands can measure ambient and occupational exposure of up 

to 1,500 different chemicals including flame retardants and polycyclic aromatic hydrocarbons 

(PAH) air pollutants (3–5). To date, wristbands have been used in several types of studies including 

birth cohorts, occupational exposures, and after emergencies and natural disasters (2,6–8). Passive 

wristband samplers are proving to be an effective personalized exposure assessment tool and will 

serve as the method of exposure for several chapters of this dissertation.  
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1.1.2 Health effects related to PAH 

PAH are common air pollutants formed through combustion. The Columbia Center for Children’s 

Environmental Health (CCCEH) in New York City has long studied prenatal exposure to PAH on 

children’s health outcomes (9–11).  Associations have been seen between PAH and a wide range 

of outcomes including decreases in developmental index score at age 3, decreases in IQ at age 7, 

and increases in asthma exacerbations and obesity (11–15). Although there has been extensive 

research at CCCEH on health outcomes associated with PAH, there is still much to be learned 

about this class of chemicals. There are hundreds of different PAHs, and the majority do not have 

exposure standards nor are well elucidated individually. Chapters 2 and 3 of the dissertation utilize 

PAH as the exposure of interest. 

1.1.3 Report-Back of research results 

Report-back of research results (RBRR) refers to the practice of returning a research participant’s 

own data and information about their study results. Historically, results were only returned to 

participants when there was clinical guidance regarding the exposure levels (16). However, over 

the past two decades, there has been a shift towards allowing participants the option to receive 

their results, even in the absence of a clinical cut point (16,17). To guide this shift, the Silent Spring 

Institute developed a handbook on report-back practices which includes instructions on how to get 

started, methods for reporting back both environmental monitoring and biomonitoring results, and 

evaluation of the report-back document (17). With the ethical shift regarding research participants’ 

right to know in mind and the development of a handbook on best practices, reporting back results 

has become more common and is now recommended (17).  
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At its core, RBRR addresses a commitment to scientific transparency. One key aspect of this 

process is Environmental Health Literacy (EHL), which the National Institute of Environmental 

Health Sciences (NIEHS) defines as “an emerging and evolving concept that bridges shared 

theories from the fields of risk communication, environmental health science, behavioral science, 

evaluation, communications, public health, and the social sciences. The process of becoming 

environmentally health literate entails raising scientific literacy, environmental literacy, and 

numeracy among the general public while increasing awareness of specific exposures and their 

potential health effects” (18). RBRR plays a foundational role in EHL by fostering recognition of 

environmental exposures. Environmental scientists Finn and O’Fallon have adapted Bloom’s 

taxonomy of educational objectives to environmental health knowledge, by outlining gradual steps 

of increased literacy around environmental health issues with concepts including recognition, 

understanding, application, analysis, evaluation, and creation (19). Returning results not only gives 

individuals important information about themselves that they may not otherwise have access to, 

but it also increases EHL through recognition and understanding of environmental exposures and 

transparency about research. In this dissertation we will explore RBRR development and how 

RBRR impacts EHL.   

1.1.4 Organophosphate ester properties, sources, and exposure routes 

Manufacturers use additive flame retardant chemicals to meet flammability standards (20–22) such 

as those set by California Technical Bulletin (TB) 117 (23). Organophosphate Esters, (OPEs) have 

become the most commonly used class of flame retardants following their selection as 

replacements for polybrominated diphenyl ethers (PBDEs). Both the U.S. and European Union 

phased out PBDE manufacturing beginning in 2004 due to the persistence, bioaccumulation, and 

toxicity of the compounds (4,24,25). OPEs are now widely applied in furniture, textiles, 
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electronics, and building materials. Flame retardant chemicals are physically, rather than 

chemically, bound to product materials, allowing them to readily migrate into surrounding indoor 

environments, such as dust and air (20,26,27). Due to their broad use, OPEs are now ubiquitous in 

the environment, and their concentrations can be even higher than those of brominated flame 

retardants in indoor air, surface water, and drinking water (20).  

Biomonitoring studies in the U.S. have found OPE metabolites in  >95% of tested samples in 

pregnant women and children (24,28). After OPEs migrate out of products into indoor air and dust, 

they can be inhaled, ingested, or absorbed through skin contact. It is thought that ingestion of dust 

is the primary exposure pathway, followed by inhalation and dermal absorption (29–31). Once 

inside the body, OPEs are metabolized into their respective mono- or di-esters and are primarily 

excreted in urine (22,27,32). The assumption that OPEs were a safer choice was based on the 

shorter half-life of OPEs in the environment and humans, without assessment of potential human 

health effects (24,33,34). Given the ubiquity of OPEs in the both the environment and within the 

U.S. population, it is critical we understand how these chemicals impact human health, particularly 

in sensitive populations. In Chapters 4 and 5 of the dissertation we will explore predictors of 

exposure to OPEs and investigate associated health outcomes.  

1.1.5 Organophosphate pesticide properties, sources, and exposure routes 

Organophosphate (OP) pesticides are a widely used class of chemicals first introduced in the 1940s 

(35). Despite declining use in the U.S. in recent decades due to regulatory restrictions, they remain 

a primary method of pest control because of their effectiveness against a broad range of pests and 

their low cost (35–37).  The primary source of nonoccupational exposure to OP pesticides is 

through the ingestion of food contaminated with pesticide residues from agricultural applications 
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(38).  Additional exposure routes include contaminated drinking water, inhalation of pesticide 

aerosols, and dermal contact during application or through treated surfaces (39).  

OP pesticides function as neurotoxicants by inhibiting acetylcholinesterase (AChE), an enzyme 

critical for breaking down acetylcholine in the nervous system. This inhibition leads to an 

accumulation of acetylcholine at synapses, resulting in overstimulation of cholinergic receptors 

and subsequent neurotoxic effects (40). OP pesticides, and their metabolites, have been detected 

in amniotic fluid, meconium, and cord blood, highlighting their ability to cross the placental barrier 

and expose developing fetuses (39,41–43). Developing fetuses are particularly vulnerable to 

exposures due to the rapid and foundational development of the endocrine and nervous systems in 

utero, with potential disruptions leading to long-term, lifelong effects (44,45). 

We evaluate OP pesticides as an exposure alongside OPEs in Chapter 5 of the dissertation. Given 

the structural similarities of OPEs to OP pesticides, known neurotoxicants, there are concerns 

regarding their potential for similar neurotoxic effects (46). Table 1.1 summarizes the structural 

similarities between OP pesticides and OPEs.  
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Table 1.1 Structural Similarities and Differences in Organophosphate Pesticides and Flame 

Retardants  

Class Chemical 

Name 

Structure Primary Use/ 

Significance 

OP Pesticide Chlorpyrifos 

 

Commonly used 

pesticide, example 

of a parent 

compound to 

diethyl phosphate 

metabolites 

 Malathion 

 

Commonly used 

pesticide, example 

of a parent 

compound to 

dimethyl phosphate 

metabolites 

OP Flame 

Retardant 

Triphenyl 

Phosphate 

(TPHP) 

 

Non-halogenated 

flame retardant, 

parent compound to 

DPHP metabolite 

 Tributyl 

Phosphate 

(TBP) 

 

Non-halogenated 

flame retardant, 

parent compound to 

DBUP metabolite 

 Tris(1,3-

dichloro-2-

propyl) 

Phosphate 

(TDCPP) 

 

Halogenated flame 

retardant, parent 

compound to 

BDCPP metabolite 
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1.1.6 Heart rate variability 

The autonomic nervous system (ANS) regulates involuntary physiological functions, including 

heart rate, digestion, and respiratory rate, through its sympathetic and parasympathetic branches 

(47). Neurotoxic exposures can disrupt autonomic regulation contributing to long-term health 

consequences (47). Heart rate variability (HRV), the variation in beat-to-beat intervals of the heart 

– serves as a key indicator of autonomic regulation and has been used in environmental health 

studies to assess the impact of environmental exposures on the ANS and overall well-being 

(47,48).  

HRV measurement is particularly valuable in pediatric research because it provides a quantifiable 

marker of autonomic function in young children.  The still-face paradigm, an experimental 

protocol designed to elicit reactivity to maternal interaction and disengagement, has been 

employed to study early ANS responses in infants (49). The ANS plays a fundamental role in both 

mental and physical health, with alterations in autonomic function being associated with 

cardiovascular disease, metabolic disorders, and mental health conditions such as anxiety and 

depression (56). Understanding these early autonomic processes is critical for identifying potential 

risk factors for long-term health outcomes. HRV will be used as an outcome of interest in Chapter 

5 of the dissertation.  

1.2 INTRODUCTION TO THE DISSERTATION 

This work covers a wide range of environmental health topics set in CCCEH’s Fair Start Cohort. 

It seeks to address how to effectively return research results to participants, compares exposure 

methodologies for OPEs, examines predictors of OPE exposure, and explores the association 
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between OP flame retardants and pesticides, and their exposure with infant heart rate variability at 

4 months.   

In Chapter 2 we focus on the development of an effective report back document on prenatal 

exposure to PAH for research participants. Participants wore a silicone wristband for 48 hours 

during pregnancy and the wristband captured a total of 63 PAH compounds. The report was piloted 

with n = 22 participants who attended focus groups and completed surveys, and a second group of 

n = 47 participants who completed surveys after receiving their report. We hope that this work can 

serve as a model to incorporate participant feedback and ideas into report back documents that are 

culturally appropriate and well received by their community.  

Chapter 3 explores potentially modifiable factors associated with environmental health literacy. 

Utilizing Group 2 from Chapter 2 (n = 47 participants who completed surveys after receiving their 

report) we explored whether demographic factors were associated with how participants perceived 

their report and whether these factors lead to increased levels of EHL.  

In Chapter 4, the silicone wristbands that were analyzed for PAH were subsequently analyzed for 

six OPE flame retardants: Triphenyl phosphate (TPHP), Tris (1,3-dichloro-2- propyl) phosphate  

(TDCPP), Tributyl phosphate (TBP), Tris (2-ethylhexyl) phosphate (TEHP), Tris (2-chloroethyl) 

Phosphate (TCEP), and Tricresyl phosphate (TCP). During the third trimester visit when the 

silicone wristbands were collected, spot urine was collected and analyzed for 9 OPE urinary 

metabolites. We explore whether silicone wristbands are predictive of traditional OPE urinary 

metabolites: Dipropyl phosphate (DPRP), Dibutyl phosphate + Di-isobutyl phosphate (DBUP + 

DIBP), bis(butoxyethyl) phosphate (BBOEP), bis(2-ethylhexyl) phosphate (BEHP), Bis(2-

chloroethyl) phosphate (BCETP), Bis(1-chloro-2-propyl) phosphate (BCPP), Bis(1,3-dichloro-2-

propyl) phosphate (BDCPP), Diphenyl phosphate (DPHP), and bis(2-methylphenyl) phosphate 
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(BMPP). Additionally, we used prenatal questionnaire and medical records data to determine 

demographic and sample characteristics most predictive of OPE exposure.  

Chapter 5 focuses on OPE flame retardants and OP pesticides measured in third trimester spot 

urine samples and infant HRV at 4 months in a pilot of n = 43 participants. HRV was measured 

during the face to face still-face paradigm. This analysis was conducted using both traditional 

linear regression modeling and mixture model statistical techniques. 

Although this body of work starts with RRPR, rather than ending with it, it is my hope that it also 

serves as a model for the lifecycle of environmental health research, from methodological 

developments, epidemiological studies, and return of results to the participants who make this 

work possible.  
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ABSTRACT 

Report-back of research results (RBRR) is becoming standard practice for environmental health 

research studies. RBRR is thought to increase environmental health literacy (EHL), although 

standardized measurements are limited. For this study, we developed a report back document on 

exposure to air pollutants, Polycyclic Aromatic Hydrocarbons, during pregnancy through 

community engaged research and evaluated whether the report increased EHL. We used focus 

groups and surveys to gather feedback on the report document from an initial group of study 

participants (Group 1, n=22) and then sent the revised report to a larger number of participants 

(Group 2, n=168). We conducted focus groups among participants in Group 1 and discussed their 

suggested changes to the report and how those changes could be implemented. Participants in 

focus groups demonstrated multiple levels of EHL. While participant engagement critically 

informed report development, a survey comparing feedback from Group 1 (initial report) and 

Group 2 (revised report) did not show a significant difference in the ease of reading the report or 

knowledge gained about air pollutants. We acknowledge that our approach was limited by a lack 

of EHL tools that assess knowledge and behavior change, and a reliance on quantitative 

methodologies. Future approaches that merge qualitative and quantitative methodologies to 

evaluate RBRR and methodologies for assessing RBRR materials and subsequent changes in 

knowledge, attitudes, and behavior, may be necessary.  

2.1 INTRODUCTION 

Guidelines and best practices for reporting back personal environmental exposure results continue 

to evolve. Often exposure measurements rely on novel analytic methods or contexts where human 

levels are not well elucidated or understood (1). This uncertainty previously resulted in researchers 
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not sharing participants’ exposure levels with them. However, guidance from the National 

Academy of Sciences, National Conversation on Public Health and Chemical Exposures, and 

European and Canadian biomonitoring programs now encourage or require report back to research 

participants (2,3). In addition, it has been shown that participants want to receive their results to 

understand how they compare with others in their study and other groups (4–7). There are 

numerous ways of returning results, but each community and each exposure are different, thus the 

report-back of research results (RBRR) needs to be tailored to both communities and exposures.  

Returning results provides the opportunity for participants and communities to learn more about 

environmental health, and/or how their environment can impact their health and the health of their 

community. This is the nexus of environmental health literacy (EHL) (8). Research has shown that 

not only do participants want their results, but that report back leads to participants learning about 

environmental health and consideration of possible exposure reduction strategies. These findings 

have been observed even in the face of uncertainty around the exposures (9). In environmental 

justice communities comprised of individuals of lower socioeconomic status with high levels of 

contamination, participants are more likely to want their results and any available additional 

information on how to reduce exposures (9). They also are willing to participate in community 

engaged research to better understand the exposures in their community (10). Research that 

engages community members is critical for understanding the needs and desires of the community 

in which the research is taking place. This is not only good practice, but especially important while 

developing a report back document that needs to be culturally sensitive and meaningful to study 

participants and community members. By engaging the community to create a meaningful report, 

it allows for the participants to learn about environmental health and build EHL.  
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The connection between RBRR and EHL has been difficult to measure. The potential outcomes of 

EHL include: improving public health, increased research transparency, a mental model shift of 

where exposure sources are located (far away vs. in home), reduction of exposures,  and 

improvement of health outcomes for individuals and communities (4,8,11). Finn and O’Fallon 

proposed an EHL hierarchy: recognize, understand, apply, analyze, evaluate, and create. This is 

similar to Bloom’s taxonomy, which tracks increased comprehension of educational topics. 

Generally, individuals spend more time at the lower levels (recognize, understand, apply) of EHL 

before making their way to the higher levels (analyze, evaluate, create) (Figure 2.1A). However, 

there are few established methods for evaluating changes in EHL or even evaluating the role of 

RBRR in building EHL. 

 

 
Figure 2.1 Environmental Health Literacy Hierarchy. (A) EHL hierarchy as described by 

Finn and O’Fallon’s Environmental Health Literacy Taxonomy (8). (B) Pie chart depicting 

the percent of focus group conversation related to each aspect of the EHL hierarchy.  

 

RBRR is an important part of conducting environmental health research, and is now recognized as 

an ethical obligation (2,12,13). However, RBRR must be conducted in a manner that makes the 

results accessible to the participants and done in a way to reduce harm. There is limited information 
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on conducting RBRR for exposure assessments in pregnant individuals, particularly within 

culturally diverse communities (4). Pregnancy is a sensitive time period for environmental 

exposures for both the fetus and pregnant person because of the rapid fetal development occurring 

(14). Furthermore, it is well established that many chemicals can cross the placental barrier and 

even accumulate in the fetus. As a result, exposure studies during pregnancy are potentially 

assessing exposures to the pregnant person and the fetus, which can be confounded by differential 

risks to each. Additional challenges to overcome include reporting on data that may not have 

established health connections, or novel exposures that have limited information available to 

contextualize results or compare to other communities. To address these issues, the two main 

purposes of this research was to 1) develop a meaningful report back document on exposure to air 

pollutants during pregnancy through community engaged research; and 2) evaluate whether the 

report increased EHL. To complete these aims, we worked with the Columbia Center for Children’s 

Environmental Health’s Fair Start Cohort. This cohort was created to study prenatal and early life 

environmental exposures on children’s health outcomes in an urban population. All cohort 

participants completed a prenatal visit where they wore passive air monitoring wristbands to 

measure personal chemical exposure (15) and for this study we conducted focus groups and 

surveys in a subset of participants who received RBRR.  

2.2 METHODS 

2.2.1 Study population: Fair Start Cohort 

Recruitment of the Fair Start cohort at the Columbia Center for Children’s Environmental Health 

(CCCEH) began in 2013 at New York Presbyterian Ambulatory Care clinics in New York City. 

Participants primarily reside in the neighborhoods of Northern Manhattan and the South Bronx 
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and 94% self-identify as Hispanic. A prenatal visit was completed during the third trimester of 

pregnancy, which included wearing a passive sampling silicone wristband for 48 hours to evaluate 

exposure to 63 polycyclic aromatic hydrocarbons (PAHs) (16). Recruitment into the Fair Start 

Cohort remains ongoing; the planned sample size is 1,000 participants. During the consent process, 

all participants are given the option to receive their results from their wristband sampler; >99% 

have opted to receive their results. This study was approved by the Columbia University Irving 

Medical Center Institutional Review Board (IRB) and participants provided informed consent prior 

to their prenatal visit. 

2.2.2 Study population: Report Back  

A total of 190 participants from the Fair Start Cohort received a RBRR for the PAHs found in the 

wristbands they wore for 48 hours: Group 1 (n = 22) was included in the first round of report 

development and Group 2 (n = 168) received the revised version of the report. For Group 1, 

participants were contacted by a research worker and invited to the focus group. They were 

consented separately for focus group participation. We evaluated the demographics of these 

participants against the rest of the cohort, whose wristbands have not yet been analyzed for 

exposure (Group 3; n = 296) Figure 2.2.  The group assignment was based on date of enrollment 

into the study such that Group 1 includes the initial participants, Group 2 includes all participants 

enrolled until March 2020, when we paused enrollment due to the COVID-19 pandemic and Group 

3 includes everyone recruited once the COVID-19 pause was lifted.  Table 2.1 summarizes those 

who participated in the report development, compared to the rest of the cohort.  
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Figure 2.2 Flow Chart of Participants Included in the Study  
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Table 2.1 Participants in Each Phase of the Report Back 

Characteristic N Group 1 

N = 221 

Group 2 

N = 1681 

Group 3 

N = 2961 

p-

value2 

Maternal Age 482 31.0 

(26.5,34.0) 

28.0 

(24.0,33.0) 

30.0 

(26.0,35.0) 

0.006 

Education 475    0.8 

    < High 

School 

 4 (18%) 39 (24%) 56 (19%)  

    High 

School 

Diploma 

 11 (50%) 65 (40%) 126 (44%)  

    2 or 4 Year 

College 

Degree 

 7 (32%) 60 (37%) 107 (37%)  

Marital 

Status 

457    0.002 

    Never 

married 

 6 (27%) 76 (46%) 77 (29%)  

    Married/ 

Living w 

Partner 

 12 (55%) 78 (47%) 166 (61%)  

    Divorced/ 

Separated 

 4 (18%) 11 (6.7%) 27 (10%)  

Income 442    0.2 

    0-20,000  7 (33%) 81 (52%) 143 (54%)  

    >20,000  14 (67%) 74 (48%) 123 (46%)  

Ethnicity 482    0.017 

    Hispanic  21 (95%) 160 (97%) 262 (89%)  

    Non-

Hispanic 

 1 (4.5%) 5 (3.0%) 23 (7.8%)  

    Unknown/ 

Not Reported 

 0 (0%) 0 (0%) 10 (3.4%)  

1Median (IQR); n (%) 
2Kruskal-Wallis rank sum test; Fisher's exact test 

 

To better understand whether differences between groups were due to differing group sizes or large 

sample sizes of multiple groups, or whether there were true differences between them, we 

conducted randomization tests.  For each variable (maternal age, education, marital status, income, 

and ethnicity), we tested different sample sizes (1/2 of the total number of samples, 1/4 of the total 
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number of samples, with a minimum at n = 22) and randomly sampled the respective number of 

observations from each group. We then conducted either a Kruskal-Wallis or Fisher’s exact test 

and denoted the p-value. This process was repeated 10,000 times and the median p-value was 

recorded. Results for this process can be seen in Supplemental Table 2.1.  

2.2.3 Preliminary report development 

A previously developed report from a prior study using wristbands to assess exposure to PAHs was 

used as a template for the development of the report in the CCCEH cohort (17). In that study, we 

developed the report with community liaisons as well as a Tribal Advisory Board. The report 

utilized best practices and recommendations from the Silent Spring Institute, particularly for how 

individual data points were graphed within the context of the study population(18) . For use in the 

Fair Start cohort, the report was reviewed and edited for cultural competency. CCCEH staff 

members who are from the local community reviewed the report for guidance on the results. 

Notably, the cohort had levels of naphthalene in their wristbands that were higher than that seen in 

other studies. The liaisons noted that naphthalene can be found in products used medicinally and 

culturally in the community. Many of the naphthalene-containing products are sent to the 

participants from family members outside the US. The liaisons flagged this exposure pathway as 

one that should be addressed within the cultural context. Additionally, the report template 

identified common sources of PAH exposure, such as grilling and use of wood stoves. Although 

grilling is less common in New York City and wood burning for heat is not prevalent, these sources 

remained in the report for participant knowledge on the recommendation of the liaisons.  The report 

was then translated into Spanish. The first revision of the report was sent to the Group 1 

participants (n=22), along with an explanatory video, available with Spanish closed captioning, 

describing how to read and use the report (19). The report consisted of: a cover letter describing 
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the study and the use of a silicone wristband to collect exposure to 63 PAHs with links to videos 

describing PAHs; an infographic detailing common exposure sources of PAHs; a table describing 

PAHs of concern with associated health effects; and individual results in the context of the study 

population (Supplemental Figure 2.1).  

2.2.4 Secondary report development 

The report was revised using qualitative and quantitative data from Group 1 focus groups and 

surveys (Supplemental Figure 2.1). Specific details are provided in the Results. Upon developing 

the final version of the report, we assessed readability using Readable (Horsham, England), which 

is a subscription service that assesses readability across 18 formulas for grade level and reading 

ease. The report received an “A” rating, based on elements of complexity, familiarity, legibility, 

and typography, with “A” being the highest rating. By using 18 formulas, which collected different 

information and outcomes, we were able to comprehensively assess the readability of the report, 

and appropriateness for the intended audience. The report was then translated to Spanish by native 

speakers, who ensured that the context of the report was maintained, rather than applying word-

for-word translations. The translation was then checked by an independent translator. The revised 

report was tested again, using a survey with Group 2. 

2.2.5 Focus group – Group 1 

The report cover letter invited Group 1 participants to participate in one of two focus groups hosted 

in October of 2018. Research staff called participants to verify they had received the report and 

confirm their preference for focus group date. Of the Group 1 participants, 14 attended a focus 

group (67%). One of the 14 attendees was the spouse of a participant who had passed away 

(unrelated to study participation) but expressed interest in attending.  The purpose of the focus 
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groups was to hear participants’ opinions about, and reactions to, the report, along with suggestions 

for improvement. The focus groups were hosted in person at Columbia University and led by a 

moderator. Two notetakers were present to record participant observations, and three researchers 

attended each focus group to answer questions about the data in the report. In the first focus group, 

held in English, there were eight participants and in the second focus group, held predominantly 

in Spanish, there were six participants. In the Spanish focus group, bilingual research staff 

translated questions and responses for Spanish speakers, although at times participants would 

understand responses in English and ask questions in Spanish or translate for each other. Focus 

groups were neither video nor audio recorded, but in some cases note-takers were able to capture 

quotes verbatim. Moderators asked participants to start by introducing themselves. Following 

introductions, participants were asked to describe their initial thoughts after reading the report, 

their prior knowledge of PAHs, how easy or difficult it was to read the report, and how/ if they 

planned on using this information going forward (Supplemental Table 2.2).  Following each focus 

group, the two notetakers combined their notes. Focus groups lasted approximately 2 hours each.  

2.2.6 Thematic analysis to evaluate environmental health literacy 

Notes from both focus groups were translated into English, combined into a single document, then 

coded and analyzed using NVivo (Version 12), a qualitative data analysis software. A codebook 

was generated based on Finn and O’Fallon’s Environmental Health Literacy taxonomy: recognize, 

understand, apply, analyze, evaluate, and create (8). Two authors independently reviewed the notes 

from the focus groups and assigned them to codes. This work was completed independently and 

then a comparison and reconciliation of discrepancies was completed by discussion of the same 

two authors. Any disagreements were brought to a third author for additional verification. 
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2.2.7 Surveys 

Surveys were used to evaluate perceptions of the report, e.g., how the participants liked the report, 

what was not understood, and what was missing. Additionally, participants were assessed for how 

they interacted with or planned to use their results. Two surveys were disseminated:  one for the 

Group 1 participants and another slightly longer survey for the Group 2 participants, as described 

below.  

2.2.8 Survey #1: Pilot testing the report 

Prior to the focus groups and just after having received the report back, the Group 1 participants 

received a 10-question survey (Supplemental Table 2.3), administered via Qualtrics (Qualtrics, 

Provo, UT) to gain further insight into their reaction to receiving their results and suggestions for 

improvement. Surveys were available in both English and Spanish and sent via a link in a text 

message by research staff. Those that did not complete the survey prior to the focus group were 

asked to complete the survey on an iPad upon arrival to the focus group. The survey asked 

questions on the amount of time participants spent reading the report, what they found the most 

vs. least interesting, and how hard vs. easy it was to understand the report. The survey had a 67% 

completion rate (n=14), with all focus group participants completing the survey.  

2.2.9 Survey #2: Evaluating the revised report 

Using feedback from the Group 1 focus groups and survey, the report was modified and sent to 

Group 2 participants (n = 168). The survey for Group 2 participants contained all 10 questions 

from the first survey, plus an additional seven questions on whether participants were glad to have 

received their results, their feelings after receiving their results and whether anything was 

surprising about their results (Supplemental Table 2.3). Several survey questions were taken or 
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adapted from Silent Spring’s guidance on reporting back participant’s health results (18).  

Questionnaires were administered electronically via REDCap electronic data capture tools hosted 

at Columbia University (20,21). Surveys were available in both English and Spanish. After 

receiving their report, all participants in Group 2 were sent a link via text message by research staff 

and asked to complete the survey. The survey had a 28% response rate (n= 47).  

2.2.10 Data analysis  

To determine if survey participants in Group 1 and Group 2 were reflective of the full cohort 

(Group 3), we utilized a Kruskal-Wallis rank sum test for continuous variables (age) and Fisher’s 

exact test for categorical variables (education, marital status, income, and ethnicity). We chose not 

to include race as one of the characteristics of the groups because 87% of participants selected that 

they did not identify with a race. 

To compare survey responses between Group 1 and Group 2, we utilized Fisher’s exact test to look 

at differences between the groups. The significance level was set at alpha < 0.05 for all analyses. 

Further, to evaluate practical versus statistical significance due to large sample sizes, bootstrap 

randomizations of downsampling to smaller sample sizes were conducted at each sample size for 

a total of 10,000 bootstrap iterations, and the median p-value was reported. 

2.3 RESULTS  

The differences between participants in Groups 1, 2, and 3 are summarized in Table 2.1.  We did 

not find differences by education or income. Initial analyses’ found differences by maternal age 

(p<0.006), marital status (p<0.002) and ethnicity (p<0.017). While age was statistically significant 

different between groups, the average age of each group fell within a 3-year range, with 

participants in Group 1 being, on average, 3 years older than Group 2, and 1 year older than Group 
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3 participants. Group 1 was less likely to be never married, and more likely to be divorced or 

separated than Groups 2 and 3. Group 3 was less likely to be Hispanic than Groups 1 and 2, but 

overall, the range was 89-95% Hispanic ethnicity for each group. However, given the large sample 

sizes in two groups, we used bootstrap randomizations, at varying samples sizes, to assess whether 

the significance was driven by sample size rather than substantial differences between the groups. 

Even when group sizes were cut in half, still with over 100 samples in Group 3, p-values became 

non-significant. The bootstrap randomization tests show that the significance in p-values is driven 

by large sample sizes, not any substantial differences between the groups (Supplemental Table 

2.1).  

2.3.1 Pilot testing and revising the report 

The original report is shown in the Supplemental Information (Supplemental Figure 2.1). During 

the focus group, participants were asked about ways to improve the report, with the moderator 

asking questions about the ease of finding information and other information that participants 

wanted. Table S1 includes the questions asked during the focus group. Participants in the focus 

groups were vocal about changes and improvements they wanted. Some changes were specific to 

the report format and visualization of the results. For example, participants said “the language and 

graphs were too academic” and wanted researchers to “make [the report] more relatable”. Beyond 

these general requests, there were specific comments as well, including improvements to graphs, 

tables and figures, and contextual information. Table 2.2 summarizes the feedback that was 

received and changes that were made to the report. Participants noted several specific changes that 

they felt would increase their ability to read and understand the report. For example, participants 

noted that it was difficult to find their respective dot on the graph of exposure levels in the cohort, 

given that it was the same size and shape, with only the color differing (Figure 2.3). Participants 
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suggested using a different shape. In the second version of the report individual results were 

visualized with the shape of a diamond.  

Table 2.2 Feedback from Focus Group on Ways to Improve Report 

Focus Group N = 14 

Issue Suggestion(s) if applicable Changes to the report 

Graph literacy 

Language and graphs 

were too academic. 

 It’s better to use visuals 

demonstrating where the chemicals 

are found. 

The report was edited to 

remove jargon, text was 

reduced, and the reading level 

was brought to an 8th grade 

reading level. Language on 

how to read results was 

additionally revised, and 

made much larger, enabling 

more intuitive instructions. 

Participants struggled 

with the dot plot, 

citing difficulty 

finding their data 

point on the graph = 

Suggestion for lines instead of dots 

on the graphic 

For the graphs, the 

individual’s data point was 

changed to a diamond shape, 

colored orange, while other 

data points were black dots.  

Tables and Figures 

Participants wanted  to 

see more graphics for 

sources of exposure 

List more information in the flow of 

the report, e.g., list the PAH 

infographic immediately after 

mentioning PAHs 

The order of infographics was 

altered to fit the flow of 

information in the report. 

Previously, infographics were 

placed on the same page. In 

the revised report, the 

infographics were listed 

separately, in full size.  
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Table 2.2 Continued 

Focus Group N = 14 

Issue Suggestion(s) if applicable Changes to the report 

Tables and Figures 

Participants said they 

barely understood the 

Types of PAHs table, 

stating it had too 

much information and 

was hard to follow. 

Additionally, the ‘X’ 

was assumed to mean 

that a chemical was 

not found in their 

wristband.  

Participants suggested using 

different colors and using lines to 

delineate between columns.  Rather 

than using an ‘X’ participants 

suggested using empty or checked 

boxes. Participants suggested 

alternating colors across rows to help 

define each row from the next.  

In the revised report, this 

page included additional 

information in the header of 

the table, and added lines 

between the columns. 

 

Checked boxes were used in 

place of an X. 

 

  

Environmental Health Literacy 

Broadly, participants 

wanted to know more 

about where the 

chemicals in their 

wristband were 

coming from. 

By adding this information, 

participants felt the report would be 

more relatable.  

The cover letter was 

substantially revised, both to 

reduce text, but also to 

include more accessible 

information about PAHs, 

including a link to a short 

video. The cover letter was 

followed by a full page 

infographic about PAHs and 

their sources.  
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Table 2.2 Continued 

Focus Group N = 14 

Issue Suggestion(s) if applicable Changes to the report 

Environmental Health Literacy 

In addition to wanting 

to learn more about 

PAHs, participants 

wanted clear examples 

of how they could 

reduce their exposure.   

While information on 

exposure was originally 

provided, it was out of place, 

being shown as a halfpage, 

following the cover letter. In 

the revised report, this 

infographic was full page, 

and was the last page of the 

report.  

Participants requested 

seeing their results in 

the context of other 

communities, not just 

New York City.  

 The wristband has been used in 

multiple other studies; participants 

were curious how their results 

compared to other urban, or rural, 

communities across the United 

States. 

A challenge in addressing this 

request lies in the variability 

between other studies. The 

wristband provides a time-

averaged concentration of 

chemicals. Therefore, it 

difficult to compare results 

across study types with 

different durations of time 

worn, different chemical 

analytes, etc. Future work 

will investigate options for 

inter- and intra-study 

comparisons. 
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Figure 2.3 Comparison of Plots Between Pilot Report and Revised Report 
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While there are limited health guidelines or standards available to assess how exposure to PAHs 

impacts health, the first report utilized a table that described where PAHs were found in the 

environment and summarized health effects associated with PAHs, for example, “irritant”, “cancer 

risk”, or “no information available.”  As shown in Figure S1, the table used an “x” to indicate 

common environmental sources (e.g., car exhaust, industrial pollution, etc.). During the focus 

group participants commented that the “x” made it appear that the PAH was not found in that 

medium. In the revised version the “x” was replaced by a check mark to make the association 

easier to read. Related to this feedback, participants requested to learn more about sources of 

exposure, or ways to reduce exposure. The original report included graphical representations of 

PAH sources; following the focus groups the report was rearranged so these graphics were moved 

to their own page to make them easier to see. The report also closed with ways to reduce exposure 

to give the report a more logical flow.  

There were some changes that participants requested that were not able to be implemented. 

Participants asked to see how their individual and cohort PAH exposure levels compared to groups 

outside of New York City. Wristband samplers have been used to measure PAH in other groups 

in the United States, however the duration of wearing the sampler was different between the 

groups, and the wristbands were used for different purposes (e.g., occupational exposure versus 

ambient exposure). After trying different display options (table, bar charts, bubble plots, and Venn 

diagram) the research team ultimately decided the comparisons available at the time were not 

accurately describing the differences in exposure duration and chose not to include them in the 

second version of the report. We continue to seek ways to visualize data within and between 

populations and groups.  
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2.3.2 Thematic analysis to evaluate environmental health literacy 

In addition to using focus groups and surveys to improve the report, we also assessed whether the 

report improved the environmental health literacy (EHL) of the study participants. We utilized the 

EHL framework, outlined by Finn and O’Fallon (2017) that highlights six levels of EHL: 

Recognize; Understand; Apply; Analyze; Evaluate; and Create (Figure 2.1A) with environmental 

health data. The focus groups were evaluated and coded using these levels of EHL. Figure 2.1B 

visually represents the number of codes that were assigned to each level of the hierarchy. The 

predominant themes were Apply, Evaluate, and Create with 31%, 19%, and 18% of discussion 

points coded to them, respectively. The theme of ‘Apply’ is the third of six levels of EHL, while 

the latter two themes are located at the top of the EHL pyramid and represent a higher level of 

EHL. Given that the majority of discussion was in these realms of EHL, this demonstrate that 

participants were able to reach the highest level of the EHL pyramid during the focus groups and 

spent approximately 40% of the conversation on these topics. In other words, participants were 

able to move beyond the initial stages of recognize and understand, and scaffold their knowledge 

into more complex concepts. Below are descriptions of how each theme was addressed by focus 

group participants. 

Recognize: Here, we coded notes and comments that demonstrated that a participant was able to 

recognize PAHs.  This is the first level of EHL, with EHL increasing as a person moves up the 

pyramid. Most focus group participants reported no prior knowledge of PAHs. One focus group 

participant mentioned car exhaust end boiler emissions as sources. However, as the conversation 

of the focus group went on, participants better understood that PAHs were common air pollutants 

generated through activities like cooking and motor vehicle exhaust through conversations around 
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the importance of kitchen ventilation and concerns about idling buses outside of a participant’s 

window.  

Understand: This theme was assessed as reactions to the report, questions about the report, and 

participants demonstrating understanding at a broad sense of the connection between air pollution 

and their health. Initial reactions to the report included one participant stating, “I didn’t know I 

was exposed to all this”, another said it was “scary to get results like this”, while another participant 

mentioned that the report made her aware of the risk. As participants discussed air pollution, they 

independently connected air quality to respiratory health, and pollutants acting as triggers for 

asthma. One participant commented that they heard about high rates of asthma in children from 

their child’s pediatrician and others discussed the high rates of asthma in the neighborhood, within 

the context of their results.  

Apply: Apply was coded as ways the participants understood the report, and then applied that 

information to themselves, their family, or their community. Specifically, we evaluated ways that 

people discussed methods for avoiding exposure, including reducing air pollution and PAH 

exposure. This was the predominant theme across both focus groups with the most conversation 

dedicated to it (31%). At a broad level, participants discussed strategies for avoiding air pollution 

and ways to reduce exposure to PAHs, or more generally, air pollution exposure for themselves 

and their children. For example, participants dialogued about ways to increase ventilation, 

including opening windows and using a vent hood while cooking. One participant stated a desire 

to use an air purifier, yet noted that cost was prohibitive.  Another mentioned purchasing new 

cleaning products to prevent asthma triggers in their home.  

At the individual level, one participant asked what naphthalene was because her levels seemed 

high within the context of the 22 participants. Looking at the PAH sources table, she then 
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mentioned that her mother is a smoker (naphthalene is found in cigarette smoke), so perhaps her 

levels made sense.   

Analyze: As EHL increases, individuals can scaffold their existing knowledge to reach new 

conclusions. Here, we assessed how participants searched for additional information or discussed 

their experience participating in the research. For example, several participants indicated they had 

researched PAHs after receiving their report, and before attending the focus group. i.e., “googled 

them”. Other participants noted searching for tips to reduce exposure, and cooking and cleaning 

methods to reduce exposure. Participants suggested other options that, while not protective against 

PAH exposure specifically, are ways to reduce exposure to other pollutants, such as using a 

mattress protector. There was a larger discussion, led by the participants, regarding how PAHs 

might be associated with childhood development, specifically neurological development. Notably, 

participants commented that they have children or siblings that are on the autism spectrum and 

discussed the putative connections between exposure to environmental contaminants and health 

within this framing. 

Evaluate: In the context of report development and improvement, this theme was adjusted to reflect 

recommendations participants made to improve the report. The main point of the focus group was 

to gather feedback to improve the report, so it is not surprising this was the second most prevalent 

theme. In addition to the recommendations in Table 2.2, participants noted that they would like to 

receive the reports earlier, and provided suggestions to use more graphics, simpler language, and 

include additional ways to reduce exposure.  

At the community level, participants spoke about bringing the report to local Council Members to 

show them what is happening in the community, and to raise awareness of air quality and 
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environmental contaminants. One participant noted that they were showing the report to their 

college professor, and using the results for a paper they were writing for class.  

Create: The highest level of EHL, this theme involves relating the information from the report to 

other environmental concerns and global concerns. One participant stated “Industrialization in 

China compared to the U.S is 100 times worse and has made their air unbreathable. If we were to 

bring back factories and coal mining to the U.S., as this administration is currently pushing, we 

should really consider the effects that it will have on our air quality”. This statement ties air 

pollution to policies and compares the policies in the U.S. to those in other countries. There was 

also a brief discussion amongst participants regarding the U.S. decision to not sign the Paris 

agreement and how important it is to vote in elections for policy makers who align with personal 

values. The Paris Agreement is an international treaty to reduce emissions and this climate change 

(22). At the time of the focus groups, it was relatively new and frequently discussed in the media, 

likely resulting in participants discussing it during the focus group.  

Overall, participants spoke about their desire to share the report with their community to spread 

awareness of the environmental exposures in the neighborhood. They linked their concerns 

regarding air pollution and health to the importance of participating in local elections. Specifically, 

one participant mentioned a desire to vote for politicians who care about these issues and would 

support regulation to decrease PAH levels.  

2.3.3 Surveys 

We utilized surveys to evaluate perceptions of the report, e.g., how the participants liked the report, 

what was not understood, and what was missing. Additionally, we assessed how participants 

interacted with or planned to use their results.  The baseline knowledge of PAHs before receiving 
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their report (Question 4: Before you received the report, how much did you know about PAHs?) 

was similar between groups; 73% in Group 1, and 62% in Group 2 (p = 0.3; Table 2.3). Both 

groups indicated that the report added “a lot” to their knowledge about PAHs (93% and 81% 

respectively) indicating the report was useful in increasing knowledge.  

Table 2.3 Summary of Survey Results for First and Second Questionnaire 
 

Group 1 Group 2 p- value 

Distribution N = 22 N = 168  

 Count (%) Count 

(%) 

 

Respondents  14 (64) 48 (29)  

Before you received the report, how 

much did you know about PAHs? 

  
0.3 

A lot of Knowledge 0 (0) 1 (2)  

A Little Knowledge  5 (38) 12 (25)  

No Knowledge 8 (62) 35 (73)  

How much did this report add to 

your knowledge of PAHs? 

  
0.9 

A Lot  13 (93) 39 (81)  

Moderate Amount 1 (7)  3 (6)  

A Little   0 (0) 4 (8)  

None at All  0 (0) 2(4)  

How easy or difficult was it for you 

to find what your levels of PAHs 

were? 

  
0.9 

Easy 7 (50) 24 (50)  

Neutral  5 (36) 13 (27)  

Difficult  2 (14) 10 (21)  

 

 

Half of the participants in both Groups 1 and 2 found the report generally easy to use (e.g., 50% 

of both Group 1 and Group 2 participants said the report was easy to read). Despite substantial 

changes to the report, we did not see an increase in participant reports of ease of use, or increased 

knowledge regarding PAHs after receiving the report, relative to Group 1.  
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2.4 DISCUSSION 

In this urban, primarily Hispanic (>90%) study population, participants received results from an 

individual level report back of prenatal exposure to PAHs. We used focus groups and surveys to 

evaluate the impact of the report back on EHL, and to improve the report. 

Through focus groups, participants suggested changes to improve the readability of the report, 

including changing the layout and making the graphs and language easier to read. Using a thematic 

analysis of the focus group notes, we found that participants reached all six levels of the EHL 

hierarchy and spent most of the discussion applying themes from the report back to their daily life 

with conversation around ways to reduce PAH exposure for themselves, their children, and their 

community. Interestingly, despite making the recommended changes, we found that participant 

increases in knowledge of PAHs, or ease of finding individual results was unchanged, as assessed 

via survey responses. However, in a previous analysis of the Group 2 questionnaire data, we did 

find differences in EHL within the group. As described previously, participants with a college 

degree were significantly more likely to be surprised by their results than those with less than a 

high school degree (OR = 5.60, p ≤ 0.05) and those with higher naphthalene levels were associated 

with lower odds of being surprised about receiving the results (OR = 0.37, p < 0.02) (23). The 

question “Were you surprised by anything in your results?” (Q #15” was chosen as a measure of 

EHL because it demonstrates that participants were understanding and applying their results, each 

of which are a level in the EHL hierarchy by Finn and O’Fallon (8).  These findings suggest that 

the survey questions we asked may not be accurately, or comprehensively, assessing EHL.  
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This work supports the body of literature that RBRR should be standard practice in exposure 

assessment research (1,2,9,24). The conversations from the focus groups demonstrate how giving 

participants their own exposure data increased awareness of both PAH exposure and additional 

environmental exposures. Our participants discussed utilizing the reports in several ways, 

including making changes in ventilation and cleaning practices. In an RBRR study of peripartum 

participants on exposure to per- and polyfluoroalkyl substances, participants similarly expressed a 

desire to reduce exposures, but had limited time and resources to do so (4). In our study we saw 

similar barriers, with participants wanting to purchase air purifiers but not having the resources to 

do so. While our participants did not specifically identify time constraints, pregnancy and the 

peripartum period are a demanding time and ways to mitigate or reduce exposure that are 

inexpensive, and easy, should be prioritized. Further, our study and others noted that RBRR can 

empower study participants (8,9,25–27). Here, our participants referenced plans to bring their 

reports to local politicians, and to discuss their results with friends and family. These actions are 

similar to what has been seen in other studies reporting back environmental exposures; RBRR can 

empower participants to make changes in their daily life based off the information they received 

(11,17,28).  

Increasing EHL represents more than increasing knowledge, but also empowering individuals and 

communities to make changes and advocate for lower environmental exposures (57,73–75)(8,25–

27). Previous studies have found that personal exposure report back increased EHL at many 

different levels from individual, to family, to community (9,11,24).  

A prior study documented distinct individual changes that were enacted following RBRR. In a 

study utilizing the wristband samplers for PAH exposure in an adult Indigenous population, from 

which our report-back was based off of, participants discussed wanting to reduce their exposure 
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after receiving their results (17). Some of the ways they planned to do this was by switching to 

cleaner burning candles, burning candles for a shorter duration, and not using woodstoves as 

frequently. This group received the same exposure data (e.g., samplers were assessed for 63 PAHs), 

but given the different community context received tailored strategies for reducing PAH exposure 

based on common exposure pathways due to cultural and geographic variables. From this we see 

how cultural sensitivity and planning is important in the report-back process, and regardless of the 

setting, participants want to find ways to reduce their individual exposure levels following report-

back.  

At the familial level, in a rural cohort near a Superfund site, parents of children aged 1-11 received 

results on blood lead and other metals in household water and soil samples. Interviews with parents 

revealed the vast majority of participants took action to reduce exposures in their home after 

receiving their results, including removing shoes when entering the home, laying down rocks to 

decrease exposure to soil, and decreasing the consumption of food known to be high in metals (9). 

The exposures and type of community differ from ours but similarly demonstrates how parents are 

motivated to make changes in their home to reduce environmental exposures of their children, 

regardless of location or exposure.  

Looking at community-level changes, a study in a town within an industrialized county of 

California took dust samples from homes and returned results to participants. Following RBRR, 

the researchers conducted interviews with a subset of the study population. They found that 

participants took legal and political action to address exposures from outdoor industrial emission 

sources (24). Similarly, our participants expressed a desire to bring the report to local politicians 

and community leaders to influence community-level change. This demonstrates the potential for 

RBRR to shape actions and policies beyond the study population. This is particularly relevant for 
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environmental justice communities, where pollution and exposure levels tend to be higher, 

necessitating large scale change beyond the individual and family units. In this way, RBRR can 

help empower people and leaders to advocate for their communities. These studies demonstrate 

the ways in which participants used information from the report to reach varying levels of the EHL 

taxonomy, and apply their EHL to themselves, their family, and their community.  

There remain limited tools for assessing EHL, particularly tools that can evaluate EHL across the 

taxonomy. Here, we show that the RBRR strategies did enable participants to scaffold from low 

EHL (recognize) to high EHL (evaluate). However, this method of assessing EHL appears 

incomplete. Prior work on EHL has shown that tools that measure knowledge, as well as feelings 

and beliefs, may more completely encompass EHL (29). In our study, we predominantly measured 

knowledge. However, evaluating changes in beliefs is also necessary. For example, a study that 

reported back results in the Navajo nation after a mine spill asked participants whether their 

feelings about the mine spill had changed after seeing their results (30). Of the respondents, 55% 

said “No”. Here, we found that despite revisions to the report to increase readability and 

comprehension, participants did not report an increase in self-rated perception of knowledge of 

PAHs. In other words, improving how factual knowledge is presented may not have a significant 

difference in participant knowledge or feeling about an exposure.  

Thus, there is a need to investigate more comprehensive measures of EHL. There are few validated 

measures of EHL (31). Lichtveld et al. developed a validated EHL survey with four scales, on 

different media-specific exposures and overall EHL (32). The general EHL survey could be a good 

measure to use in RBRR and supplemented with the scale of an important exposure route. Dixon 

et al. created the validated Environmental Health Engagement Profile with 5 subscales to assess 

the way people engage with environmental health issues (33). There are scales that assess EHL 
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within the domains of recognition and understanding (34,35). Yet measuring EHL beyond factual 

knowledge alone is emerging as a valuable assessment.  

Some limitations of this work include limited generalizability and lack of a baseline measure of 

EHL. Regarding generalizability, the report was modified for a primarily urban Hispanic cohort 

with monitoring completed during pregnancy. The language was modified to represent exposures 

during pregnancy, although the reports were initially designed for the public, independent of 

pregnancy status. Thus, while the reports may be specific to a pregnancy cohort, the suggested 

revisions were not pregnancy-specific. Finally, we did not have a baseline level of EHL. We 

initially began this study in 2018, with the goal of developing user-friendly reports. As we went 

through this process, we began to appreciate the role of RBRR in building EHL (36), and expanded 

our study to incorporate an assessment of EHL. As a results, we relied on self-reported pre-post 

assessments of knowledge. In future, we recommend conducting an EHL assessment prior to 

RBRR.  

Strengths of the study include the well-characterized exposure assessment, in depth qualitative 

focus group data and quantitative data from two versions of the report back. Previously, passive 

wristband samplers were considered a novel method of exposure assessment, however to date there 

have been more than 60 studies utilizing the wristbands on thousands of different participants (37) 

with many studies measuring PAHs (16,17).  As this number grows, we will be able to further 

modify the reports and incorporate PAH exposure data from other communities that used the 

passive wristband sampler. The request to provide comparison data sets came directly from the 

focus group participants, out of an interest to see how their community compared to others. This 

type of feedback is essential to continue improving the reports and to be responsive to the wants 

of the community while disseminating personal exposure results.  
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This study has demonstrated that engaging research participants in creating a report back document 

is essential to ensure it is easy to understand, culturally competent, and that it addresses the needs 

of the community in which it is to be used. In this study, we saw changes in EHL when assessing 

it through focus groups, but not surveys. Surveys can be helpful, yet our results suggested that our 

questions were not comprehensive. In the future more comprehensive methods for measuring 

EHL, and particularly for assessing the relationship between RBRR and EHL, are needed. Ideally 

methods that merge qualitative and quantitative methodologies to evaluate RBRR as well as 

methodologies for assessing RBRR materials and subsequent changes in knowledge, attitudes, and 

behavior are necessary for understanding and evaluating the impact of RBBR on the communities 

that receive them.   
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Supplemental Figure 2.1: Pilot Report-Back Document 

 

 

 

 

Dear [F1003],

Thank you for participating in the Air Pollution Wristband study. This study is being done by researchers at Columbia 
University and Oregon State University. We have finished our analysis and we would like to share with you what we found.

As a reminder, 22 individuals wore a wristband for 2 days. You wore your wristband in October, 2014. The wristband 
absorbed chemicals from the air. It can also absorb chemicals from any substance it touched, including water, soil, and even 
your skin. The amount of chemicals in the wristband reflects your personal exposure. Currently, there are no regulations for 
these chemicals. As a result, it is difficult to know how much of a chemical is needed to cause health effects. Therefore, 
while this report shows the chemicals found in your wristband, that does not mean that you or your child will suffer from 
any health effects. We are collecting this information to get a better idea of what types of chemicals you are exposed to. 
This study began in 2013 and is on-going.

We analyzed the wristband for 62 different kinds of polycyclic aromatic hydrocarbons, also called PAHs. PAHs are found in 
fossil fuels such as oil and gasoline. When fossil fuels evaporate or are burned, PAHs enter the air. Burning wood, grasses, 
candles or tobacco can also release PAHs in the air. Some PAHs are known air pollutants. On the next page you will find 
more information about PAHs and where they are commonly found. Not all PAHs are harmful.

This report describes the following:
ONE Information about PAHs and where they are found. 
TWO The types of PAHs found in your wristband
THREE A summary of all 22 wristbands for three specific PAHs

Thank you again for participating in this study. 

THANK YOU FOR PARTICIPATING IN THIS RESEARCH STUDY!
We hope you find these results easy to understand. Please contact us with any questions or feedback.

Contact Name| EMAIL | Phone
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INFORMATION ABOUT PAHs
We are exposed to PAHs from many different sources. Not all PAHs are harmful. There are easy steps you can take to reduce your 
exposure to PAHs 

ONE
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Overall, we detected 53 different PAHs across all 22 participants. Below, we show three particular PAHs of interest. Your 
chemical information is shown in the orange diamond. Unfortunately, no guidelines or regulations currently exist for any 
of these PAHs. However, the graphs do show how PAH exposures can be different between people.

AMOUNT OF PAHS FOUND IN THE WRISTBANDS

HOW TO READ YOUR RESULTS

Each circle represents the 
PAH amount found in one of 
the other 22wristbands

The orange circle shows the 
PAH amount in YOUR 
wristband

The numbers show the 
amount of PAH in the 
wristband

THREE

[3] This number represents the 
number of wristbands that 
did not contain this 
chemical.

We staggered data points 
so you could see how many  

samples overlap

Naphthalene Phenanthrene Benzo[a]pyrene

n
an

o
gr

am
s/

w
ri

st
b

an
d

Naphthalene

We zoomed in on this group of  

naphthalene samples so you 

could see them more clearly

Graph Explanations

Below limit of detection: We analyzed the wristbands for 62 PAHs. Of the 62 chemicals measured, 9 were at levels so low our instruments 
could not detect a chemical  concentration. 

Naphthalene  – Found in all 22 wristbands, naphthalene is used as a pesticide in mothballs. Exposure to high levels of naphthalene can cause
headaches, nausea, dizziness and vomiting. 

Phenanthrene – Found in all 22 wristbands, studies have shown phenanthrene to be associated with diminished lung function.

Benzo[a]pyrene - Benzo[a]pyrene has been associated with cancer risk. Levels in the wristbands were generally low. 

Nanograms – 1 billionth of a gram. To picture this, think of 1 pinch of salt in a 10 ton bag of potato chips. 
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Supplemental Table 2.1: Randomization Results for Demographic Characteristics of 

Participants 

  

Group 1: N = 

22 

Group 2: N = 

22 

Group 3: N = 

22 

 

Group 1: N = 

22 

Group 2: N = 

22 

Group 3: N = 

37 

 

Group 1: N = 

22 

Group 2: N = 

42 

Group 3: N = 

74 

 

Group 1: N = 

22 

Group 2: N = 

84 

Group 3: N = 

148 

Full Sample 

Size 

Group 1: N = 

22 

Group 2: N = 

168 

Group 3: N = 

296 

Maternal 

Age 

0.297 0.316 0.225 0.095 0.006 

Education 0.625 0.636 0.673 0.672 0.8 

Marital 

Status 

0.369 0.342 0.227 0.076 0.002 

Income 0.332 0.309 0.263 0.243 0.2 

Ethnicity 0.672 0.687 0.556 0.257 0.017 

For each variable, we randomly selected observations from each group at the specified sample 

size and conducted the relevant test (i.e. Kruskal-Wallis or Fisher’s exact test) for a difference in 

groups. This process was repeated 10,000 times and the median p-value of the test is reported 

above.  
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Supplemental Table 2.2 – Focus Group Questions 

1. After reading the report, what did you think?  

2. Before this study began, how much did you know about air pollution?  

3. What information were you most interested in reading about in the report?  

4. How easy or difficult was it to find the information you were looking for?  

5. Any concerns about the information in the report? Was any of this information worrying 

to you?  

6. Did you search for more information about PAHS or the information in the report after 

reading it? Where did you look for more information? Was there anything that you 

wanted to change in your daily life after reading this report?  

7. How confident are you that you can take steps to reduce your family’s risk from PAHs?  

8. Do you think other people would be able to take these steps  

9. The report states that there are few regulations for these chemicals [PAHs] in air, is this 

surprising to you?  

10. How likely are you to consider being involved in efforts to limit the amount of PAH in 

the community?  

11. Did reading this report make you want to discuss your results with your doctor, nurse or 

any other health care provider?  

12. What other information would you include in this report? 
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Supplemental Table 2.3 – Report Back Questionnaire  

The survey included some questions from the Handbook for Reporting Results to Participants in 

Biomonitoring and Personal Exposure Studies and are marked with an asterisk* or a double 

asterisk** if adapted. 

• Dunagan SC, Brody JG, Morello-Frosch R, Brown P, Goho S, Tovar J, Patton S, Danford 

R. When Pollution is Personal: Handbook for Reporting Results to Participants in 

Biomonitoring and Personal Exposure Studies. Appendix E. California Household 

Exposure Study Interview. Silent Spring Institute; 2013. 

 

1. How long did you spend reading your report? 

a. Less than 5 minutes 

b. 5-15 minutes 

c. More than 15 minutes 

d. I did not read it 

2. What information were you MOST interested in reading about in the newsletter? 

a. Page 1 introductory letter 

b. Information about PAHs (human health, sources) 

c. Reducing exposure to PAHs 

d. Type of PAHs found in your wristband 

e. Your results 

f. The results of the whole study 

3. How easy or hard to read and understand was each part of the report? (very easy, 

somewhat easy, neutral, difficult, very difficult, did not read) 

a. Page 1 introductory letter 

b. Information about PAHs (human health, sources) 

c. Reducing exposure to PAHs 

d. Type of PAHs found in your wristband 

e. Your results 

f. The results of the whole study 

4. Before you received this report how much did you know about PAHs and the risk they 

pose to people?  

a. I knew a lot about PAHs 

b. I knew a little about PAHs 

c. I did not know anything about PAHs 

5. How much did this report add to your knowledge about PAHs? 

a. A lot 

b. A moderate amount 
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c. A little 

d. None at all 

6. How easy or difficult was it for you to find what YOUR levels of PAHs were? 

a. Very easy 

b. Easy 

c. Neutral 

d. Difficult 

e. Very difficult 

f. I did not find this information 

g. I did not read the report 

7. How easy or difficult was it for you to figure out how YOUR levels of PAHs compared to 

the whole group? 

a. Very easy 

b. Easy 

c. Neutral 

d. Difficult 

e. Very difficult 

f. I did not find this information 

g. I did not read the report 

8. Which of the suggested steps to reduce PAH exposures are you most likely to take? 

a. Ventilate when cooking or using a wood-fired stove/fire (run fans or open 

windows). Grill or smoke outdoors.  

b. Limit exposure to gasoline and diesel fumes 

c. Replace pest control methods like mothballs with alternatives like cedar shavings 

d. Avoid e-cigarettes and cigarette/cigar smoke 

e. Rotate smoked, grilled and charbroiled foods with baked, steamed, and/or canned 

foods 

f. If you use a wood stove, make sure the opening and chimney do not leak smoke 

g. I am going to do something else:  

i. Other 

h. I am not going to do any of these things 

9. Do you plan to talk about this study and/or your PAH exposure with a doctor, nurse, or 

public health professional?** 

a. I definitely will 

b. I probably will not 

c. I may or may not 

d. I probably will not 

e. I definitely will not 

10. Please tell us a little about your experience receiving your study results. Was the report 

helpful to you, and are you glad you received this information about PAHs and the levels 

of PAHs we found in the wristbands you wore?  

The following questions were only asked in the second version of the survey  

 

11. Did the description of how to read your results (see example graph) help you better 

understand your results? (1 = not easy, 10 = very easy) 
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12. Overall, how interesting was it to see your chemical exposure results?  (1 = not 

interesting, 10 = very interesting) 

13. Are you glad to have learned about your own results?* (yes/no) 

14. What are your feelings after viewing your results?**  

15. Were you surprised by anything in the results? What was surprising?* 

16. Did the study change your views about what role you think chemicals might play in your 

health?** 

17. What additional resources or information would you like to have as a result of this 

study?* 
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ABSTRACT 

Reporting personal environmental exposure data back from researchers to study participants is 

becoming more common, however there are few tools to assess whether report back increases 

environmental health literacy (EHL). This study assessed whether sociodemographic or 

environmental characteristics were associated with changes in EHL after receiving personal air 

monitoring results. This study was conducted in a New York City based pregnancy cohort wherein 

participants were assessed for exposure to polycyclic aromatic hydrocarbons during the third 

trimester of pregnancy. Participants (n=168) received their results two to five years after 

participation and a subset (n=47) completed a survey evaluating perspectives on their results and 

subsequent behaviors. Using these results, we created a quantitative scale of EHL, with higher 

scores indicative of higher EHL. We found that participants with a college degree were 

significantly more likely to be surprised by their results than those with less than a high school 

degree (OR = 5.60, p ≤ 0.05) and that higher naphthalene levels were associated with decreased 

odds of being surprised about receiving the results (OR = 0.37, p = 0.02).  There were no observed 

associations between demographic or exposure characteristics and our dichotomous EHL 

indicator; however, those with more education and higher income tended to have higher EHL 

scores.  Additionally, participants who reported being surprised by or glad to receive their results 

had higher EHL scores. Open-ended text responses indicated that while some participants felt 

worried after receiving their results, participants reported being glad to have received the report.  

3.1 INTRODUCTION 

Environmental health literacy (EHL) is an emerging field that combines elements from different 

disciplines, including health literacy, risk communication, environmental health, communications 
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research, and safety culture (1,2). Building on the concept of health literacy (3), as EHL increases, 

it is anticipated that informed individuals can take control of their own health and be aware of how 

their actions may reduce exposure or mitigate risk from environmental hazards (1,2). These are 

valuable skills to have in a culture that is more aware of environmental exposures and changes 

including climate change (4). One potential route to increase EHL is through personal exposure 

report back (5-8).  

Personal exposure report back is intended to return a research participant’s own data and provide 

information about their study results. Previously, it was commonplace to return results to 

participants only if there was clinical guidance on the exposure levels (5). However, in the last two 

decades, there has been a shift towards giving participants the option to receive their results back, 

even in the absence of a clinical cut point (5,9,10). To give guidance on how best to report back 

personal exposure monitoring, the Silent Spring Institute developed a handbook on report back 

(11). It includes sections on how to get started, methods for reporting back both environmental 

monitoring and biomonitoring results, and evaluation of the report back. With the ethical shift 

regarding research participants’ right to know and a handbook on best practices, reporting back 

results has become more commonplace, and is now recommended (9).  

At the most basic level, the return of personal results addresses a commitment to scientific 

transparency, as it also addresses a core element of EHL: recognition of environmental exposures. 

Finn and O’Fallon adapted Bloom’s taxonomy of educational objectives to environmental health 

knowledge, which outlines gradual steps of increased literacy around environmental health issues 

with concepts including recognition, understanding, application, analysis, evaluation, and creation 

(2). While the EHL taxonomy is a useful framework for demonstrating how individuals learn and 

progress in EHL, it does not provide an indicator to measure EHL.  
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To date, there have been few tools developed to assess EHL. Studies have looked at qualitative 

changes associated with return of data and seen increases (6-8), but quantitative measures are less 

common. Some of the current methods to measure EHL rely on concepts from health literacy, 

which is not necessarily the same as EHL (12-14). Our goal in this study was to determine whether 

sociodemographic or environmental characteristics were associated with both quantitative and 

qualitative changes in EHL among research participants after receiving report back on personal 

results. 

In this study we look at a New York City based pregnancy cohort with personal chemical exposure 

monitoring conducted for polycyclic aromatic hydrocarbons (PAHs) in the third trimester of 

pregnancy. The cohort comes from an urban area, is primarily Hispanic, and is often an 

understudied research population. Participants received their personal results back between two 

and five years after the monitoring was conducted. The time between participation and return of 

results was included as a potential predictive variable. The motivating factor for this research is to 

find a way to break the cycle of children’s environmental health disparities, utilizing report back 

to increase recognition and understanding of how environmental exposures impact health.  

3.2 METHODS 

Pregnant individuals enrolled in the Fair Start cohort of the Columbia Center for Children’s 

Environmental Health (CCCEH) participated in this study. Recruitment of the Fair Start cohort 

began in 2013 at New York Presbyterian Ambulatory Care clinics in New York City. The cohort 

was established with the goal of characterizing the association between prenatal and early life 

environmental exposures on childhood development. Recruitment into the Fair Start Cohort 

remains ongoing, with a planned sample size of at least 750 participants. This study was conducted 

with a subset of participants that were enrolled between November 2015 through March 2019. 
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Participants primarily reside in the neighborhoods of Northern Manhattan and the South Bronx 

and 90% self-identify as Hispanic, as previously described (15). As part of participation in the 

cohort, individuals completed prenatal visits during the third trimester of pregnancy, which 

included completing questionnaires to collect information on demographics, occupation, 

environmental exposures, and personal product use. Following the prenatal visit, participants wore 

a passive sampling silicone wristband for 48 hours, to assess their personal exposure to semi-

volatile and volatile organic compounds. The wristbands were analyzed at Oregon State University 

for 63 PAHs. 

3.2.1 Return of data to study participants development 

Personalized reports were created for a total of 168 participants summarizing their PAH exposure, 

as measured by the wristbands. The report included a personalized cover letter, infographics 

summarizing how PAHs are generated, where they are found and ways to reduce PAH exposure.  

Though the wristbands measured 63 PAHs, and all data was returned, the reports focused on n=18 

PAHs, which have been identified as priority chemicals by the United States Environmental 

Protection Agency (EPA) and the Agency for Toxic Substances and Disease Registry (ATSDR). 

The EPA identifies 16 PAHs as priority PAHs, operating under the rationale that these 16 are 

representative of environmental exposures, although this assumption has been questioned (16). 

The ATSDR highlighted PAHs as a chemical group on their Priority Substance list (17), with the 

toxicological profile for PAHs identifying 17 specific PAHs (18). These 17 PAHs were selected 

based on the availability of health and toxicity data, probability of human exposure, and potential 

for adverse health outcomes following exposure (18). When the EPA and ATSDR lists are 

combined, there are 18 unique PAHs.  
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Individual plots were generated comparing each person’s individual exposure to naphthalene and 

phenanthrene, which are two priority PAH that were selected, as they were the most commonly 

detected PAHs in the wristbands; both were detected in >75% of samples.  Plots compared each 

participant to the other participants in the study and each report included a personalized table 

showing which of the priority PAHs were detected along with common environmental sources of 

these chemicals, the total number of PAHs detected in the individual’s wristband, and a table 

detailing the concentration of each PAH found in the individual’s wristband and the range of 

exposure across the study population.  

This report was based on a previously developed report (9), then piloted and tested in focus groups 

within the cohort. Feedback and revisions from the focus group were incorporated prior to utilizing 

the report with the participants for this study (Riley et al, manuscript in preparation). Reports were 

generated in English and in Spanish, and paper copies were sent to the participants’ homes in June 

2021, with electronic versions emailed upon request. A short (04:48 min) video (19) was developed 

to walk participants through the report, with English and Spanish closed captioning. This study 

was approved by the Columbia University Irving Medical Center IRB (#AAAK6753) and Oregon 

State University IRB (IRB-2021-1048) and individuals were consented prior to their prenatal visit.   

3.2.2 Survey  

Following receipt of the results in July of 2021, participants (n = 168) were sent a link to an 

electronic survey to gather feedback on the report using the REDCap system of the Data 

Coordinating Center at the Mailman School of Public Health, Columbia University. The survey 

was available in both English and Spanish, with the option for participants to select the language 

they were [most?] fluent in. All individuals who received a report were eligible to complete the 
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survey, which consisted of 18 questions regarding socio-demographics, report readability, time 

spent reviewing the report, level of interest in receiving their results, and whether the participants 

were surprised by the results. Survey questions were chosen to assess environmental health 

literacy, and included questions adapted from the Silent Spring Institute Report Back Handbook 

(11). The survey questions are included in Supplemental Tables 3.1 and 3.2. A total of N = 47 

participants completed the questionnaire, resulting in a 28% completion rate. Prior to analysis, 

open ended questions with responses in Spanish were translated into English by a native Spanish 

speaker.  

3.2.3 Development of the EHL scale 

We developed a numeric scale to assess EHL based on the information collected in the survey.  

First, we selected appropriate questions from the survey based on their applicability to the EHL 

taxonomy (2). A total EHL indicator was created by selecting Likert questions from the survey 

that were associated with different levels of the EHL framework (2). Supplemental Table 3.1 

includes a full list of questions used, which include a measure of participant likelihood to change 

behavior in response to exposures, a key tenet of EHL (2,20). Responses to each of these questions 

were categorized and coded based on Likert responses—where higher numbers indicate higher 

EHL. Scores for each question were summed to create an EHL scale with a minimum of 0 and a 

maximum possible score of 26. The median value was 14 (range 8-20).    
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3.2.4 Text mining 

Data was collected for 47 participants. A total of 33 participants answered the question “What are 

your feelings after viewing your results?”. Standard text processing steps were taken to convert to 

lower case text, remove punctuation, remove standard English stop words using the Snowball 

stemmer project (21), and remove white space. A sentiment analysis (22) was conducted on each 

participant’s answer. The presence of words corresponding to 6 different emotions (“anticipation”, 

“fear”, “joy”, “sadness”, “surprise”, “trust”) was tabulated along with the overall sentiment 

(“negative”, “positive”). A predicted probability was calculated for the sentiments: positive, 

negative, and neutral. For each participant, the predicted sentiment was taken to be the sentiment 

with the highest respective probability.  

3.2.5 Data analysis  

To determine the representativeness of those who completed the survey versus those who did not, 

we used Fisher’s exact test to account for the small sample size. Quantitative data analysis focused 

on potentially modifiable factors that influenced how participants perceived their report back 

information. Child age at report (as a proxy for time between exposure monitoring and receipt of 

report), maternal education, marital status, and income were all examined as predictors in the 

analysis. 

Exposure to naphthalene and phenanthrene were also considered as potentially modifiable factors 

that might be associated with EHL. Given the high detection frequency, these two chemicals were 

specifically highlighted in the report and more detail was provided about them for the benefit of 

the participants. Values were log adjusted and treated as predictors in the models. Additionally, we 
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evaluated the total number of PAHs detected and the number of priority PAHs found in each 

person’s wristband as predictors of exposure.  

Linear and logistic regression models were used, as appropriate, to assess whether the potentially 

modifiable lifestyle and exposure factors listed above were associated with indicators of EHL. 

Supplemental Table 3.3 summarizes the development and scoring of the variable. In addition to 

multivariate models, we also compared the reaction to the results (e.g., surprised, glad) by EHL 

score using t-tests. All analyses were completed in R statistical software (R version 4.1.2) (18).  

A thematic analysis was conducted on participant responses to the question “What were your 

feelings after viewing the results?” Each response was manually reviewed and coded. Three 

themes were identified: worried, reassured, and wanting to learn more.  One respondent noted not 

having any feelings after the return of results, and their answers were excluded from this analysis.  

3.3 RESULTS 

Participants who completed the survey (n=47) were not statistically different from participants 

who received their report but did not complete the survey with respect to maternal age, education, 

marital status, income, ethnicity, and PAH exposure. While not statistically significant, 

participants who completed the survey were more likely (p = 0.20) to be married or living with 

their partner for >7 years than participants who did not complete the survey (Table 3.1).  
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Table 3.1. Demographic Characteristics and Exposure Summaries of Participants Included 

in the Research Studya 

Level No Survey Completed 

Survey 

p-value 

 N 121 47 
 

Maternal Age (mean (SD)) 28.96 (6.43) 28.71 (5.25) 0.82 

Categorical Characteristicsb 

Maternal Education (%) 

< High School 23 (20.9) 12(26.7) 0.50 

High School Diploma 48 (43.6)  15 (33.3)  
 

2- or 4-Year College Degree 39 (35.5) 18 (40) 
 

Marital Status 

Never Married 56 (50.9) 17 (37.8) 0.20 

Married/ Living with Partner 48 (43.6) 23 (51.1) 
 

Divorced/ Separated 6 (5.5) 5 (11.1) 
 

Income 

$0-$20,000  58 (52.7) 29 ( 64.4)   0.25 

>$20,000  52 (47.3) 16 ( 35.6)       
 

Ethnicity  

Hispanic or Latino  105 (95.5) 45 (100.0) 0.34 

Not Hispanic or Latino 5 (4.5) 0 (0.0) 
 

PAH Exposure 

Naphthalenec (mean (SD)) 4.54 (0.89) 4.57 (1.19) 0.84                                                                              

Phenanthrenec (mean (SD)) 5.61 (0.61) 5.67 (0.50) 0.62 

Total PAH Countd (mean 

(SD)) 

11.49 (4.52) 11.09 (5.59) 

 

0.63 

 

Count of Priority PAHe (mean 

(SD)) 

5.01 (2.14) 

 

4.38 (2.33) 

 

0.10  

 
a Utilized Fisher’s Exact test for comparisons 

b Categorical characteristic data is only available for 155 participants (data were unavailable for 

13 participants).  

c Unit = log pmol/wristband 

d Total number of PAH found in wristband, wristbands were analyzed for 63 PAHs  

e The PAH method includes 18 Priority PAHs, as defined by ATSDR and the EPA 
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3.3.1 General response to the report 

Respondents were asked simple questions to gauge their response to the report. Specifically, 

participants were asked if they were glad to have received their results, and if they were surprised 

by their results. N=47 participants (28% of the study population who received their reports) 

responded to these questions, and a majority were glad to have received their data (94%) and were 

surprised by any of their results (69%).  

We found that mothers with a college degree were significantly more likely to be surprised by their 

results than mothers with less than a high school degree (OR = 5.60, p ≤ 0.05). We did not observe 

that income, marital status, and child age was associated with participants being surprised by their 

report, whether they were glad to have received their report, or the amount of time spent reading 

their report (see Table 3.2).   

Table 3.2 Summary of Model Data 
 

Surprised Results1 Glad to have learned 

Results1 

Time Reading2 Total EHL Score2 

Outcome OR P Value OR P Value OR P value Beta P Value 

Child Age 1.59 0.27 1.24 0.78 0.77 0.59 -0.11 0.83 

Maternal Education 

High school 

diploma 

3.30 0.16 1.27 0.87 4.67 0.21 0.08 0.48 

2- or 4-year 

degree 

5.60 0.05* 1.55 0.77 1.67 0.58 0.14 0.16 

Marital 

Status  

1.04 0.96 2.93 0.40 3.23 0.21 0.47 0.63 

Income  1.30 0.71 17.41 0.99 0.69 0.66 0.07 0.37 

Naphthalene 0.37 0.02* 0.87 0.72 1.03 0.94 -0.85 0.02* 

Phenanthrene 1.88 0.31 22.08 0.24 1.43 0.80 -0.65 0.49 

Total PAH 1.01 0.37 1.03 0.12 1.15 0.14 -0.002 0.97 

Priority PAH 0.90 0.48 0.94 0.26 1.27 0.18 -0.16 0.37 

*Indicates significance at a level of p<0.05 

1logistic regression model 
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2 linear regression model 

 

We observed that naphthalene levels were associated with a decreased odds of being surprised 

about receiving the results (OR = 0.37, p = 0.02) (Figure 3.1). Phenanthrene, total number of 

PAHs detected, and the number of priority PAHs detected were not associated with being surprised 

by the report, being glad to have received the results, or time spent reading the report (see Table 

3.3).  

 

 

Figure 3.1 Distribution of Naphthalene and Phenanthrene by Participant Response to 

Whether They Were Surprised by Their Results 
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Table 3.3 Average Environmental Health Literacy Score by Demographic Characteristics  

Level Average EHL Score 

Mean (SD) 

p-value 

 N = 44 
 

 

Maternal Education (%)  

< High School 14.70 (3.33) 0.56 

High School Diploma 15.86 (2.85) 0.10 

2 or 4 Year College 

Degree 

16.94 (2.13) 0.50 

Marital Status  

Never Married 15.67 (2.99)  

Married/ Living with 

Partner 

16.14 (2.85) 0.63 

Divorced/ Separated 17.00 (1.63)  

Income  

$0-$20,000  15.62 (2.91) 0.19 

>$20,000  16.75 (2.46)  

Ethnicity   

Hispanic or Latino  16.05 (2.78)  

Not Hispanic or Latino N/A  

 

 

3.3.2 Environmental health literacy  

A total of 44 participants (94% of all who completed the survey) answered all the questions used 

to create the EHL indicator score. The highest possible EHL score was 26. Scores ranged from 8-

20, with a mean and median of 14 (Figure 3.2). When examining EHL score by demographic 

characteristics, EHL score increased with increasing education, marital status, and income, 

although these trends were not statistically significant (Table 3.3). When looking at measures of 
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PAH exposure, naphthalene has an inverse association with total EHL score (b = -0.85, p = 0.02). 

Phenanthrene, total PAH, and priority PAH count were not associated with total EHL score (see 

Table 3). We observed that those who reported being surprised by their results had higher EHL 

scores than those who were not surprised (mean EHL = 17.2 (SD = 1.9) vs. 13.9 (SD = 2.9), 

p<0.01) and those who were glad to receive their results had higher EHL scores than those who 

were not glad (mean EHL = 16.5 (SD = 2.4) vs. 11.3 (SD = 3.5), p<0.01) (models not shown). 

 

 

 

 

Figure 3.2 Distribution of Environmental Health Literacy (EHL) Indicator Score.  

Maximum possible score = X. Scores ranged from 8-20   
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3.3.3 Reception of the report back 

A total of 33 participants (70% of those who completed the survey) provided free-form responses 

to the question, “What are your feelings after viewing your results?” Responses in Spanish were 

translated to English. Open-text responses ranged from one word to 23 words, with a median word 

count of three words. The responses are visualized in Supplemental Figure 1. 

A sentiment analysis was conducted to evaluate the overall feelings reported by the participants. 

Words associated with six different emotions were characterized, with the most prevalent emotion 

being associated with the response being characterized as fear, followed by surprise, and then joy 

and anticipation (Figure 3.3). The responses were further assessed for overall predicted sentiment 

(negative, neutral, positive). There were equal numbers of positive and negative associations, with 

slightly more responses being identified as neutral (Figure 3.4). 

 

Figure 3.3 Total Number of Words Corresponding to One of Six Emotions (“anticipation”, 

“fear”, “joy”, “sadness”, “surprise”, “trust”) Across 33 Open-Ended Responses in Answer 

to the Question, “What are your feelings after viewing your results?” 
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Figure 3.4 Frequency of Predicted Sentiments for 33 Open-Ended Responses in Answer to 

the Question, “What are your feelings after viewing your results?” 

 

Thematic analysis of the short answers resulted in three shared themes: wanting to learn more; 

being worried, and feeling reassured. There were six responses that referenced wanting to know 

more about their exposures. For example, one participant wrote: “I want to know more because I 

already know that I do not know anything about my exposures”.  

The majority of responses (n=16) were coded as indicating worry, with responses either directly 

using the word “worry” or obliquely referencing worry, as indicated by this participant: “Second 

thinking what items I surround myself with”. 
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There were also several participants that referenced a feeling of reassurance (n=8). As one 

respondent wrote, “Feeling more tranquility and gratitude for the information”.  

3.4 DISCUSSION 

The role of report-back is posited to help increase EHL, thereby facilitating individual knowledge 

gain and potential behavior changes (20,23,24). We returned individual data within the context of 

the study population to 168 individuals in the Fair Start Cohort, approximately 2-5 years after data 

collection. Over one-quarter of the participants completed a survey describing their reaction to the 

report. The survey respondent population was representative of the study population when assessed 

across socio-demographic variables.  

Here, our data indicates that participants who are more educated (college degree +) and those with 

lower environmental exposures to common PAHs are more likely to be surprised by their results. 

Being surprised about receiving personal exposure monitoring information is indicative of being 

able to Recognize and Understand environmental health concepts, based on the EHL taxonomy by 

Finn and O’Fallon (2). In the taxonomy, the ability to Recognize and Understand a concept are at 

the most basic levels of EHL.  An individual could progress through higher levels that include 

being able to Apply, Analyze, Evaluate, and eventually Create.  College educated individuals may 

have been exposed to these concepts previously or be able to apply them to their daily life more 

easily. However, the question was binary (yes/no) and did not allow us to query the direction of 

surprise, (e.g., we do not know whether the participants were surprised that their levels were higher 

versus lower than they expected).   

The negative association between naphthalene exposure and being surprised by the results is 

noteworthy and was unchanged after accounting for income and/or education. Naphthalene is a 
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common air pollutant that is formed through several sources leading to exposure in ambient air 

including gasoline and oil combustion, as well as biomass burning, but also has several indoor 

exposure sources including mothballs, plug-in air fresheners, fumigants, and deodorizers (19). 

Individuals may be more familiar with these indoor sources of PAH, and naphthalene has a 

characteristic ‘chemical’ smell.  

Beyond assessing the impact of individual return of results on participant reaction to the reports, 

we developed a measure of EHL using survey questions. There are few tools for measuring EHL  

(12-14, 24-26). Given the distribution, we did not set parameters of high versus low literacy like 

other tools (11,21) yet looked at EHL as a continuous variable. We saw a positive trend between 

maternal education and EHL, although this relationship was not statistically significant, possibly 

due to the small sample size. Some tools have  found significant associations between EHL and 

education (13), yet this has not been replicated in other EHL tools (14,27). We may have not seen 

this in our data because of the small sample size (n = 44) or because the categories chosen to group 

the data were slightly skewed with a smaller proportion of mothers not completing high school. 

Additionally, education status alone may not be the driver of EHL, compared to topic-specific 

knowledge. For example, a study looking at specific environmental exposures found that one 

component of EHL “willingness to engage in protective behaviors” was significantly associated 

with knowledge of the exposure as opposed to general educational attainment (27), yet in another 

study, content-specific knowledge was not associated with health-protective behaviors (13).  In 

our study, we did not assess knowledge about PAH exposure explicitly so could not assess whether 

our indicator of education represents the contribution of educational attainment or knowledge 

specifically about PAH.  
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We saw that people were glad to have received the report, despite having participated in the 

research two to five years prior. The use of text mining for semantic analysis indicated equivalent 

negative and positive feelings across six emotions. Another study evaluated eight feelings 

(“curious”, “Informed”, “Interested”, “Empowered”, “Respected”, “Helpless”, “Scared”, and 

“Worried”) across a cohort of 295 women viewing results from blood tests, which included levels 

of flame retardants, PFAS, and lipids (28). Following structured interviews, most participants 

reported positive feelings before and after viewing their results, with a minority of participants 

reporting feeling helpless, scared, or worried (28). However, the authors noted that a more 

stratified analysis by race showed that the level of worry may differ by race, although this was 

complicated by the chemical results, as Black participants had higher levels of chemicals and noted 

higher levels of worry (28). Our cohort predominantly identified as Hispanic or Latino, and thus 

stratification of results by race was not possible. Beyond the semantic analysis, our qualitative 

analysis indicated that while participant responses referenced “worry”, they also identified 

potential behavior changes, i.e. selecting different products to reduce exposures. Unfortunately, 

our survey characterized “worry” on a binary scale (yes/no) and did not allow for a more nuanced 

understanding. 

Despite referencing fear upon viewing the results, participants overwhelmingly reported they were 

glad to have received their data (94%). In addition, eight of 30 responses expressed reassurance 

and gratitude for the report. This is borne out by other studies that have returned individual results, 

wherein participants were glad they had received their data (5,8,29-32). In particular, this is 

supported by prior data, wherein parents received information on children’s exposures to asthma 

triggers (32). Here, participants in low income, public housing with lower socioeconomic status, 

similar to our cohort, found that the return of data was positively received and there was evidence 
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that the reports facilitated greater understanding of environmental exposures (32). Here, our cohort 

is somewhat homogenous when looking at socioeconomic status, and thus we were not able to 

probe connections between socioeconomic status and EHL. Of note, the link between 

socioeconomic status and EHL has been found to be null in a study evaluating EHL levels and 

connections to adoption of health protective behaviors (27). 

EHL is a complex concept that merges background information on environmental health, risk 

communication, public health, and behavioral science (6). The complex interplay between 

demographics, foundational environmental health knowledge, and perceptions of self-

efficacy/knowledge sufficiency has been previously explored (14,27). We were unable to probe 

into self-efficacy and knowledge sufficiency in this research; our survey included one question 

regarding likelihood to make changes (Appendix 3-B: Q8), yet was not designed to probe 

knowledge sufficiency as a co-variate for EHL, and thus was integrated into the overall measure 

rather than a standalone metric. While this data supports continued efforts to return individual data, 

the null associations between EHL and sociodemographic variables, as well as exposure 

predictors, suggest we need to better understand predictors of EHL to ensure reports are 

appropriate. It is frequently assumed that EHL and Health Literacy (HL) are similar, so the same 

predictors will apply to both concepts, but preliminary research suggests the relationship is more 

complicated (27). Indicators of HL include demographics such as age, gender, and marital status 

(33). When thinking about developing report back tools, we need to determine drivers specifically 

of EHL, rather than assuming drivers of HL.  

Strengths of this study include conducting the report back in a longitudinal cohort study where 

participants remain engaged many years following data collection. CCCEH partnered with 

collaborators at Oregon State University who have previous experience returning results (8,34), to 
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generate a report that was meaningful and culturally sensitive. Additionally, the version of the 

report that was used in this study had previously been piloted in the Fair Start cohort and undergone 

focus group feedback to improve the readability. Limitations of this research include having a 

small sample size (n = 47 completed the survey, n = 44 had all questions answered for EHL 

indicator variable). While the sample was representative of the larger cohort, more respondents 

may have allowed identification of predictors of EHL. Additionally, this data is collected in a 

primarily Hispanic urban cohort, and the generalizability of these results may not be applicable to 

other groups or locations.   

This works helps to Break the Cycle of environmental health disparities by breaking the link 

between limited education/limited empowerment leading to increased exposure then to negative 

health outcomes (Figure 3.5). Reporting back data, following established ethical guidelines (5, 

9,30,35), can increase EHL (6-8). Increased EHL is tied to increased knowledge, either general 

(12,13) or topic-specific (27), leading to increased willingness to engage in behaviors to reduce 

exposure (27,30,32). In this way, the link leading to increased exposure is broken. Within the larger 

Fair Start cohort, previous work has shown that participants used information from their report to 

make informed decisions about reducing exposures, and became vocal in their community to raise 

awareness about environmental exposures (36). This is shown in other studies, wherein return of 

results can lead to behavior change, or willingness to change behavior, to reduce exposures and 

improve health  (30,32).  
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Figure 3.5 Cycle Diagram 
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Supplemental Figure 3.1: Word Cloud of Words Seen in Open-Ended Question, “What are 

your feelings after viewing your results?” 
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Supplemental Table 3.1- Questions from the Report Back Questionnaire 

The survey included some questions from the Handbook for Reporting Results to Participants in 

Biomonitoring and Personal Exposure Studies and are marked with an asterisk* or a double 

asterisk** if adapted. 

• Dunagan SC, Brody JG, Morello-Frosch R, Brown P, Goho S, Tovar J, Patton S, Danford 

R. When Pollution is Personal: Handbook for Reporting Results to Participants in 

Biomonitoring and Personal Exposure Studies. Appendix E. California Household 

Exposure Study Interview. Silent Spring Institute; 2013. 

 

1. How long did you spend reading your report? 

a. Less than 5 minutes 

b. 5-15 minutes 

c. More than 15 minutes 

d. I did not read it 

2. What information were you MOST interested in reading about in the newsletter? 

a. Page 1 introductory letter 

b. Information about PAHs (human health, sources) 

c. Reducing exposure to PAHs 

d. Type of PAHs found in your wristband 

e. Your results 

f. The results of the whole study 

3. How easy or hard to read and understand was each part of the report? (very easy, somewhat 

easy, neutral, difficult, very difficult, did not read) 

a. Page 1 introductory letter 

b. Information about PAHs (human health, sources) 

c. Reducing exposure to PAHs 

d. Type of PAHs found in your wristband 

e. Your results 

f. The results of the whole study 

4. Before you received this report how much did you know about PAHs and the risk they pose 

to people?  

a. I knew a lot about PAHs 

b. I knew a little about PAHs 

c. I did not know anything about PAHs 

5. How much did this report add to your knowledge about PAHs? 

a. A lot 

b. A moderate amount 

c. A little 

d. None at all 

6. How easy or difficult was it for you to find what YOUR levels of PAHs were? 

a. Very easy 

b. Easy 
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c. Neutral 

d. Difficult 

e. Very difficult 

f. I did not find this information 

g. I did not read the report 

7. How easy or difficult was it for you to figure out how YOUR levels of PAHs compared to 

the whole group? 

a. Very easy 

b. Easy 

c. Neutral 

d. Difficult 

e. Very difficult 

f. I did not find this information 

g. I did not read the report 

8. Which of the suggested steps to reduce PAH exposures are you most likely to take? 

a. Ventilate when cooking or using a wood-fired stove/fire (run fans or open 

windows). Grill or smoke outdoors.  

b. Limit exposure to gasoline and diesel fumes 

c. Replace pest control methods like mothballs with alternatives like cedar shavings 

d. Avoid e-cigarettes and cigarette/cigar smoke 

e. Rotate smoked, grilled and charbroiled foods with baked, steamed, and/or canned 

foods 

f. If you use a wood stove, make sure the opening and chimney do not leak smoke 

g. I am going to do something else:  

i. Other 

h. I am not going to do any of these things 

9. Do you plan to talk about this study and/or your PAH exposure with a doctor, nurse, or 

public health professional?** 

a. I definitely will 

b. I probably will not 

c. I may or may not 

d. I probably will not 

e. I definitely will not 

10. Please tell us a little about your experience receiving your study results. Was the report 

helpful to you, and are you glad you received this information about PAHs and the levels 

of PAHs we found in the wristbands you wore?  

11. Did the description of how to read your results (see example graph) help you better 

understand your results? (1 = not easy, 10 = very easy) 
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12. Overall, how interesting was it to see your chemical exposure results?  (1 = not interesting, 

10 = very interesting) 

13. Are you glad to have learned about your own results?* (yes/no) 

14. What are your feelings after viewing your results?**  

15. Were you surprised by anything in the results? What was surprising?* 

16. Did the study change your views about what role you think chemicals might play in your 

health?** 

17. What additional resources or information would you like to have as a result of this study?* 
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Supplemental Table 3.2: Coding for the Environmental Health Literacy Indicator Variable 

Survey Question Corresponding 

EHL 

Taxonomy 

Scoring Summary 

How long did you spend reading 

the report? 

General EHL 

indicator 

1 = Less than 5 minutes 

2 = 5-15 minutes 

3 = More than 15 minutes 

0 = I did not read it 

Before you received this report 

how much did you know about 

PAHs and the risk they pose to 

people?  

Recognize 2 = I knew a lot about PAHs 

1 = I knew a little about PAHs 

0 = I did not know anything about PAHs 

How much did this report add to 

your knowledge about PAHs? 

Apply 3 = A lot 

2 = A moderate amount 

1 = A little 

0 = None at all 

How easy or difficult was it for 

you to find what YOUR levels of 

PAHs were? 

Understand 3 = Easy 

2 = Neutral 

1 = Difficult 

0 = I did not find this information 

0 = I did not read the report 

How easy or difficult was it for 

you to figure out how YOUR 

levels of PAHs compared to the 

whole group? 

Understand 3 = Easy 

2 = Neutral 

1 = Difficult 

0 = I did not find this information 

0 = I did not read the report 

Which of the suggested steps to 

reduce PAH exposures are you 

most likely to take? 

Analyze Sum of 8 options (range 0-8) 

Do you plan to talk about this 

study and/or your PAH exposure 

with a doctor, nurse, or public 

health professional? 

Evaluate 4 =I definitely will 

3 = I probably will not 

2 = I may or may not 

1 = I probably will not 

0 = I definitely will not 

Survey questions were coded to the EHL taxonomy, described by Finn and O’Fallon (Finn, S. and 

O’Fallon, L., 2017. The emergence of environmental health literacy—from its roots to its future 

potential. Environmental health perspectives, 125(4), pp.495-501.) 
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ABSTRACT 

Organophosphate Esters (OPEs) have emerged as the predominant class of flame retardants 

following the phase out of polybrominated diphenyl ethers (PBDEs) in the mid-2000s. These 

compounds have been linked to adverse effects on children’s growth and development. In a cohort 

of pregnant participants, we aimed to evaluate the use of passive wristband monitors as a tool for 

measuring OPE exposure, comparing them to urinary metabolite concentrations collected during 

the same period. Additionally, we investigated socioeconomic and demographic factors that may 

contribute to OPE exposure. Our analysis revealed a significant correlation between triphenyl 

phosphate (TPHP) detected in wristbands and its corresponding urinary metabolite diphenyl 

phosphate (DPHP). However, categorical chi squared analysis found no associations between 

parent compounds and metabolites. In both linear and logistic regression models, maternal age at 

birth, educational attainment, and material hardship were associated with variations in both 

continuous OPE and categorical (detect/non-detect) OPE levels. These findings underscore the 

importance of further research to identify the optimal duration for wearing wristbands to measure 

OPEs and allow us to understand patterns of exposure in this community.  

4.1 INTRODUCTION 

In response to the phase out of polybrominated diphenyl ethers (PBDEs), manufacturers have been 

turning to organophosphate esters (OPEs) to meet flammability standards (1–3) such as those set 

by California Technical Bulletin (TB) 117 (4). OPEs are now widely applied to furniture, textiles, 

electronics, and building materials (5–7). OPEs are physically, rather than chemically, bound to 

product materials, allowing them to readily migrate into surrounding indoor environments, such 

as dust and air (1,8,9). As the use of OPEs has expanded, environmental monitoring studies have 
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increasingly detected these chemicals in indoor environments, while human biomonitoring studies 

have increasingly reported measurable levels of OPE metabolites in urine since the early 2000s 

(10–12). Pregnant individuals and developing fetuses may be particularly vulnerable to OPE 

exposure (13). Notably, studies measuring urinary OPE biomarkers have observed higher 

concentrations among pregnant individuals compared to non-pregnant individuals, potentially 

indicating increased susceptibility or altered metabolism and excretion during pregnancy (14).  

Although research on the health outcomes associated with OPE exposure is still emerging, early 

evidence suggests associations with prenatal and early life exposures linked to developmental and 

neurobehavioral outcomes in children, (3,13). 

After OPEs migrate out of products into indoor air and dust, they can be inhaled, ingested, or 

absorbed through skin contact. It is thought that ingestion of dust is the primary exposure pathway, 

followed by inhalation and dermal absorption (12,15,16). Once inside the body, OPEs are 

metabolized into their respective mono- or diesters and are primarily excreted in urine (3,6,9). 

OPEs were originally selected to replace PBDEs as flame retardants under the assumption that 

they were safer alternatives, based largely on their presumed lower environmental persistence and 

shorter biological half-lives in humans (1,12,17). However, as evidence continues to emerge 

regarding the potential health risks associated with OPE exposure, concerns have grown about 

whether they may represent a regrettable substitution as a replacement chemical (1). Traditional 

biomonitoring approaches, such as urinary metabolite analysis, provide valuable insight into 

internal dose; however, these methods capture only recent exposure and can miss fluctuations over 

time (18,19). As a complementary tool, silicone wristbands have emerged as promising passive 

samplers that can capture personal exposure to OPE parent compounds over extended periods (20). 

Supplemental Table 4.1 summarizes the parent OPE compound with corresponding metabolite. 
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By comparing wristband-measured OPE levels to urinary metabolite concentrations, we can 

evaluate how well external exposures predict internal dose. 

Beyond chemical measurements, sociodemographic characteristics such as age, education, marital 

status and body mass index (BMI), may influence OPE exposure (21,22). Prior research has shown 

that certain populations—particularly low-income households, and communities of color—face 

disproportionate exposure to environmental contaminants, including flame retardants (23,24). 

Understanding the role of these social determinants is critical for identifying high-risk groups and 

informing equitable public health interventions. 

We hypothesize that concentrations of OPE parent compounds measured using silicone wristbands 

will significantly predict levels of their respective metabolites detected in urine samples, providing 

evidence that wristbands effectively capture personal exposure to OPEs. By evaluating this 

relationship, we aim to assess the utility of wristbands as a complementary exposure assessment 

tool that captures external exposures over time and links them to internal biomarkers of exposure. 

Further, we hypothesize that sociodemographic characteristics—including age, marital status, 

country of birth and other social determinants of health—will predict which groups experience 

higher OPE exposures. 

4.2 METHODS 

4.2.1 Participants 

Data was collected in the Fair Start Cohort of the Columbia Center for Children’s Environmental 

Health (CCCEH). The Fair Start Cohort is an ongoing epidemiological birth cohort formed to look 

at prenatal and early life environmental exposures on children’s health and development. 

Recruitment of the cohort began in 2013 through two ambulatory care clinics associated with The 
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NewYork-Presbyterian Hospital. Pregnant individuals were asked to participate in the study if they 

were 18 years or older, having a singleton pregnancy, and initiated prenatal care by 20 weeks 

gestation. Participants provided informed consent in accordance with the Columbia University 

Medical Center Institutional Review Board (Protocol AAAK6753). Prenatal visits were conducted 

in the third trimester of pregnancy and included wearing a silicone wristband for 48 hours, a urine 

collection at the end of the 48-hour period, and questionnaires administered by a trained bilingual 

research worker. At the start of the visit participants were instructed that wristbands could be 

removed and placed on the bedside at night and should be removed when applying lotion or 

personal care products that could interfere with the wristband matrix (i.e. lotion).  

4.2.2 Wristband analysis 

Wristbands were purchased from 24hwristbands.com (Houston, Texas, US). The preparation, 

deployment, and cleaning of the wristbands was previously described in Dixon et al. (25). Briefly, 

wristband preparation included a rinse with deionized water and being placed in a vacuum oven to 

remove manufacturing related chemicals (300 °C for 12 h at 0.1 Torr; Blue M vacuum oven, no. 

POM18VC; Welch® DuoSeal pump, no. 1405, Mt. Prospect, IL, US). Wristbands were then 

shipped to CCCEH in airtight polytetrafluoroethylene (PTFE) bags (Welch Fluorocarbon, Dover, 

NH, US). Wristband deployment was considered complete at the end of the 48-hour monitoring 

period when wristbands were returned to PTFE bags, sealed, and stored at −4 °C until shipped to 

Dr. Kimberly Anderson’s laboratory at Oregon State University (OSU) for analysis of six OPE 

Compounds: Triphenyl phosphate (TPHP), Tris (1,3-dichloro-2- propyl) phosphate  (TDCPP), 

Tributyl phosphate (TBP), Tris (2-ethylhexyl) phosphate (TEHP), Tris (2-chloroethyl) Phosphate 

(TCEP), and Tricresyl phosphate (TCP).  
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After deployment, each wristband was cut into equal pieces and particles were removed from the 

surface of the wristbands by cleaning them twice with ultrapure water filtered through a D7389 

purifier (Barnstead International, Dubuque, IA, US) and once with isopropanol (Fisher Scientific, 

Pittsburgh, PA, US) (25).  

Extraction and analysis of OPEs from wristbands were described previously in Hammel et al.  (20). 

Briefly, prior to extraction bands were spiked with d15-TDCIPP (162 ng) and 13C-TPHP (100 ng) 

as internal standards. Wristbands were then Soxhlet extracted with 1:1 hexane:acetone (v/v) for 12 

hours, and the extracts were concentrated using an automated nitrogen evaporation system (Turbo 

Vap II, Zymark Inc.). Using a nitrogen evaporator system, each fraction was concentrated to about 

1 mL then transferred to an autosampler vial for gas chromatography-mass spectrometry (GC/MS) 

analysis (Agilent Technologies, Models 6890N and 5975, respectively). Lab blanks were analyzed 

alongside the wristbands and field blanks for quality assurance and quality controls. 

4.2.3 Urine analysis  

Urine samples were collected in 90 mL sterile specimen containers from the participant at the end 

of the 48-hour visit. After collection they were brought to CCCEH’s Molecular Epidemiology 

laboratory, aliquoted and stored at -80 °C.  Specific gravity was measured using a handheld 

refractometer (Urine-Specific-Gravity-Refractometer-PAL-10-S-P14643C0; TAGO USA, Inc., 

Bellevue, WA).  Samples were shipped to the Wadsworth Human Health Exposure Analysis 

Resource (HHEAR) Targeted Analysis Laboratory for analysis of nine OPE compounds: Dipropyl 

phosphate (DPRP), Dibutyl phosphate + Di-isobutyl phosphate (DBUP+DIBP), bis(butoxyethyl) 

phosphate (BBOEP), bis(2-ethylhexyl) phosphate (BEHP), Bis(2-chloroethyl) phosphate 

https://www-sciencedirect-com.ezproxy.cul.columbia.edu/topics/earth-and-planetary-sciences/density-mass-volume
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(BCETP), Bis(1-chloro-2-propyl) phosphate (BCPP), Bis(1,3-dichloro-2-propyl) phosphate 

(BDCPP), Diphenyl phosphate (DPHP), and bis(2-methylphenyl) phosphate (BMPP).  

The laboratory methods for urinary OPE metabolites have been described in detail previously 

(26,27). Briefly, target compounds were identified and quantified after solid phase extraction using 

high-performance liquid chromatography (HPLC, ExionLC™ system; SCIEX, Redwood City, 

CA, USA), coupled with an AB SCIEX QTRAP 5500+ triple quadrupole mass spectrometer 

(Applied Biosystems, Foster City, CA, USA). Nine Organophosphate diester metabolites and 

corresponding 9 internal standards were separated by a Kinetex HILIC column 

(100 mm × 2.1 mm, 2.6 μm particle size; Phenomenex) serially connected to a Betasil C18 guard 

column (20 mm × 2.1 mm, 5 μm particle size; Thermo Scientific). Quality control (QC) samples 

were analyzed with study samples and included synthetic and urine pool samples spiked with 1 ng 

(10 μL of 100 ng/mL standard solution) of native standard and 1 ng of internal standards IS. 

Replicates of HHEAR Urine QC Pools and Standard Reference Materials (SRM3672 and 

SRM3673, NIST, Gaithersburg, MD, USA) were analyzed with every batch of samples. Trace 

levels of all OPE diester metabolites were found in procedural blanks and OPE diester metabolite 

concentrations in samples were subtracted from their respective blank values. Matrix spiked 

samples had average recoveries of 70.4–133% (CV: ±9–19%). Coefficients of variation for 

HHEAR Urine QC Pools A and B and SRM3672 and SRM3673 were ±12–31%, ±12–30%, ±12–

40%, and ±12–27%, respectively. The limit of detection (LOD) of target analytes’ ranged from 

0.012 to 0.044 ng/mL. DBUP and DIBP have summed concentrations because they coeluted and 

could not be independently quantified. 
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4.2.4 Covariates 

Self-reported questionnaire data was collected in the third trimester of pregnancy. This included 

information on demographics including maternal age, race/ ethnicity, educational attainment, 

marital status, country of birth, pre-pregnancy weight, household income, and hardships 

experienced in the past year (unable to afford food, clothes, rent, or electricity). Parity was 

abstracted from the maternal medical record. Ethnicity was selected to be used in the analysis 

instead of race, or a combination of race and ethnicity, and was stratified into “Hispanic or Latino” 

or “Not Hispanic or Latino”. Education was dichotomized as “ 12 years” and “>12 years”. Marital 

status was dichotomized into “Partnered” (married, living with partner) or “Unpartnered” (single, 

divorced, widowed). Country of birth was stratified into “U.S. (excluding Puerto Rico)” and 

“Outside U.S.”. Parity was stratified into “0” previous children or “1”. Pre-pregnancy BMI was 

calculated using participant reported pre-pregnancy weight with height collected from the medical 

record and treated as continuous. Hardship was stratified into “No” or “Any” hardships reported 

in the past year including unable to pay for housing, food, clothing, medical bills, or electricity/ 

heating in the past year. Season of sample collection was categorized into Spring (March-May), 

Summer (June-August), Fall (September-November), and Winter (December-February).  

4.2.5 Statistical analysis  

Descriptive statistics 

For each demographic category we calculated the mean and standard deviation (SD) for continuous 

variables or number and percent of each group within categorical variables for participants 

included in this study with wristband data collected and separately for urinary metabolite data 

collected. For each wristband OPE we examined the distribution by assessing the number of 
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wristbands without interference, detection frequency, median, range and interquartile range. 

Wristband OPEs with >70% above the limit of detection were log transformed. Those with 

detection levels between 10 and 70% were dichotomized into detect and non-detect for analysis. 

The limit of detection ranged from 0.71-1.01 ng/g wristband, which varies as a function of 

wristband mass.  

OPE urinary metabolites with concentrations <LOD were imputed using the LOD/ √2 

(28). Metabolite concentrations were specific gravity (SG) adjusted using the following formula: 

OPEc = OPE × [(medianSG – 1)/(individual SG – 1)] where OPEc is the adjusted OPE metabolite 

concentration (ng/mL), OPE is the measured OPE concentration (ng/mL), SG is urine specific 

gravity (29,30).  For each urinary metabolite we examined the distribution of exposure by looking 

at the detection frequency, geometric mean, minimum, maximum, and 25th, 50th, and 75th 

percentiles of exposure in the detectible levels. Urinary metabolites with >50% above the detection 

limit were log transformed to achieve normal distribution. Those with detection levels >50% were 

dichotomized into detect and non-detect for analysis.   

Comparison of wristband and urinary metabolites 

Pearson Correlation plots were used to examine the correlations between wristband OPEs and 

urinary metabolites, imputed with LOD/ √2 for those values < LOD.  

To examine the associations between wristband OPE concentrations and corresponding urinary 

metabolites, we used correlations and Student’s t-test (continuous urinary metabolites by detect/ 

non-detect in wristband, depending on the percentage of samples above the LOD. Specifically, if 

both the wristband and urinary metabolites were detected in >70% of samples, we analyzed the 

relationship using correlations. If the percent detect of the wristband data was ≤70%, we 
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dichotomized the wristband data into detect vs. non-detect and analyzed using t-tests. Finally for 

TPHP and DPHP, where we had the highest percentages of data >LOD, we categorized both 

wristband OPE concentrations and urinary metabolite levels into tertiles to represent low, medium, 

and high exposure groups. Finally, we used Pearson’s chi-square test of independence to assess 

whether wristband tertile categories were associated with urinary metabolite tertile categories. 

Predictors of exposure 

To identify predictors of OPE exposure, we started exploring univariate associations between 

potential predictors and wristband or urinary metabolite OPE exposure. For categorical predictors 

(ethnicity, education, marital status, country of birth, hardship, parity and season) we started by 

looking at t tests when the OPE variable has >50% detect,  chi-squared tests when the OPE variable 

was detected in <70% of samples and dichotomized as detect/non-detect, and Fisher’s exact tests 

when the chi-squares had small sample sizes in cells. For continuous predictors (maternal age at 

birth, BMI, and years in the US) we used correlations when the OPE variable has >50% detect, 

and t tests when the OPE variable was dichotomized as detect/non-detect.  Based on these 

univariate associations, we developed an initial model for each OPE exposure using predictors that 

either exhibited significant associations across the univariate analyses or were frequently cited in 

the literature. We then expanded these models by adding any additional significant predictors 

identified in the univariate analyses, creating individual models for each OPE exposure. All data 

analyses were conducted in R version 4.2.3 (31).   

4.3 RESULTS 

The demographic characteristics of the participants in the cohort are detailed in Table 4.1. Of the 

240 participants with OPE urinary metabolites, 164 also had wristband OPEs measured. There was 
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overlap of participants between the groups, leading to similar demographic patterns between them. 

The mean age of participants at the time of their prenatal visit was 28 ± 6 years. Most participants 

in both groups identified as Hispanic or Latino (96%). Approximately 45-50% had completed no 

more than a high school education, while 65-68% were in partnered relationships, and 74-76% 

were born outside of the United States. The average number of years in U.S. was 12 ± 10 years, 

and the mean pre-pregnancy BMI was 26.9. Parity was slightly lower in the metabolite group, with 

32% of participants having at least one child at the time of this pregnancy, compared to 34% in the 

wristband group. Most participants reported an income exceeding $20,000 (59-64%) and indicated 

no significant hardships in the preceding year (81-82%). The collection period spanned across 

seasons, with 21% of participants enrolled in the fall and 30% in the summer. 
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Table 4.1. Demographics in the Fair Start Cohort 

Characteristic N Missing Wristband Collected 

(N = 168) 

Urine Collected 

(N = 240) 

Maternal Age at Birth 4 28.1 (6) 28.5 (6.1) 

Ethnicity 6 
  

    Hispanic or Latino 
 

159 (96%) 224 (96%) 

    Not Hispanic or Latino 6 (3.6%) 10 (4.3%) 

Education 3 
  

    > Highschool 
 

91 (55%) 119 (50%) 

    ≤ Highschool 
 

73 (45%) 118 (50%) 

Marital Status 0 
  

    Partnered 
 

113 (68%) 156 (65%) 

    Unpartnered 
 

54 (32%) 84 (35%) 

Country of Birth 6 
  

    U.S. (Not Puerto Rico) 43 (26%) 56 (24%) 

    Outside U.S. 
 

122 (74%) 178 (76%) 

Years in U.S.            37 12 (10) 12 (10) 

Pre-Pregnancy BMI 12 26.9 (6.7) 26.9 (6.3) 

Parity 194 
  

    0 
 

6 (4.5%) 12 (6.5%) 

    >= 1 
 

45 (34%) 59 (32%) 

Income 6 
  

    0-20,000 
 

59 (36%) 96 (41%) 

    >20,000 
 

103 (64%) 138 (59%) 

Hardship 0 
  

    No Hardship 
 

137 (82%) 194 (81%) 

    Any Hardship 
 

30 (18%) 46 (19%) 

Season of Collection 0 
  

    Summer 
 

39 (23%) 71 (30%) 

    Fall 
 

37 (22%) 50 (21%) 

    Winter 
 

46 (28%) 52 (22%) 

    Spring 
 

45 (27%) 67 (28%) 

Mean (SD); n (%) 

*Participants asked whether at any point in the last year they could not afford food, clothing, 

shelter, or medical expenses.  
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All six of the OPEs analyzed in wristbands were found in at least one wristband (Table 4.2). TPHP, 

TDCPP and TEHP had the highest detection frequencies at 88.5%, 18.8%, and 13.8%, respectively. 

The highest median OPE concentrations were TPHP (21.90 log2/ pmol/ g wristband), TCP (8.19 

log2/ pmol/ g wristband), and TEHP (3.19 log2/ pmol/ g wristband). 

 



 

 

 

Table 4.2 Wristband Distributions 

OPE Summary Statistics for wristband measured parent compounds. Method information includes the Chemical Abstracts Service 

(CAS) number, molecular weight, and limit of detection (LOD). (N = 168) 

Compound Abbr CAS 

Number 

Molecular 

Weight 

(g/mol) 

Instrument 

LOD 

(ng/g 

wristband) 

Number of 

wristbands 

without 

matrix 

interference 

Detection 

frequency 

Median 

Concentration 

(log2/ pmol/ g 

wristband) 

Range 

(log2/ 

pmol/ g 

wristband) 

Interquartile 

range (log2/ 

pmol/ g 

wristband) 

Triphenyl 

Phosphate 

TPHP 115-86-

6 

326.28  0.71- 1.01 165 88.5% 21.90 <LOD-

1020 

 40.8 

Tris(1,3 

dichloroisoprop

yl) 

Phosphate 

TDCP

P 

13674-

87-8 

430.89  2.31-3.26 165 18.8% 3.19 <LOD-145  0.37 

Tris (2-

ethylhexyl) 

Phosphate 

TEHP 78-42-2 434.63  0.52- 0.74 167 13.8% 0.72 <LOD-

1130 

 0.09 

Tris(2-

chloroethyl) 

Phosphate 

TCEP 115-96-

8 

285.49  2.28- 3.22 159 5.0% 3.15 <LOD-52  0.36 

Tricresyl 

Phosphate 

TCP 1330-

78-5 

368.37  5.94- 29.7 168 1.8% 8.19 <LOD-287  0.96 

Tributyl 

Phosphate 

TBP 126-73-

8 

266.32  0.56- 0.79 168 0.6% 0.77 <LOD-

10.50 

 0.09 
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Distributions of the OPE metabolites concentrations can be seen in Table 4.3. Detection 

frequencies were greater than 50% for six metabolites: DPHP (99.17%), DBUP+DIBP (97.08%), 

BDCPP (80.0%), BBOEP (65.0%) and BCETP (55.4%) and BCPP (54.17%).  The metabolites 

with the highest geometric mean concentrations were DPHP (1.10 ng/mL), BDCPP (0.44ng/mL) 

and DBUP+DIBP (0.24ng/mL).  
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Table 4.3 Urinary Metabolite Distributions 

Distribution of specific gravity adjusted OPE metabolites Concentrations (ng/mL) in maternal 

urine (N = 240) 

 

 

Note: Values below LOD have been imputed to LOD/√2 

 

 

 Percentiles Distributions 

Metabolite  Abbr 25th 50th 75th Min-Max Geometric 

Mean 

Detect 

Frequency 

LOD 

(ng/mL) 

Diphenyl 

phosphate 

DPHP 0.60 0.99 1.92 ≤LOD-

29.28 

1.10 99.17% 0.03 

Dibutyl 

phosphate + 

Di-isobutyl 

phosphate 

DBUP

+DIBP 

0.16 0.22 0.33 ≤LOD-

8.42 

0.24 97.08% 0.04 

Bis(1,3-

dichloro-2-

propyl) 

phosphate 

BDCP

P 

0.24 0.79 1.71 ≤LOD-

8.12 

0.44 80.00% 0.02 

bis(butoxyet

hyl) 

phosphate 

BBOE

P 

0.02 0.06 0.10 ≤LOD-

0.92 

0.05 65.00% 0.02 

Bis(2-

chloroethyl) 

phosphate 

BCET

P 

0.02 0.25 1.29 ≤LOD-

163.26 

0.20 55.42% 0.02 

Bis(1-

chloro-2-

propyl) 

phosphate 

BCPP ≤LOD 0.28 1.00 ≤LOD-

39.44 

0.16 54.17% 0.02 

bis(2-

methylphen

yl) 

phosphate 

(BMPP 

BMPP ≤LOD 0.01 0.03 ≤LOD-

0.04 

0.02 37.92% 0.01 

bis(2-

ethylhexyl) 

phosphate 

BEHP ≤LOD ≤LOD 0.08 ≤LOD-

3.61 

0.03 32.08% 0.02 

Dipropyl 

phosphate 

DPRP ≤LOD ≤LOD 0.05 ≤LOD-

2.40 

0.03 20.42% 0.03 

≤LOD= Below Limit of Detection 
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Figure 4.1 presents a Pearson correlation matrix for the wristband-measured parent OPEs and their 

corresponding urinary metabolite concentrations. The wristband OPEs (denoted by compounds 

beginning with the letter "T") show moderate correlations with each other, with correlation 

coefficients (ρ) ranging from -0.04 to 0.55. Among these, TCP and TBP exhibit the strongest 

correlation (ρ = 0.55). In contrast, the urinary metabolite concentrations display weak correlations 

with each other, with ρ values ranging from -0.22 to 0.26. The overall correlation between 

wristband OPEs and urinary metabolites is generally weak, with ρ values ranging from -0.14 to 

0.25. The strongest wristband-metabolite correlation is observed between TPHP and its metabolite 

DPHP (ρ = 0.25, p = 0.002). 

 

Figure 4.1 Pearson correlations between Wristband OPE and Urinary OPE metabolites 

Wristband variables include log adjusted: TPHP, TDCPP, TBP, TEHP, TCP and TCEP.  
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Urinary metabolites include log adjusted: DBUP and DIBP, BEHP, BCPP, DPHP, DPRP, 

BBOEP, BDCPP, and BMPP.  

 

Figures 4.2-5 further explore the relationships between three wristband OPE parent compounds 

and their respective urinary metabolites. Figure 4.2 examines continuous measurements of TPHP 

and DPHP, showing a slight positive correlation that becomes more pronounced when wristband 

values below the LOD are excluded from the regression analysis. The strength of the association 

increases, with the regression coefficient (β) rising from 0.16 to 0.32. 

Figure 4.2 Scatterplot Between Wristband TPHP and Corresponding Urinary Metabolite 

DPHP 
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Figure 4.3 examines the relationship between DPHP concentrations and tertiles of TPHP, 

revealing a positive dose-response relationship as the level of TPHP increases. However, when 

conducting the chi squared test, the groups were not significantly different (p = 0.21).

 

Figure 4.3 Comparison of Urinary DPHP values by Tertile of Wristband TPHP 

 

Next, we focus on TEHP and BEHP, another pair of wristband and metabolite compounds. These 

show a slight negative correlation (ρ = -0.1). Figure 4.4 shows continuous BEHP concentrations 

TEHP detection status. Individuals with detectable TEHP levels tend to have slightly lower mean 

BEHP values compared to those without detectable TEHP levels in their wristbands. Although this 

relationship is not statistically significant (p = 0.75).  
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Figure 4.4 Comparison of Urinary BEHP values by detection of Wristband TEHP 

 

Lastly, TDCPP and BDCPP are examined. These compounds show a slight positive correlation (ρ 

= 0.14). Figure 4.5 explores the relationship between continuous BDCPP values and detectable 

versus non-detectable TDCPP status. The results indicate that individuals with detectable TDCPP 

in their wristbands have slightly higher urinary BDCPP metabolite concentrations compared to 

those without detectable TDCPP.  Although this relationship is not statistically significant (p = 

0.23).  
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Figure 4.5 Comparison of Urinary BDCPP values by detection of Wristband TDCPP 

 

Table 4.4 shows the results for the predictors of OPE exposure. Maternal age at birth, education, 

and material hardship all showed significant associations with various OPEs/ OPE metabolites. 

Increasing maternal age was associated with increased TEHP levels ( = 0.11, p < 0.03), having 

less than or equal to a high school education was associated with lower BMPP (  = -0.72, p < 

0.02), and having any hardship is associated with decreased BMPP ( = -0.86, p < 0.04). 

Additionally, season of monitoring showed some significant associations in varying directions. In 

general, Winter levels were lower for OPEs than Summer and Fall and Spring showed varying 

directions in relation to Summer levels. The Fall season was associated with significantly lower 

BDCPP ( = -0.89, p = 0.03) and Winter season was associated with lower DPHP ( = -0.47, p = 

0.01).  



 

   

Table 4.4 Beta Change in Biomarker Concentrations Across Sociodemographic and Pregnancy Characteristics in the Fair Start Birth Cohort 

    Wristbands (n = 168) Urinary Metabolites (n = 240) 

    TPHP TDCPP TEHP DPHP DBUP + 
DIBP 

BDCPP BBOEP BCETP BCPP BMPP BEHP DPRP 

Maternal Age at Birth  
  

⇧ 
         

Ethnicity Hispanic or Latino (ref) - 
           

 Not Hispanic or Latino ⇧ 
           

Maternal 
Education 

    > Highschool 
         

- 
  

     ≤ Highschool 
         

⇩ 
  

Country of 
Birth 

  U.S. (Not Puerto Rico) 
(ref) 

- - - - - - - - - - - - 

   Outside U.S. ⇩ ⇩ ⇩ ⇧ ⇩ ⇧ ⇧ ⇩ ⇩ ⇧ ⇩ ⇧ 

Years in US   
 

⇧ ⇧ ⇧ 
       

⇧ 

Maternal Pre-Pregnancy BMI 
   

⇧ 
     

⇩ ⇧ 
 

Material 
Hardship 

    No Hardship (ref) 
     

- 
   

- 
  

       Any Hardship 
     

⇩ 
   

⇩ 
  

Season      Summer (ref) - - - - - - - - - - - - 

      Fall  ⇧ ⇧ ⇧ ⇩ ⇩ ⇩ ⇩ ⇧ ⇧ ⇩ ⇩ ⇩ 

      Winter ⇩ ⇩ ⇩ ⇩ ⇩ ⇩ ⇩ ⇩ ⇧ ⇧ ⇩ ⇩ 

      Spring ⇧ ⇩ ⇩ ⇩ ⇩ ⇩ ⇩ ⇩ ⇧ ⇩ ⇩ ⇩ 

Red indicates significance at p < 0.05, and orange indicates significance at p < 0.10
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4.4 DISCUSSION 

We hypothesized that concentrations of OPE parent compounds measured in silicone wristbands 

would significantly predict levels of their respective metabolites detected in urine samples. We 

were able to conduct these analyses for three wristband and metabolite pairings. In a correlation 

analysis of TPHP and DPHP, the two were moderately, but statistically significantly, associated (ρ 

= 0.25, p = 0.002). In categorical analyses, dose-response relationships were observed in the 

expected direction for TPHP/DPHP and TDCPP/BDCPP, although neither reached statistical 

significance. Additionally, correlations between wristband measured OPE compounds and urinary 

OPE metabolites were low, suggesting limited agreement between the two measures of exposure. 

Our results suggest that wristbands worn for 2 days may not fully capture all sources of exposure 

that contribute to urinary metabolite levels. For example, one source of TPHP exposure is nail 

polish, with urinary DPHP levels increasing seven-fold within 10-14 hours after fingernail painting 

(32). This exposure occurs through both inhalation and dermal routes, and while wristbands 

capture the inhalation component, research suggests dermal absorption is the primary route for nail 

polish exposure (32). This may be particularly relevant in this cohort of women of childbearing 

age. Similarly, TDCPP is a widely used flame retardant found in polyurethane foam products 

(mattresses, couches, car seats)(9,17,33) and has also been detected in food products such as 

beverages, sweets, cereals, and fats (34,35). One study concluded that dietary ingestion of TDCPP 

may contribute exposure amounts comparable to those from dust (35). Together, these findings 

indicate that ingestion and dermal routes—both potentially significant sources of exposure may 

not be fully captured by wristbands alone. 
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In the univariate analyses the main predictors of OPE exposure were Years living in the U.S., 

Country of Birth, and Material Hardship.  Country of Birth was included as a covariate in all 

models. After adjusting for Country of Birth, increasing years living in the U.S. was associated 

with higher OPE levels in both wristbands and urine, although the relationship was not statistically 

significant when accounting for other covariates. In addition, Country of Birth was significantly 

associated with OPE levels, (specifically TDCPP and TEHP) in several univariate models, with 

participants born outside the U.S. having lower flame-retardant levels. Participants experiencing 

any material hardship had lower levels of both BDCPP and BMPP.  

OPEs have a relatively short half-life of (<2 hours – 1 day) (36), so the associations between 

country of birth and urinary metabolite levels are unlikely to reflect differences in long-term body 

burdens from previous exposures in participants’ countries of origin. Instead, these associations 

may reflect differences in customs and behaviors brought to the U.S., such as more frequent hand 

washing and house cleaning, both of which have been shown to decrease OPE levels in this cohort 

(37). Additionally, because OPEs are replacement flame retardants introduced after PBDEs were 

phased out in the mid-2000s. Families experiencing greater material hardship may be more likely 

to own older or secondhand furniture, which could contain higher levels of PBDEs rather than 

OPEs.  

Other groups have investigated predictors of OPE exposure. In Ohio, a cohort of pregnant women 

recruited between 2003-2006 had urinary OPE metabolites measures and found that household 

size and being non-white were associated with decreased OPE exposure, while urine samples 

collected in the summer had the highest OPE metabolite concentrations (12). We also found that 

summer generally had the highest OPE concentrations. Almost all of our cohort is non-white, so 

we were not able to make the exact comparison but may be reflecting something analogous to our 
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Years in the U.S./ Country of birth and decreasing trends in OPE levels.  Conversely, a 

Massachusetts based birth cohort study found that participants of racial and ethnic minority 

populations, younger participants, those with higher pre-pregnancy BMIs and less than a college 

degree generally had higher OPE levels (21). We found opposite associations with maternal age, 

BMI, and education (although ours was dichotomized at high school). The cohort with the opposite 

findings was recruited between 2007-2018, and a sample size of n = 900. The differences we are 

seeing could be due to differences in population, sample size, or both. A national study looking at 

several different categories of chemicals during pregnancy found that DPHP levels decreased with 

maternal age and during the summer, and that levels were highest in the second trimester (22). We 

only have urine collected during the third trimester, so we are not able to compare levels throughout 

pregnancy.   

To our knowledge, this is the first time that wristbands have been used to demonstrate OPE 

exposure over a 48-h exposure period. However, only three of the six compounds measured had 

detection rates >10%. A previous study found that wristbands worn for 5 days then measured for 

OPEs were associated with urinary metabolites in pooled urine samples (20). Perhaps a longer 

duration of wearing the wristbands, or pooled urine samples, would have helped strengthen the 

associations in our cohort. A study in North Carolina utilized wristbands to measure OPEs in a 

group of adults that wore the wristbands for 5 consecutive days (20). They tested for four OPEs 

and found 100% detection rates for each. Additionally, a group in Uruguay had children wear 

wristbands for 7 days and found that OPEs were the most abundant class of chemicals detected in 

the wristbands of the groups they looked at, including polychlorinated biphenyls (PCBs), 

pesticides, polybrominated diphenyl ethers (PBDEs), and novel halogenated flame-retardant 
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chemicals (NHFRs) (38). 48 hours may not be enough time to capture the full exposure to OPEs 

using wristbands.  

Overall, urinary OPE metabolite levels in the Fair Start cohort are lower than those observed in 

the nationally representative NHANES sample but fall within the range reported in similar birth 

cohorts (Supplemental Table 4.2). In the NHANES 2013–2014 study, the median DPHP 

concentration for adults aged 20–59 was 1.69 ng/mL, with a median of 1.50 ng/mL specifically in 

women (39). In contrast, our median value of 0.9 ng/mL is notably lower. 

When compared to other birth cohorts, our DPHP levels (0.99 ng/mL) align closely with those in 

the MADRES study (0.78 ng/mL) and the CHAMACOS study (0.93 ng/mL), both conducted in 

California. Higher median values were reported in North Carolina (1.31 ng/mL) and Ohio (1.76 

ng/mL and 1.37 ng/mL) (3,12,13,40) 

Additionally, urinary metabolite analysis was conducted across multiple cohorts within the 

Environmental Influences on Children’s Health Outcomes (ECHO) Consortium, a nationwide 

research initiative encompassing over 50 cohorts, including Fair Start. Compared to the larger 

sample, Fair Start had a higher percent detect for DPHP and BDCPP (99.2% and 80.0%) compared 

to (96% and 74%) but had a higher median DPHP value (0.99 ng/mL vs. 0.75 ng/mL) and lower 

median BDCPP (0.79 ng/mL vs. 0.87ng/mL) value. Many cohorts used different laboratory panels 

to measure OPEs, so although we have 9 compounds to look at in our cohort, they are not consistent 

across cohorts making the OPEs able to be compared narrower. 

This study had meany strengths, including a well characterized birth cohort with comprehensive 

data collection that is typically understudied in research. The results may not be generalizable to 
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other groups including children or men. OPEs can be measured in wristbands, but given our low 

detection percentages, 48 hours may not be long enough to get a complete exposure profile. 

Additionally, ingestion and dermal exposure pathways may make up a large portion of exposure 

that is not characterized by the wristbands. It would be interesting to look at nail painting in the 

cohort just prior to, or during collection. Our urinary measures were spot urine collections during 

the third trimester of pregnancy. It has been found that multiple urine samples throughout the day 

give the best exposure classification, due to the short half-life of OPEs, and collecting >1 sample 

throughout the day would reduce any exposure misclassification (41).  

4.5 CONCLUSION 

This study highlights that silicone wristband samplers can accurately predict some OPE exposure, 

but they do not accurately represent all of the exposure pathways possible. Additionally, we see 

that factors including Country of Birth, Material Hardship, and Season can contribute to the 

exposure of OPEs to individuals.  These results have important implications, including the need to 

better understand the optimal time of wristband wearing, and exposure reduction strategies that 

account for cultural practices. Future work should investigate different times of wearing the 

wristbands and how changes in lifestyle factors can decrease OPE exposures. 
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Supplemental Table 4.1 Parent OPE Compounds with Corresponding Urinary Metabolite 

and Sources of Exposure 

Parent OPE Abbr Metabolite Abbr Source 

Triphenyl 

phosphate 

TPHP Diphenyl phosphate  DPHP Polyurethane foam, 

building materials (sheet 

rock, tile, etc.), nail polish 

Tris (1,3-

dichloroisopropyl) 

phosphate 

TDCPP Bis(1,3-dichloro-2-propyl) 

phosphate 

BDCPP Polyurethane foam, paints 

and varnishes 

Tributyl phosphate TBP Dibutyl phosphate 

Dibutyl phosphate + Di-

isobutyl phosphate  

DBUP 

DBUP + 

DIBP 

Plasticizer, paints and 

colorants 

Tris (2-ethylhexyl) 

phosphate 

TEHP Bis(2-ethylhexyl) 

phosphate 

BEHP Plasticizer 

Tris (2-

chloroethyl) 

Phosphate 

TCEP Bis(2-chloroethyl) 

phosphate 

BCETP Polyurethane foam, 

plasticizer 

Tricresyl 

phosphate 

TCP 
  

Polyurethane foam, 

plasticizer, gasoline 

additive 

Other 
 

Di-isobutyl phosphate DIBP Plasticizer, paints and 

colorants 

  
Bis(1-chloro-2-propyl) 

phosphate  

BCPP Polyurethane foam, paints 

and varnishes 

  
Bis(2-methylphenyl) 

phosphate 

BMPP Plasticizer, lubricant 

additive 

  
Bis(butoxyethyl) phosphate BBOEP Cosmetics, plasticizer, ink 

additive 

  
Dipropyl phosphate  DPRP Plasticizer  
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Supplemental Table 4.2– OPE Urinary Metabolite Levels in the Literature 

Cohort    Fair 

Start 

(N=240) 

MADRES CHAMACOS PROTECT 

(N = 148) 

Pilot 

Study 

(N=15) 

HOME 

(N = 

317)  

LIFECODES 

(N= 900) 

ORCHARD 

(N=76) 

ECHO 

(N=171) 

Location 

(Country, 

State/ 

City) 

  US, NY US, CA US, CA US, Puerto 

Rico 

China, 

Qingyuan  

US, OH US, MA US, MD US, 

multiple 

states 

Years of 

samples 

  2013-

2019 

2015-2019 1999-2000 2011-2015 2016-2017 2003-

2006 

2007-2018 2017-2019 2014-

2019 

DPHP  % 

detect 

99.20% 99.80% 79.40% 99.30% 93% 97.40% 100% 94.30% 96% 

Median 0.99 0.77 0.93 1.02 1.2 1.36 1 1.12 0.75 

DBUP + 

DIBP 

% 

detect 

97.10% 97.60% NA NA NA NA NA NA NA 

Median 0.22 0.17 NA NA NA NA NA NA NA 

BDCPP % 

detect 

80.00% 94.80% NA 98.60% 7% 89.50% 99.10% 100% 74% 

Median 0.79 1.29 NA 1.18 <LOD 0.7 0.71 0.51 0.87 

BBOEP % 

detect 

65.00% 64.90% NA NA 13% NA NA NA NA 

Median 0.06 0.04 NA NA <LOD NA NA NA NA 
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Supplemental Table 4.2– Continued 

Cohort    Fair 

Start 

(N=240) 

MADRES CHAMACOS PROTECT 

(N = 148) 

Pilot 

Study 

(N=15) 

HOME 

(N = 

317)  

LIFECODES 

(N= 900) 

ORCHARD 

(N=76) 

ECHO 

(N=171) 

BCETP % 

detect 

55.40% 68.40% NA 99.30% NA 83.70% 90.20% NA NA 

Median 0.25 0.53 NA 0.85 NA 0.75 0.28 NA NA 

BCPP % 

detect 

54.20% 53.90% 77.70% 80.30% NA NA 64% 20.80% NA 

Median 0.28 0.18 0.41 0.27 NA NA 0.14 <LOD NA 

BMPP % 

detect 

37.90% 38.70% NA NA NA NA NA NA NA 

Median 0.01 0.01 NA NA NA NA NA NA NA 

BEHP % 

detect 

32.10% 25.40% NA NA NA NA NA NA NA 

Median <LOD <LOD NA NA NA NA NA NA NA 

DPRP % 

detect 

20.40% 23.80% NA NA NA NA NA NA NA 

Median <LOD <LOD NA NA NA NA NA NA NA 

Author, 

Year 

  This 

Study 

Hernandez-

Castro et 

al., 2023 

Castorina et 

al., 2017 

  Bai et al., 

2019 

Percy et 

al., 2020 

Bommarito et 

al., 2023 

Kuiper et al., 

2020 

Buckley 

et al., 

2022 
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Chapter 5 : A Pilot Study on the Association Between 

Organophosphate Pesticides and Organophosphate Flame 

Retardants on Infant Heart Rate Variability 

 

ABSTRACT 

Organophosphate (OP) pesticides are well-known neurotoxicants and exposure during pregnancy 

can have lifelong impacts on the fetus. Organophosphate (OP) flame retardants are widely used in 

consumer products and are structurally similar to OP pesticides. We set out to compare OP 

pesticides and OP flame retardants on infant heart rate variability at 4 months, a measure of the 

autonomic nervous system. We utilized multivariable linear regression to evaluate individual 

associations between each OP pesticide and flame retardant on HRV during the still-face paradigm. 

We then looked at a hierarchical BKMR mixture of OP pesticides and flame retardants and their 

tassociations with an atypical HRV response to the still-face paradigm. The molar sum of OP 

pesticide dialkyl phosphate metabolites (∑DAP) was associated with increased RMSSD at the play 

phase of the still-face paradigm ( = 2.80; 95% CI: 0.70-4.91) and negatively associated with the 

change from the play to still-face phase ( = -3.06; 95% CI: -4.91, -1.21). There were no 

associations with OP flame retardants. In the mixtures analysis, OP flame retardants have a higher 

group PIP (0.63 vs. 0.60) however ∑DAP had the highest individual PIP at 0.53. OP pesticides, 

but not flame retardants, are associated with parasympathetic nervous dysregulation.  

5.1 INTRODUCTION 

Organophosphate (OP) chemicals, specifically OP pesticides, have been widely used since the 

1940s (1). While their use in the U.S. has declined in recent decades due to stricter regulations, OP 

pesticides remain widely used in agriculture for their broad-spectrum effectiveness and low cost. 
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They are also still found in home pet treatments and pest control products (1–3). Nonoccupational 

exposure primarily occurs through the ingestion of food contaminated with residual OP pesticides 

from agricultural use (4). OP pesticides, and their metabolites, have been detected in amniotic 

fluid, meconium, and cord blood (5–8). Developing fetuses are particularly vulnerable to 

exposures due to the rapid and foundational development of the nervous and endocrine systems in 

utero, with potential disruptions leading to long-term, lifelong effects (9,10). 

The autonomic nervous system (ANS) is responsible for regulating involuntary functions including 

respiration, digestion, and heart rate. It is comprised of two complimentary branches: the 

sympathetic nervous system, which governs the “fight or flight” response to danger and 

parasympathetic nervous system, which facilitates “rest and digest” relaxation activities (11). 

Heart rate variability (HRV), is a biomarker which reflects the interplay between the two systems 

through fluctuations in the time interval between heartbeats (12,13).  

Environmental exposures during pregnancy can impact ANS response and heart rate variability in 

infancy. Prenatal exposure to maternal smoking has been associated with increased sympathetic 

activity and reduced parasympathetic activity in infants (14). Infants born to mothers who took 

opiates during pregnancy had higher HRV, sympathetic, and parasympathetic tone compared to 

unexposed infants (15). However, it is not well understood how long this association lasts. 

Autonomic disruption can have negative consequences for the infants later in life. A meta-analysis 

found that reduced resting sate cardiac vagal control was consistently associated with increased 

emotional dysregulation in children and adolescents (16). A separate review article focusing on 

preterm infants found that a decrease in HRV has been correlated with poor neurodevelopment 

(17) and social development (18) concluding that HRV during infancy may be in an indicator of 

impending global developmental delay (19). Understanding whether OP pesticides or OP flame 
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retardants are associated with ANS functioning through measurement of HRV is critical to 

understanding the full epidemiological impact of exposure.  

It is well established prenatal or early childhood exposure to OP pesticides is associated with 

neurotoxic effects, including decreased IQ and adverse behavioral and social outcomes (20–23). 

These pesticides act through disruption of the parasympathetic nervous system (PNS) through 

inhibition of acetylcholinesterase, the enzyme responsible for breaking down acetylcholine. 

Acetylcholine is the primary neurotransmitter that transmits signals between neurons at the pre- 

and post-ganglionic synapses, points there the nerve cells communicate with the PNS. Normally, 

acetylcholine helps to regulate vital bodily functions such as heart rate and digestion. However,  

elevated acetylcholine levels lead to overstimulation of cholinergic receptors at these synapses, 

disrupting normal nerve signaling and nervous system function (24).  At acute high doses, this 

overstimulation triggers a “cholinergic storm”, characterized by symptoms such as diarrhea, 

vomiting, and respiratory distress, among others. These symptoms are a result of the 

parasympathetic nervous system's role in regulating functions such as heart rate, digestion, and 

respiratory activity (24). However, even at low doses, exposure to OP pesticides is associated with 

neurotoxicity though mechanisms involving  oxidative stress and neuroinflammation (1,25) 

OP flame retardants share structural similarities with OP pesticides, raising concerns about their 

potential for similar neurotoxic effects (26). Their use has increased since the mid-2000’s, as 

replacements for phased-out brominated flame retardants (26). This rise in use, combined with 

their structural similarity to known neurotoxicants, has raised concerns about their potential health 

effects (27). Exposure to OP flame retardants has been linked to various adverse outcomes, 

including endocrine disruption, neurotoxicity, reproductive toxicity, and possible carcinogenicity 

(26,28,29). Recent studies provide evidence of developmental neurotoxicity from prenatal OP 
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flame retardant exposures through mechanisms distinct from OP pesticides, such as 

neurodifferentiation, neuropathy target esterase, effects on voltage-dependent chloride channels, 

and disruption of acetylcholinesterase systems  (26,30,31).  

HRV refers to the variation intime between consecutive heartbeats and reflects the autonomic 

nervous system’s regulation of heart rate (11).  A high heart rate variability is generally 

considered a marker of good health and greater resilience, as it indicates the body’s ability to 

adapt to stress and demands. In contrast, low HRV has been associated with adverse health 

outcomes in children including attention-deficit/ hyperactivity disorder (ADHD), anxiety, and 

obesity (32,33). HRV measurement is particularly valuable in studies with children because it 

can be easily quantified in infants and children. The Still-Face Paradigm, an experimental 

protocol designed to elicit reactivity in response to maternal interaction and disengagement, has 

been employed to study early ANS responses in infants (34). While this paradigm offers insights 

into autonomic regulation during stress, there remains a gap in research on prenatal programming 

of the infant ANS. This is particularly important given that the ANS is crucial for both mental 

and physical health (35).  

While both classes of chemicals are recognized for their developmental neurotoxicity, there is 

limited research on their comparative neurotoxicity. This study aims to address this gap by 

evaluating whether these chemicals are associated with HRV at 4 months of age. Using prenatal 

urinary measures of the molar sum of 6 dialkyl phosphates (∑DAP), chlorpyrifos metabolite 

3,5,6-trichloro-2-pyridinol (TCP), and three OP flame retardant metabolites [dibutyl phosphate + 

di-isobutyl phosphate (DBUP+DIBP), bis(1,3-dichloro-2-propyl) phosphate (BDCPP), and 

diphenyl phosphate (DPHP)] we will measure individual associations, and a mixtures analysis, 

with infant HRV collected during the still-face paradigm. We hypothesize that prenatal exposure 
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to OP pesticides will be associated with altered HRV at 4 months of age, given their well-

documented neurotoxic effects on the developing nervous system. We also explore potential 

associations with OP flame retardants; however, the evidence linking these compounds to 

autonomic outcomes is more limited.  

5.2 METHODS 

5.2.1 Study population 

This study was conducted using data collected in the Columbia Center for Children’s 

Environmental Health’s (CCCEH) Fair Start Cohort, an ongoing epidemiological birth cohort. The 

cohort was formed to examine prenatal and early life environmental exposures on children’s health 

and development.  Recruitment began in 2015 through two ambulatory care clinics associated with 

The NewYork-Presbyterian Hospital. Pregnant individuals were asked to participate in the study 

if they were 18 years or older, having a singleton pregnancy, and initiated prenatal care by 20 

weeks. Participants provided informed consent in accordance with the Columbia University 

Medical Center Institutional Review Board (Protocol AAAK6753). Prenatal visits were conducted 

in the third trimester of pregnancy and included a urine collection and questionnaires administered 

by a trained bilingual research worker on participant demographics, occupation, and housing 

conditions, among other topics.   

5.2.2 Urine collection and processing 

Spot urine samples were collected during the third trimester visit in 90 mL sterile specimen 

containers. After collection they were transported to CCCEH’s Molecular Epidemiology 

laboratory, aliquoted and stored at -80 °C.  Specific gravity was measured using a handheld 

https://www-sciencedirect-com.ezproxy.cul.columbia.edu/topics/earth-and-planetary-sciences/density-mass-volume
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refractometer (Urine-Specific-Gravity-Refractometer-PAL-10-S-P14643C0; TAGO USA, Inc., 

Bellevue, WA).   

5.2.3 Measurement of organophosphate pesticides 

Samples were delivered to the New York University Human and Environmental Exposure 

Assessment Laboratory (HEAL) and analyzed for six organophosphate pesticide dialkyl phosphate 

(DAP) metabolites. Of the six metabolites measured, three were dimethyl (DM) metabolites 

[dimethyl phosphate (DMP), dimethyl thiophosphate (DMTP) and dimethyl dithiophosphate 

(DMDTP)], and three were diethyl (DE) metabolites [diethyl phosphate (DEP), diethyl 

thiophosphate (DETP) and diethyl dithiophosphate (DEDTP)].  

The laboratory methods have been described previously (36,37). Briefly, urine samples were 

extracted and spiked with an internal standards mixture (2.5 ng each). The pH was adjusted by 

adding 1.5 mL of 2% formic acid (v/v), followed by vortexing for 1 minute. Samples were then 

loaded onto Evolute® Express WAX cartridges (50 mg, 3 cm³; Biotage, Charlotte, NC, USA), pre-

conditioned with 3.0 mL methanol and 3.0 mL water. The cartridges were washed with 3.0 mL 

water and 3.0 mL acetonitrile/water (50:50, v/v), and target compounds were eluted using 3.0 mL 

of 5% ammonium hydroxide in methanol. 

Eluents were liquid chromatography (HPLC; Acquity I Class, Waters, Milford, MA, USA) 

coupled with electrospray triple quadrupole mass spectrometry (API QTRAP 4500, ESI-MS/MS; 

Applied Biosystems, Foster City, CA, USA). Separation was achieved using a Luna HILIC column 

(100 mm × 3.0 mm, 3 μm; Phenomenex, Torrance, CA, USA) with a Betasil C18 guard column 

(20 mm × 2.1 mm, 5 μm; Thermo, Waltham, MA, USA). 
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The mobile phase consisted of 0.02% ammonium hydroxide in 20 mM ammonium 

acetate/acetonitrile concentrated to near dryness under a gentle nitrogen stream and reconstituted 

with 250 μL of acetonitrile/20 mM ammonium acetate (90:10, v/v). Target compounds were 

identified and quantified using high-performance (10:90, v/v) (A) and acetonitrile (B) at a flow 

rate of 400 μL/min. Limits of detection (LOD) for DMP, DMTP, DEMTP, DEP, DETP, and 

DEDTP were 0.02, 0.005, 0.009, 0.075, 0.005, and 0.053, respectively. 

The quantification of 3,5,6-trichloro-2-pyridinol (TCP) was conducted in a separate assay at the 

Albany Wadsworth Human Health Exposure Analysis Resource (HHEAR) Targeted Analysis 

Laboratory. This high-throughput assay is capable of measuring a total of 89 analytes and has been 

previously described in detail (38). Briefly, urine samples (0.5 mL) were enzymatically hydrolyzed 

using β-glucuronidase/arylsulfatase (2,000 units) prior to solid-phase extraction (SPE) with ABS 

Elut NEXUS SPE cartridges (Agilent, Santa Clara, CA). Analytes were then analyzed using high-

performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) (39). A Sciex 

HPLC system (SCIEX, Redwood City, CA) interfaced with an ABSCIEX QTRAP 5500+ triple 

quadrupole mass spectrometer (Applied Biosystems, Foster City, CA) with an electrospray 

ionization source was used in the analysis. Details regarding the optimized LC-MS/MS conditions 

and quality assurance protocols have been described elsewhere (39).  

Molar concentrations of DMP, DMTP, and DMDTP were summed to calculate the total molar 

concentration of dimethyl ether metabolites (∑DM), and molar concentrations of DEP and DETP 

were summed to calculate the total molar concentration of diethyl ether metabolites (∑DE). 

DEDTP was not included in ∑DE because it was not detected in any of the samples. The total 

urinary DAP metabolite molar concentration (∑DAP) was created by summing ∑DM and ∑DE.  
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5.2.4 Measurement of organophosphate flame retardants 

Samples were shipped to the Albany HHEAR Targeted Analysis Laboratory for analysis of nine 

OPE compounds: dipropyl phosphate (DPRP), dibutyl phosphate + di-isobutyl phosphate 

(DBUP+DIBP), bis(butoxyethyl) phosphate (BBOEP), bis(2-ethylhexyl) phosphate (BEHP), 

bis(2-chloroethyl) phosphate (BCETP), bis(1-chloro-2-propyl) phosphate (BCPP), bis(1,3-

dichloro-2-propyl) phosphate (BDCPP), diphenyl phosphate (DPHP), and bis(2-methylphenyl) 

phosphate (BMPP). The laboratory methods for OPE compounds have been described in detail 

previously (40,41).  

Only exposures with >70% of values above the LOD were included in the analysis. OP pesticide 

and OP flame retardant urinary metabolites with concentrations below the LOD were imputed 

using the LOD/ √2 (42). Metabolite concentrations were then specific gravity (SG) adjusted using 

the following formula: OPc = OP × [(medianSG – 1)/(individual SG – 1)] where OPc is the 

adjusted OP metabolite concentration (ng/mL), OP is the measured OP concentration (ng/mL), SG 

is urine specific gravity (43,44).   

5.2.5 Heart rate variability 

At infant aged 4 months, mother child dyads in the Fair Start Cohort were asked to participate in 

an optional study visit aimed at studying mother and child interaction. A Zephyr BioPatch heart 

rate monitor (Medtronic Inc, Parsippany, NJ) was attached to the infant’s chest using the Zephyr 

Biopatch Side Strap at the beginning of the visit. During the visit the mother and infant participated 

in the face-to-face still-face paradigm, a standardized psychological paradigm (45). The child was 

seated in a car seat and the mother was instructed to play with her child normally without any toys 
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or books. The still-face paradigm consists of 3 successive episodes: 1) 2 minutes of mother/ infant 

play, 2) 2 minutes during which the mothers maintains a still face and does not talk with, touch, or 

smile at the infant, and 3) 2 minutes of reunion where the mother and child resume their normal 

interaction (45,46). The electrocardiogram (ECG) output from the heart rate monitor was 

processed with G Mark software utilizing automated peak detection algorithms (46,47) where raw 

ECG waveforms, along with their superimposed peak marks, were displayed and marks were 

manually corrected when necessary. 

 This ECG data generated the root mean square of successive differences (RMSSD) values, a time-

domain measure that assesses HRV at each challenge episode. RMSSD reflects short-term 

fluctuations in heart rate, and it a commonly used index of parasympathetic nervous system 

activity. RMSSD was calculated for each phase of the still-face paradigm: play, still-face, and 

reunion. To capture changes in HRV across phases, a difference score was computed by 

subtracting RMSSD during play from still-face, and still-face from reunion.   

 

5.2.6 Statistical analysis  

To assess the relationship between OP exposures and HRV, we used multivariable linear 

regression to examine each OP exposure and RMSSD during the play, still-face, and reunion 

phases in separate models, as well as the RMSSD difference variables also in separate models. All 

models were adjusted for infant exact age at visit, infant sex, and maternal education (measured as 

continuous years of schooling). We created forest plots showing beta coefficients and 95% 

confidence intervals (CIs) for the change in RMSSD variables, as well as plots showing the mean 

RMSSD (unadjusted) for each phase of the paradigm, stratified by high and low exposure OP 

exposure, dichotomized at the median.  
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We conducted a mixtures analysis, and started with a Pearson’s correlation matrix to understand 

how each exposure was related, we then applied hierarchical Bayesian Kernel Machine Regression 

(BKMR) grouping the OP pesticide analytes (∑DAP, TCP) and OP flame retardants (DPHP, 

DBUP+DIBP, BDCPP) together to assess the adjusted association between a mixture of OP 

pesticides and OP flame retardants with infant HRV. BKMR was selected for mixture analysis due 

to its ability to model nonlinear relationships and interactions among multiple exposures. As a 

semi-parametric approach, BKMR employs Gaussian kernel machine regression to estimate the 

effects of high-dimensional exposure matrices on an outcome of interest (48). 

Our model incorporated five exposure variables—DPHP, DBUP+DIBP, BDCPP, ∑DAP, and 

TCP—while the outcome variable was a dichotomized measure of atypical HRV. This measure 

was chosen because it allowed us to combine the 5 separate outcomes of RMSSD into one outcome 

to be used in the mixture model, rather than creating five separate mixtures models. Participants 

were classified as having atypical HRV if RMSSDplay < RMSSDstill-face or RMSSDstill-face > RMSSD 

reunion. Models were adjusted for infant exact age at visit, infant sex, and maternal education, with 

all covariates standardized using z-score normalization. 

We employed a Markov Chain Monte Carlo (MCMC) sampler to generate 50,000 posterior 

samples of model parameters. Convergence was assessed via visual inspection of trace plots, 

confirming appropriate mixing and stabilization. Additionally, posterior inclusion probabilities 

(PIPs) were computed to quantify the relative contribution of each exposure to the overall mixture 

effect on probability of atypical HRV during the still-face paradigm. 

To visualize the high-dimensional exposure-response surface, we generated univariate predictor-

response plots using the bkmr R package. These plots depict cross-sections of the exposure-
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response function for a single exposure while holding other exposures constant (49,50). 

Furthermore, bivariate exposure-response functions were created to explore the relationship 

between individual OP compounds—set at the 10th, 50th, or 90th percentile—and atypical HRV, 

while all other OP compounds were fixed at their median values. All data analyses were conducted 

in R version 4.2.3 (51). 

5.3 RESULTS 

Table 5.1 summarizes the demographic characteristics of participants in this study. Infants were 

an average age of 133 days (approximately 4 months and 11 days) at their visit. The pilot sample 

participants were similar to the overall cohort with respect to infant sex and marital status. 

However, pilot mothers were slightly younger (26 years vs. 29 years), more likely to be non-

Hispanic or Latino (9.3% vs. 4.0%), and had slightly higher education levels (14 years vs. 12 years 

of schooling), though these differences were not statistically significant. Average RMSSD at each 

stage of the still-face paradigm (play, still-face, and reunion), were 12.2 ms, 10.8 ms, 12.8 ms, 

respectively and were right skewed. The average change in RMSSD between the still-face and 

play phase was -0.4 ms, and the average change from the reunion and still-face phases was 1.3 ms. 

Four participants began the still-face paradigm but did not complete it. OP pesticide analytes were 

measured only in participants who completed the paradigm, so the participants who did not finish 

are included in the full cohort for analysis.  
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Table 5.1 Characteristics of Infants Included in our Study (N = 43) Compared to the Fair 

Start Cohort Participants Eligible for the Visit (N = 201)  

Variable Pilot Sample, N = 43
1

 Full Cohort, N = 201
1

 p-value
2

 
Infant Exact 

Age at Visit 

(days) 

133 (130, 142) NA  

Baby Sex   0.7 

    Female 20 (47%) 98 (49%)  

    Male 23 (53%) 100 (51%)  

    Unknown 0 3  

Maternal Age 26.0 (23.0, 33.0) 29.0 (24.0, 33.0) 0.3 

Maternal 

Ethnicity 
  0.2 

    Hispanic or 

Latino 
39 (91%) 193 (96%)  

    Not Hispanic 

or Latino 
4 (9.3%) 8 (4.0%)  

Maternal 

Education 

(years) 

14.00 (12.00, 16.00) 12.00 (12.00, 14.75) 0.2 

    Unknown 0 3  

Marital Status   0.8 

    Partnered 27 (63%) 131 (65%)  

Play Phase 

RMSSD (ms) 
12.2 (10.2, 16.1) NA  

Still-Face Phase 

RMSSD (ms) 
10.8 (8.6, 14.6) NA  

Reunion Phase 

RMSSD (ms) 
12.8 (9.0, 16.8) NA  

Still-Face – Play 

Phase RMSSD 

(ms) 

-0.4 (-3.6, 1.0) NA  

Reunion – Still-

Face RMSSD 

(ms) 

1.3 (-1.6, 3.4) NA  

1 n (%); Median (IQR) 
2 Pearson’s Chi-squared test; Wilcoxon rank sum test; Fisher’s exact test 
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Supplemental Tables 5.1 and 5.2 summarize the measured OP pesticide and flame-retardant 

values in the pilot subset. Among the pesticide’s measured, four analytes (TCP, DEP, DMTP, and 

DETP) were detected in at least 70% of participants. Among the flame retardants measured, three 

analytes (DPHP, DBUP + DIBP, and BDCPP) were detected in at least 70% of participants. For 

the remaining analyses, we included only ∑DAP, TCP, DPHP, DBUP + DIBP, and BDCPP. The 

distribution of these compounds is presented in Figure 5.1. 

 

Figure 5.1 Distribution of Organophosphate Pesticides and Flame Retardant Exposures 

Included in the Fair Start Cohort Pilot Analysis (N=43).  

Organophosphate pesticides include ∑DAP and TCP, Organophosphate flame retardants include 

BDCPP, DBUP + DIBP, and DPHP. Abbreviations: ∑DAP = dialkyl phosphate, TCP = 3,5,6-

trichloro-2-pyridinol, BDCPP = bis(1,3-dichloro-2-propyl) phosphate, DBUP + DIBP = dibutyl 

phosphate + di-isobutyl phosphate, and DPHP = dipropyl phosphate.  
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When evaluating the associations of OP pesticides and OP flame retardants with HRV, we 

observed a significant positive relationship between ∑DAP and RMSSD during the play phase ( 

= 2.80, p < 0.01) and a negative association for the difference between the play and still-face 

phases  ( = -3.06, p < 0.002) after adjustment for infant exact age, sex and maternal education 

(Supplemental Table 5.3).  Figure 5.2A allows us to visualize the modeled change in RMSSD, 

and 95% CI, in RMSSD between the play and still-face phases and still-face to reunion phases 

for OP pesticides. We observed significant change in RMSSD between episodes for the play and 

still-face but no significant associations between TCP and changes in RMSSD between episodes. 

When looking at average RMSSD for high and low ∑DAP levels (Figure 5.2B) we see that 

compared to participants with lower DAP, those with higher DAP have, on average, higher 

RMSSD during the play phase, followed by a decrease in RMSSD during the still-face phase, 

and an increase in RMSSD during the reunion phase creating a steep” V” shape. In contrast, 

participants with lower ∑DAP exposure group do not have a typical V shape response to the still-

face paradigm but instead, on average, start with a low RMSSD in the play phase that increases 

slightly into the still-face phase, and then increase again into the reunion phase.    
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Figure 5.2 Associations Between OP Pesticides, OP Flame Retardants, and Heart Rate 

Variability, as Indexed by RMSSD, During the Still-Face Paradigm at 4 Months (N=43)  

A) Adjusted beta value and 95% CI for the change in RMSSD between still face - play, and 

reunion – still-face phases per unit increase in OP pesticides concentration. B) Mean RMSSD for 

each phase of the still face challenge stratified by DAP concentration dichotomized at the 

median. C) Adjusted beta value and 95% CI RMSSD for the change in RMSSD between still-

face - play, and reunion – still-face phases per unit increase in OP flame retardants. D) Mean 

RMSSD by DPHP level for each phase of the still face challenge stratified by DPHP 

concentration dichotomized at the median. 
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These analyses were also conducted with the OP flame retardants considered as the exposure, but 

no significant associations were detected (Supplemental Table 5.4/ Figure 5.2C). When looking 

further at the relationship between DPHP, the most representative OP flame retardant, and RMSSD 

at each phase of the still-face paradigm, we observed that participants with high DPHP displayed 

a typical “V” response pattern across the phases, and had a higher average RMSSD at each phase 

of the challenge compared to those with low DPHP, although these differences were not 

statistically significant (Figure 5.2D).  

Figure 5.3 shows the correlations between each exposure in the mixtures analysis. OP pesticides 

∑DAP and TCP were negatively correlated at -0.11, while the OP flame retardants were weakly 

positively correlated range (0.16 to 0.23). The associations between OP pesticides, OP flame 

retardants, and atypical HRV as measured through BKMR analysis are shown in Figure 5.4. A 

total of n = 26 of the 43 participants in the pilot study had an atypical HRV response to the still-

face paradigm. In multivariable logistic regressions examining the relationship between individual 

OP pesticides and OP flame retardants with probability of having atypical HRV response, we did 

not find statistically significant results (Supplemental Table 5.5). In the BKMR analysis, the 

overall trend shows the probability of an atypical HRV pattern decreasing as the OP mixture 

increases. In the mixture, the OP flame retardants had a higher group PIP (0.63 vs. 0.60), but 

pesticide ∑DAP had the highest individual PIP at 0.53 (Table 5.2). When examining univariate 

exposure–response plots (Figure 5.5), while setting all other OP compounds to their median, 

DBUP+DIBP showed a non-linear relationship with atypical HRV, while all other OP compounds 

in the mixture showed a negative association with atypical HRV, indicating the probability of an 

atypical HRV response to the still-face paradigm increased as OP concentration increased.  
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Figure 5.3 Pearson Correlation Plot for the Relationship Between OP Pesticide and OP 

Flame Retardants Used in the Mixtures Analysis 
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Figure 5.4 The Association Between Prenatal Exposure to OP Pesticides (∑DAP, TCP) and 

Flame Retardants (DPHP, BDCPP, and DBUP + DIBP) with Atypical Heart Rate 

variability (HRV) Responding Across the Still-Face Paradigm 

The figure presents probit model estimates with 95% credible intervals, comparing individuals 

with atypical HRV to those with typical HRV. OP pesticide concentrations are shown at various 

percentiles relative to the median mixture level, with comparisons made to participants with OP 

concentrations fixed at the median. The model was adjusted for the infant's exact age at the visit, 

sex, and maternal education. 

 

Table 5.2 Individual Posterior Inclusion Probabilities for OP Pesticides and OP Flame 

Retardants and Probability of Atypical HRV 

OP Compound Group Group 

Posterior 

Inclusion 

Probability 

Conditional 

Posterior 

Inclusion 

Probability 

∑DAP Pesticide 0.60 0.53 

TCP Pesticide 0.60 0.47 

BDCPP Flame Retardant 0.63 0.34 

DBUP + DIBP Flame Retardant 0.63 0.34 

DPHP Flame Retardant 0.63 0.31 

Posterior Inclusion Probabilities (PIPs) from the hierarchical Bayesian kernel machine regression 

model grouping OP pesticides together and flame retardants together, then evaluating 

associations on the probability of atypical HRV response during the Still-Face challenge (N = 26) 

compared to those with a typical HRV response (N = 17). The model was adjusted for the infant's 

exact age at the visit, sex, and maternal education. 
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Figure 5.5 Univariate Associations of Each Prenatal OP Analyte on the Probability of 

Atypical HRV (N=26) when Compared to Participants with Typical HRV During the Still-

Face Paradigm (N = 17) 

Figures illustrate the probit model estimates and 95% credible intervals of exposure-response 

associations between each OP compound on the probability of atypical HRV during the still-face 

paradigm at infant age 4 months, while setting all other metals to their median. The model was 

adjusted for the infant's exact age at the visit, sex, and maternal education. 
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Figure 5.6 illustrates the predicted probability of atypical HRV on the y-axis as a function of one 

OP compound (x-axis) at different quantile levels of a second OP compound, indicated by distinct 

colors. We did not find evidence of pairwise interactions or interactive effects by prenatal OP 

pesticides or OP flame retardants with probability of atypical infant HRV during the still-face 

paradigm at 4 months (Figure 5.6). 
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Figure 5.6 Bivariate Predictor Plot of Each Prenatal OP Analyte on the Probability of Atypical HRV (N=26) when Compared 

to Participants with Typical HRV During the Still-Face Paradigm (N = 17) at Infant Age 4 Months.  

The figure illustrates the predicted probability of atypical HRV on the y-axis as a function of one OP compound (x-axis) at different 

quantile levels of a second OP compound, indicated by distinct colors. The model was adjusted for the infant's exact age at the visit, 

sex, and maternal education. 
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5.4 DISCUSSION  

We observed that third trimester maternal urinary ∑DAP metabolites were positively associated 

with RMSSD at the play phase of the still-face paradigm and negatively associated with the change 

in RMSSD between the play to still-face phases. Upon further analysis of the relationship, we 

found that participants with high ∑DAP levels were starting at a higher RMSSD in the play phase 

and exhibited a sharp decrease in RMSSD transitioning to the still-face phase, while participants 

with low ∑DAP levels were starting with a lower RMSSD during the play phase, which increased 

in the still-face phase. In a hierarchical BKMR mixtures analysis we observed that OP flame 

retardants had a slightly higher group PIP (0.63 vs. 0.60) while ∑DAP had the highest individual 

PIP at 0.53, followed by TCP at 0.47.  

These results support our original hypothesis of an association between OP pesticide exposure and 

HRV at 4 months. However, given that higher HRV is generally considered indicative of better 

autonomic function and overall health (52,53), the direction of the observed association was 

unexpected. Specifically, greater ∑DAP exposure was associated with higher HRV.  

To our knowledge, this is one of the first studies to examine prenatal exposure to OP pesticides 

and flame retardants in relation to HRV in infancy. The CHAMACOS cohort in California, 

examined prenatal exposure to OP pesticides and measures of ANS regulation at 6 months. While 

they did find evidence of ANS dysregulation in infancy, they found increased prenatal pesticides 

were associated with decreased respiratory sinus arrhythmia (RSA), another commonly used 

measure of HRV(54). The outcome measures used are slightly different, but measure ANS 

functioning. The difference in direction of the association could be due to differing exposure levels 
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or population demographics as the CHAMACOS cohort exhibited higher levels of exposure, as 

they are primarily an agricultural community.  

It is well established that OP pesticide exposure inhibits AChE activity at high doses, however at 

lower doses, the pesticides may exert different effects through alternative mechanisms (1,25,55). 

In pharmaceutical research, animals and humans treated with therapeutic levels of cholinesterase 

inhibitors exhibit increased acetylcholine leading to increased parasympathetic tone, including 

increased HRV (56–59). Additionally, new animal research on chlorpyrifos (CPF) exposure is 

showing that intermittent exposure, which may be more representative of how non-occupational 

individuals are exposed, is associated with increased parasympathetic tone (60,61). These findings 

are consistent with ours and may be representative of what we saw in our cohort.  

Oxidative stress and neuroinflammation are other possible mechanisms of OP pesticide exposure 

at low doses, both of which occur independently of AChE inhibition. Exposure to chlorpyrifos has 

been associated with oxidative stress, DNA damage,  and neuronal cell damage (1,62). With the 

increase in HRV that we observed, representing increased parasympathetic tone, this does not 

appear to be what is happening in our study.  However, the literature in humans is limited. The 

neuroinflammation mechanism has been studied in mice, with microglia, the immune cells of the 

central nervous system, activation and an increase in pro-inflammatory cytokine levels (1,63). It 

has been shown that anti-inflammatory agents are neuroprotective following acute OP intoxication 

(63), which could potentially be contributing to the HRV increase we are seeing.   

OP flame retardants were included in the analysis due to concerns about their use as replacement 

flame retardants and their associations with negative neurodevelopmental outcomes including 

decreases in Full Scale IQ, increases in ADHD and other externalizing behaviors (64–66). 
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Although the primary mechanism of action for OP flame retardants appears to involve disruption 

of thyroid hormone signaling (28,67,68), animal studies in chicks (69) and rats (70) have also 

demonstrated that some OPFRs may inhibit AChE, suggesting a potential secondary pathway for 

neurotoxicity. Thyroid hormones are crucial for neurodevelopment and metabolic regulation 

(71,72); however, their effects on acute ANS function may be less immediate or pronounced. This 

mechanistic difference may explain why OP pesticide exposure was not linked to distinct HRV 

patterns in this study. 

Several studies have used DAP metabolites to assess exposure to OP pesticides. In our pilot study 

mean ∑DAP levels were lower than that of the late pregnancy visit of the CHAMACOS cohort 

(73). Compared to a nationally representative NHANES sample of females, our participants had 

higher DAP values (74). When compared to the NYU Children’s Health and Environment Study 

(CHES) birth cohort, which was also recruited in NYC during a similar timeframe as Fair Start, 

our participants had lower median values for DEP, DMTP, and DEDTP, but slightly higher values 

for DETP and DMDTP (4). In the ECHO cohort, a national birth cohort, TCP was measured in 

maternal urine reported levels were slightly lower than ours (GM 0.5 vs. 0.75) (38). Overall, the 

levels seen in our urban NYC based cohort are lower than what is seen in agricultural communities, 

but higher than the national average.  

General factors that influence heart rate variability include both physiological and environmental 

variables. Physiologically, infant age is a key determinant, with older infants typically exhibiting 

higher HRV as the ANS develops (75). Other physiological factors, such as recent feeding or 

sleep can also impact HRV (76).  Additionally, health related variables, including prematurity 

and low birth weight, are associated with lower HRV (19). Environmental influences include 
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prenatal and postnatal maternal stress, as well as maternal substance use during pregnancy, such 

as tobacco or opioids, which have been shown to influence HRV in infants (14,15).  

In the context of the Still-Face Paradigm, maternal sensitivity and responsiveness are particularly 

important. Higher maternal sensitivity has been associated with a more adaptive rebound in HRV 

during the reunion phase of the challenge (77). Additionally, infant temperament also plays a role 

in HRV responses, with some studies suggesting that infants who recover well in the reunion 

phase exhibit lower sings of anxiety compared to infants who do not recover well during the 

reunion phase (78).  

HRV has been used in other birth cohorts as an outcome of interest associated with prenatal 

exposures including air pollution and maternal stress (79,80). As HRV is a measure of ANS system 

functioning, it has been associated with asthma related outcomes including wheeze and emergency 

room visits (69,70). Most recently in the Fair Start cohort, report of rhinorrhea and watery eyes at 

3 months, a risk factor for asthma development, was associated with increased HRV at 4 months 

(46). Additionally, because HRV is a non-invasive measurement that can easily be used with 

newborns and infants, recent work has shown its usefulness in pre-term and neonatal intensive 

care unit babies for monitoring of more immediate conditions (48,163). Measures of HRV in 

relationship to longer term neurodevelopmental outcomes present an interesting research 

opportunity.  

The mixtures analysis supports the individual regression findings that DAP may drive mixture 

effects of OP pesticides and flame retardants. We did not see a significant association between TCP 

exposure and the HRV outcomes. This could be because the ∑DAP value includes all dialkyl 

phosphate metabolites, while TCP is a singular metabolite. Additionally, to conduct the mixtures 
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analysis in this small pilot subset, we chose to create an outcome variable the combined all phases 

of the still-face paradigm, dichotomizing participants as having typical vs. atypical HRV response. 

This has the potential to incorrectly categorize participants. We conducted a sensitivity analysis 

and found that 4 participants were within 10% of the threshold for change between episodes, and 

8 participants were within 15% of the threshold.  

This study offers several strengths, including the use of novel methodologies with HRV measured 

during infancy and the examination of a unique population that is often underrepresented in 

research. However, there are some limitations to consider. This is a pilot study, so the sample size 

is small and given that the exposures were measured during pregnancy, there is the potential for 

limited generalizability. Nonetheless, we plan to continue collecting HRV data and may repeat the 

analysis with a larger sample in the future. Additionally, we relied on a spot urine sample taken 

during the third trimester of pregnancy, which may not fully capture chronic exposure to OP 

pesticides and flame retardants. Repeated or pooled urine samples would be preferred to reduce 

the risk of exposure misclassification (84). Lastly, our typical vs. atypical HRV variable used in 

the mixtures analysis had >50% as atypical responders, this number is higher than would be 

anticipated, as typically 30% of individuals have a typical response.  

5.5 CONCLUSION 

Our findings suggest that prenatal exposure to OP pesticides has an impact on parasympathetic 

nervous system regulation at 4 months. Increased RMSSD in early infancy may indicate enhanced 

parasympathetic tone, which is generally protective; however, the sharp decline observed during 

stress suggests dysregulation rather than improved autonomic control. The observed pattern may 

reflect altered neurodevelopment or autonomic instability resulting from prenatal OP pesticide 
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exposure. OP flame retardants, despite their endocrine-disrupting potential, do not exert 

measurable short-term effects on HRV, though longer-term developmental impacts remain a 

concern. This work should be replicated in a larger sample size, and there is a need for future 

studies to assess longer-term impacts of HRV during infancy with longer term neurodevelopmental 

outcomes.  
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Supplemental Table 5.1 Detection Frequencies, Limits of Detection, and Distribution of Third Trimester Organophosphate 

Pesticides in the Fair Start Study (n = 43) 

  Percentiles Distributions 

Abbr  Compound Name 25th 50th 75th Min-Max Geo 

Mean 

Detect 

Frequency 

LOD 

(ng/mL) 
TCP 3,5,6-trichloro-2-

pyridinol 

0.46 0.75 1.32 0.13- 4.81 0.76 100% 0.04 

DEP Diethyl phosphate 1.45 2.06 4.30 0.15-13.34 2.34 100% 0.03 

DMTP Dimethyl thiophosphate 0.48 1.02 2.46 0.03-

100.00 

7.98 100% 0.01 

DMP Dimethyl phosphate 0.75 1.92 2.97 ≤LOD -

15.03 

2.89 97.7% 0.03 

DETP Diethyl thiophosphate 0.44 0.57 0.95 ≤LOD -

2.61 

0.59 69.7% 0.02 

DMDTP Dimethyl dithiophosphate 0.18 0.37 0.81 ≤LOD -

10.50 

1.79 51.2% 0.03 

DEDTP Diethyl dithiophosphate ≤LOD ≤LOD ≤LOD ≤LOD ≤LOD 0% 0.04 

 ≤LOD= Below Limit of Detection 

Note: Values below LOD have been imputed to LOD/√2 
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Supplemental Table 5.2. Detection Frequencies, Limits of Detection, and Distribution of Third Trimester Organophosphate 

Flame Retardants in the Fair Start Study (n = 43) 

  Percentiles Distributions 

Abbr Compound Name 25th 50th 75th Min-Max Geo 

Mean 

Detect 

Frequency 

LOD 

(ng/mL) 
DPHP Dipropyl phosphate 0.48 0.80  1.01 0.22-29.28 0.95 100% 0.03 

DBUP+DIBP Dibutyl phosphate + 

Di-isobutyl 

phosphate 

0.13 0.20 0.28 ≤LOD-5.88 0.20 95.3% 0.04 

BDCPP Bis(1,3-dichloro-2-

propyl) phosphate 

0.19 0.79 1.73 ≤LOD-5.87 0.44 81.4% 0.02 

BBOEP Bis(butoxyethyl) 

phosphate 

≤LOD 0.05 0.08 ≤LOD-0.51 0.05 65.1% 0.02 

BCPP Bis(1-chloro-2-

propyl) phosphate 

≤LOD 0.15 0.75 ≤LOD-9.99 0.13 53.5% 0.02 

BCETP Bis(2-chloroethyl) 

phosphate 

≤LOD ≤LOD 0.42 ≤LOD-7.38 0.08 39.5% 0.02 

BMPP Bis(2-methylphenyl) 

phosphate 

≤LOD ≤LOD 0.04 ≤LOD-0.42 0.02 39.5% 0.01 

BEHP Bis(2-ethylhexyl) 

phosphate 

≤LOD ≤LOD 0.03 ≤LOD-0.35 0.02 25.5% 0.02 

DPRP Dipropyl phosphate ≤LOD ≤LOD 0.04 ≤LOD-2.40 0.03 18.6% 0.03 

≤LOD= Below Limit of Detection 

Note: Values below LOD have been imputed to LOD/√2 
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Supplemental Table 5.3 Linear Models Between Organophosphate Pesticides and RMSSD at Each Phase of the Still-Face 

Challenge, Adjusted for Sex, Exact Age, Maternal Education  

 
Play Still Reunion Still - Play Reunion - Still 

Exp

osur

e 

Coefficient 95% 

CI 

p 

value 

Coefficient 95% 

CI 

p 

value 

Coefficient 95% 

CI 

p 

value 

Coefficient 95% 

CI 

p 

value 

Coefficient 95% 

CI 

p 

value 

Log 

DM 

1.70 (0.00, 

3.41) 

0.049* -0.22 (-1.60, 

1.17) 

0.76 0.08 (-1.46, 

1.62) 

0.92 -1.92 (-3.43, 

-0.41) 

0.01* 0.29 (-0.99, 

1.58) 

0.64 

Log 

DE 

2.75 (0.36, 

5.13) 

0.03* 0.37 (-1.60, 

2.34) 

0.71 -0.3 (-2.49, 

1.88) 

0.78 -2.38 ( -

4.58, -

0.17) 

0.04* -0.67 (-2.49, 

1.14) 

0.46 

Log 

DA

P 

2.80 (0.70, 

4.91) 

0.01* -0.25 (-2.03, 

1.52) 

0.77 -0.11 (-2.08, 

1.86) 

0.91 -3.06 (-4.91, 

-1.21) 

0.002* 0.14 (-1.50, 

1.79) 

0.86 

Log 

TCP 

0.28 (-2.20,  

2.76) 

0.82 0.41 (-1.59,  

2.40) 

0.68 0.88 (-1.34,  

3.11) 

0.43 0.12 ( -

2.25,  

2.49) 

0.92 0.39 (-1.46,  

2.23) 

0.68 

*Indicates significance at p <0.05 
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Supplemental Table 5.4. Linear Models Between Organophosphate Flame Retardants and RMSSD at Each Phase of the Still 

Face Challenge, Adjusted for Sex, Exact Age, Maternal Education  

 
Play Still Reunion Still - Play Reunion - Still 

Exposure Coefficie

nt 

95% CI p 

value 

Coefficient 95% 

CI 

p 

value 

Coeffici

ent 

95% CI p 

value 

Coefficient 95% 

CI 

p 

value 

Coefficient 95% 

CI 

p 

value 

Log 

DPHP 

-0.39 (-2.28, 

1.49) 

0.68 0.08 (-1.45, 

1.62) 

0.91 1.05 (-0.64,  

2.73) 

0.22 0.59 (-1.23,  

2.40) 

0.52 0.85 (-0.55,  

2.25) 

0.22 

Log 

DBUP + 

DIBP 

1.35 (-1.23, 

3.93) 

0.30 -0.05 (-1.23, 

3.93) 

0.96 0.38 (-1.98,  

2.73) 

0.75 -1.72 (-4.19,  

0.75) 

0.17 0.12 (-1.87,  

2.10) 

0.90 

Log 

BDCPP 

0.20 (-0.93, 

1.34) 

0.72 0.001 (-0.90,  

0.91) 

0.99 0.27 (-0.74,  

1.27) 

0.60 -0.23 (-1.30,  

0.84) 

0.66 0.2 (-0.64,  

1.04) 

0.63 

 

 

Supplemental Table 5.5. Logistic Regression Models of Organophosphate Flame Retardants and Organophosphate Pesticides 

and Probability of having Atypical Heart Rate Variability Response to the Still Face Challenge. Adjusted for Sex, Exact Age, 

Maternal Education 

 Category OR 95% CI p value OR 95% CI p value 

Exposure  Unadjusted Adjusted 

Log DPHP OP flame retardant 0.86 (0.46, 1.58) 0.61 0.82 (0.43, 1.54) 0.54 

Log DBUP + DIBP OP flame retardant 1.05 (0.47, 2.55) 0.90 0.99 (0.40, 2.56) 0.99 

Log BDCPP OP flame retardant 0.86 (0.59, 1.20)  0.39 0.85 (0.56, 1.23)  0.40 

Log DM OP Pesticide 0.71 (0.38, 1.24) 0.25 0.72 (0.38, 1.26) 0.27 

Log DE OP Pesticide 0.95 (0.42, 2.07) 0.90 0.96 (0.42, 2.16) 0.93 

Log DAP OP Pesticide 0.74 (0.35, 1.47) 0.39 0.75 (0.35, 1.52) 0.42 

Log TCP OP Pesticide 0.78 (0.34, 1.73) 0.55 0.80 (0.34, 1.80) 0.58 
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Chapter 6 : Conclusion 

6.1 Summary of Findings 

Pregnancy represents a crucial period of heightened sensitivity to environmental exposures, with 

potential long-term implications for both maternal and child health. This dissertation, conducted 

within the Columbia Center for Children’s Environmental Health’s Fair Start Cohort, addresses a 

diverse range of environmental health research topics. It explores the impacts of emerging 

contaminants like organophosphate flame retardants alongside more extensively studied pollutants 

such as organophosphate pesticides. Additionally, it incorporates innovative exposure assessment 

techniques, evaluates the epidemiological consequences of these exposures on child health, and 

develops effective strategies for communicating findings through return-of-results documents 

designed for study participants. 

In Chapter 2 we sought to develop a report back document for polycyclic aromatic hydrocarbon 

(PAH) exposure during pregnancy to Fair Start participants. Using qualitative data analysis on 

focus group transcripts, this study highlighted the role of community feedback in refining 

environmental health reports. Participants exhibited varying levels of comprehension on PAH 

exposure after reading the report, however survey data comparing feedback on initial and revised 

reports showed no significant difference in perceived readability or knowledge gained, 

emphasizing the need for enhanced communication strategies in exposure reporting. 

Chapter 3 quantitatively examined factors influencing the perception of PAH exposure results. 

Findings indicate that individuals with a college degree were significantly more likely to be 
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surprised by their PAH exposure compared to those with lower educational attainment (OR = 5.60, 

p ≤ 0.05). Additionally, higher naphthalene levels were associated with decreased odds of being 

surprised (OR = 0.37, p = 0.02). Participants with higher education and income levels tended to 

score higher on environmental health literacy measures, and emotional responses to exposure 

results were correlated with greater engagement in environmental health concerns. 

Chapter 4 evaluated the effectiveness of silicone wristbands as passive samplers for measuring 

organophosphate ester (OPE) exposure in pregnant individuals by comparing wristband-derived 

and urinary biomarker measurements. A significant correlation was observed between triphenyl 

phosphate (TPHP) detected in wristbands and its urinary metabolite diphenyl phosphate (DPHP). 

However, chi-squared analyses revealed no significant categorical associations between wristband 

parent compounds and those in corresponding urinary metabolites. Regression models identified 

maternal age, education, and material hardship as predictors of exposure variation, emphasizing 

the need for further research to optimize wristband wear duration. 

Chapter 5 investigates the association between prenatal exposure to organophosphate pesticides 

and flame retardants with infant heart rate variability. Linear regression analysis indicates that OP 

pesticide metabolites (∑DAP) were associated with increased RMSSD during the play phase of 

the still-face paradigm (β = 2.80; 95% CI: 0.70-4.91) and negatively associated with the transition 

from play to still-face (β = -3.06; 95% CI: -4.91, -1.21). OP flame retardants did not show 

significant associations, suggesting that OP pesticides may contribute to parasympathetic nervous 

dysregulation in infants. 

Collectively, this research underscores the vulnerability of pregnant individuals and infants to 

environmental exposures and highlights the need for improved exposure assessment tools, risk 
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communication strategies, and targeted interventions to mitigate potential health risks during this 

critical developmental period. 

6.2 Integrated Findings 

This dissertation explores key themes in environmental exposure assessment, community 

engagement through report-back, and the health associations of emerging contaminants. A central 

methodological thread throughout this work is the use of silicone wristbands as an exposure 

assessment tool, featured in three of the four chapters. Wristbands are a novel and increasingly 

utilized approach for measuring personal chemical exposures, offering advantages such as ease of 

use, participant acceptability, and the ability to capture a wide range of environmental exposures. 

Despite their promise, optimization is still needed, particularly for detecting OPEs, as 

demonstrated in Chapter 4. While wristbands are emerging as a valuable tool in environmental 

health research, refining their use across different chemical classes and exposure scenarios remains 

an important area for future work. 

Chapters 2 and 3 focus on RBRR, underscoring its potential benefits for participants while also 

highlighting challenges in evaluating its effectiveness. Providing exposure results to participants 

enhances transparency and engagement, yet measuring the extent to which report-back improves 

EHL is complex. While Chapters 4 and 5 shift focus to the health effects of organophosphate flame 

retardants and pesticides, they further contribute to the broader theme of environmental exposures 

and their potential health associations. Interestingly, groups at higher risk for OP flame retardant 

exposure tended to have characteristics associated with socioeconomic advantage, including 

higher maternal age at birth, higher educational attainment, and lower material hardship. Notably, 

flame retardants, an emerging class of contaminants, may influence health through thyroid 
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hormone disruption, yet no significant associations with heart rate variability (HRV) were 

observed in this study. In contrast, OP pesticides, which are widely used in agriculture, were 

associated with altered HRV, suggesting potential impacts on early-life autonomic function. 

Together, these findings highlight the complexity of environmental exposures, the need for 

improved exposure assessment methods, and the importance of continued research to understand 

how chemical exposures shape health outcomes. 

6.3 Limitations  

Each chapter of this dissertation includes study-specific limitations, with several broader 

limitations spanning across multiple chapters. In the RBRR work, key limitations include limited 

generalizability and small focus group sample sizes. The reports were developed for a specific 

population—participants who were monitored during pregnancy, had young children, and lived in 

an urban setting. As such, the content was tailored to that demographic and may not be applicable 

or effective for populations in other geographic or cultural contexts. Additionally, while valuable 

insights were gathered from two focus groups during the initial round of report-back, the data may 

not represent saturation. Further feedback from additional participants could have provided more 

comprehensive recommendations for report refinement. 

For the chapters focused on OPEs and OP pesticides, several methodological limitations should 

be noted. First, five of the six OPE compounds measured in wristbands had detection frequencies 

below 20%, limiting the robustness of the findings. This is not consistent with other studies that 

have used wristbands to measure OPEs and indicates a need to improve wristband sampling 

protocols and analytical sensitivity for this class of chemicals. Second, both OPE metabolites and 

OP pesticide biomarkers were measured from a single spot urine sample collected during the third 



 

 
 
 173 

trimester. Given the short biological half-lives of these compounds, single time-point 

measurements may not accurately reflect cumulative exposure. Future studies would benefit from 

multiple sampling points across pregnancy or pooled samples to enhance exposure 

characterization. 

Finally, the pilot study examining the relationship between prenatal OP exposure and infant HRV 

was limited by its small sample size (n = 43). As indicated in the chapter title, this study was 

designed as a proof of concept to explore potential associations between prenatal exposures and 

early-life autonomic function. While preliminary results are promising, expanding the sample size 

in future work will be essential to validate and extend these findings. 

6.4 Future Directions 

This work encompasses a broad range of environmental health topics, with each chapter providing 

an initial exploration into new topics. Further research is needed to deepen our understanding of 

RBRR, the effectiveness of wristband-based exposure assessments, the identification of high-risk 

populations to emerging chemicals, and the relationship between OP compounds and 

neurodevelopment. 

RBRR has gained recognition over the past decade as an essential component of the research 

lifecycle. Our work serves as a strong example of participant inclusion, ensuring that community 

voices are heard and that reports are meaningful. Incorporating participants enhances research 

transparency and fosters community engagement, yet the process remains time-intensive and often 

underfunded. Currently, many, but not all, reports are developed on an ad-hoc basis by individual 

research groups. Establishing a centralized repository or collaborative framework for customizable 
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exposure reports could significantly increase the feasibility and scalability of RBRR while still 

allowing for community-specific adaptations. 

Additionally, standardized tools for assessing the effectiveness of report-back strategies in 

enhancing environmental health literacy (EHL) are lacking. As the field evolves, developing such 

tools will be crucial, both for researchers seeking immediate feedback on report efficacy and for 

funding agencies evaluating the impact of result dissemination efforts. A validated assessment tool 

could advance EHL research while simultaneously improving the quality of report-back strategies. 

Wristbands have emerged as a versatile and cost-effective tool, particularly in situations where 

traditional laboratory resources are limited, such as in disaster settings. While the wristbands 

themselves are inexpensive, analysis remains a major cost barrier compared to the high upfront 

expenses associated with urine and blood sampling. Despite our OPE findings being less 

conclusive than anticipated, refining the wristband-wearing protocol, particularly in light of 

findings from other research groups, could strengthen its utility. Given the ability to measure a 

wide range of environmental exposures in the wristbands, expanding analyses to the full spectrum 

of 1,500 detectable chemicals presents an exciting future direction. 

Understanding the association between OP pesticides, OP flame retardants, and HRV in a larger 

sample size is a critical next step. Confirming the relationship between elevated OP pesticide 

exposure and HRV dysregulation in a larger sample would provide stronger evidence for its 

potential implications in neurodevelopment. We hope to do this in the Fair Start cohort. 

Additionally, investigating long-term neurodevelopmental outcomes linked to HRV could offer 

valuable insights into the predictive value of early autonomic markers for childhood and lifelong 

health. With the increasing availability of wearable technologies—such as smartwatches and 
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rings—HRV is poised to become an accessible biomarker in environmental health research, 

expanding opportunities for longitudinal studies and real-time exposure monitoring. 

6.5 Concluding Remarks 

Pregnancy is a uniquely vulnerable time for both mother and baby, during which environmental 

exposures may have lasting effects. Across the chapters of this dissertation, our findings emphasize 

the complexity of reporting back research results, evaluating exposure assessment methods, and 

examining the relationship of flame retardants and pesticides on children’s health outcomes.  Our 

main findings include: 1) participant engagement is crucial for improving report clarity; 2) 

traditional knowledge assessments may not fully capture EHL; 3) while comparing wristband and 

urinary biomarker corresponding measurements, there were significant correlations for some 

compounds, but not all; 4) education level and material hardship were associated with variations 

in OPE exposure and; 5) organophosphate pesticide exposure was associated with dysregulation 

in infant autonomic function, underscoring potential developmental impacts. Together, these 

findings highlight the need for mixed methods approaches to evaluate EHL, refine exposure 

measurement techniques, and further investigate the association of OP pesticides with HRV In a 

larger set of participants. 
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