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Abstract

Widespread polybrominated biphenyls (PBBs) contamination occurred in Michigan from 1973 to 

1974, when PBBs were accidentally substituted for a nutritional supplement in livestock feed. 

People who lived in the state were exposed to PBBs via several routes including ingestion, 

inhalation and skin absorption. PBBs sequestered in lipid-rich matrices such as adipose tissue, are 

slowly eliminated after entering the human body, and can also be transferred from a mother to her 

offspring through the placenta and breastfeeding. Due to the long biological half-lives of PBBs, as 

well as concerns from the exposed community, biomonitoring measurements were conducted from 

2012 to 2015. Because of their similar structures, serum PBBs, polychlorinated biphenyls (PCBs), 

and polybrominated diphenyl ethers (PBDEs) were all measured 40 years after the PBB 

contamination incident (N=862). The serum PBB-153 levels among the original highly-exposed 

groups (i.e., chemical workers, the family of chemical workers, and individuals who lived on or 

received food from the contaminated farms) remains significantly higher than other Michigan 

residents. Several predictors such as sampling age, sex, and smoking status were significantly 

associated with the serum levels of some persistent organic pollutants (POPs). Higher average 
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values and also wider ranges of serum POP levels were found in this study compared to the 

National Health and Nutrition Examination Survey (NHANES), with the most substantial 

difference in serum PBB-153. This was true for all groups of Michigan residents including those 

who were not part of the above-described highly-exposed groups. Moreover, the people born after 

the contamination incident began also have higher serum PBB-153 levels when compared with 

more recent NHANES data (2010-2014), which suggests potential intergenerational exposure 

and/or continued environmental exposure following the contamination period.
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Introduction

Polybrominated biphenyls (PBBs) were widely used as flame retardants in electronic 

devices, plastics, textiles, furniture, and other consumer products after the increase in fire 

safety legislation in the 1960s. The total production of PBBs in the United States was 

approximately 5.9 million kg in the 1970s, and about 88% of the chemicals were produced 

by the Velsicol Chemical Corporation plant in St. Louis, Michigan (VCC). From July 1973 

to May 1974, widespread PBB contamination occurred in Michigan when the commercial 

PBB mixture “FireMaster” was accidentally added to livestock feed instead of the nutritional 

supplement “NutriMaster.” An estimated 230 to 450 kg of FireMaster was distributed to the 

farms and retailers throughout the state of Michigan. The residents of Michigan farms and 

surrounding communities were exposed to PBBs by consuming contaminated meat, eggs 

and dairy products (ATSDR, 2004; WHO, 2016).

After the contamination episode was discovered, the Michigan Department of Health 

established the Michigan Long-Term PBB Study (now called the Michigan PBB Registry) 

and began enrolling residents in 1976 and 1977. The purpose of the long-term study was to 

measure baseline serum PBB concentrations, monitor serum levels periodically, conduct 

surveillance for cancer and other health outcomes, and enroll offspring of women in the 

registry. The PBB Registry, which has enrolled over 7,000 participants since 1976, is mostly 

made up of families that lived on contaminated farms, residents who received food from 
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contaminated farms, and workers of VCC and their family members (Carter, 1976; Fries & 

Kimbrough, 1985; Landrigan et al., 1979).

A baseline exposure assessment found that the workers of VCC and their families had higher 

serum PBB levels than the farmers or farm food recipients in Michigan (Anderson et al., 

1978; Landrigan et al., 1979). Additionally, exposure routes and pathways differed between 

exposure groups; for example, the workers and the farm residents could be directly exposed 

to PBBs through inhalation, dermal contact, and ingestion, whereas the family members of 

the workers could be exposed to PBBs via work-to-home transmission. Moreover, any 

resident living in Michigan at the time may have knowingly or unknowingly consumed 

contaminated food purchased at their local grocery (Anderson et al., 1978; WHO, 2016).

High oral PBB exposure was shown to cause thyroid, hepatic, reproductive and development 

effects and cancers in animal studies (ATSDR, 2004). Higher PBB levels among Michigan 

residents have also been associated with thyroid dysfunction (Bahn et al, 1980; Jacobson et 

al., 2017; Curtis et al, 2019a ), breast cancer (Terrell et al., 2016), digestive system cancers 

and lymphoma (Hoque et al., 1998). Recently, PBBs were reclassified from a possible 

(Group 2B) to a probable (Group 2A) human carcinogen by the International Agency for 

Research on Cancer (WHO, 2016). Women who were exposed as children had altered 

menstrual hormone levels (Howards et al, 2019) and were more likely to have a child with a 

low Apgar score (Terrell et al, 2015). Recent studies have also revealed epigenetic correlates 

of PBB-153 exposure (Curtis et al, 2019b, 2019c, 2019d)

PBBs are bioaccumulative, persistent organic pollutants (POPs) with a median human 

elimination half-life of about 13 years (Blanck et al., 2000b). After entering the human body, 

PBBs rapidly distribute to lipid-rich tissues while a portion is metabolized and slowly 

excreted in the feces within a few days (ATSDR, 2004; Robson & Toscano, 2007). To keep a 

constant equilibrium between matrices, PBBs can mobilize from storage tissues to replace 

the excreted amount in feces; thus, the stored PBBs are slowly excreted. Therefore, 

PBB-153 concentrations have been continuously detected in serum samples in the US 

population, even after the production of PBBs was ceased in 1979 (Sjödin et al., 2008; 

ATSDR, 2004). Additionally, PBBs can be transferred via the placenta from a mother to her 

fetus or transferred through breastfeeding (Anderson & Wolff, 2000; Joseph et al., 2009). 

Several health effects, including earlier age at menarche (Blanck et al., 2000a), and 

genitourinary conditions (Small et al., 2009) have been found in children of highly exposed 

mothers. Higher rates of miscarriages have been found in reproductive age daughters of 

highly exposed mothers (Small et al., 2011).

Due to the persistence and the potential of intergenerational exposure of PBBs, the members 

of the registry have been expressing their concerns regarding their chemical body burdens 

and potential health risks. However, limited exposure biomonitoring has been conducted 

since the 1990s. Therefore, the objective of this study is to evaluate the current serum PBB 

concentrations for the people in the registry, to evaluate predictors of exposure including 

sub-populations and demographic factors, and to compare the concentrations in this study to 

those within the general US population who have participated in the National Health and 

Nutrition Examination Survey (NHANES). Due to the similarity of the chemical structures 
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and the shared toxicological features, serum concentrations of several other POPs (i.e., 

polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs)) were also 

analyzed to provide additional information on the exposure profiles within this population.

Material and Methods

Data collection

In order to recruit participants for PBB follow-up measurements and health updates, we held 

community meetings throughout Michigan between 2012 and 2015. The members in the 

registry were invited through mailed invitations and the local community was notified by 

advertisements in the media. Individuals were eligible to participate in this study if they 

were: 1) currently participating in the PBB registry; 2) residents in Michigan during the 

incident (1973-1974); or 3) offspring of people who lived in the state in 1973-1974 

(Jacobson et al., 2017). We enrolled 862 people in total for this follow-up study.

Each participant provided a 10-mL sample of blood via venipuncture for exposure 

assessment, and completed an online general health questionnaire, that collected information 

on basic demographic characteristics, exposure history and health conditions (missing 

N=234/862, 27%). The demographic information captured from the questionnaire included 

sex, age, race, smoking status, and whether the individual or their family members were 

participants of the original long-term PBB study established by the Michigan Department of 

Health. The exposure information captured from the questionnaire included self-report of 

working at the Velsicol Chemical Plant in St. Louis, Michigan (ever worked, family member 

ever worked), residence during 1973 to 1974 (living on a contaminated farm, non-

contaminated farm, not on a farm), contaminated food consumption (ever eaten), and ever 

receiving information on their PBB level. Participants of reproductive ages (18-56) were 

invited to complete a second questionnaire with specific questions about their reproductive 

health, and for women included parity and breastfeeding history (missing N=79/309, 

females of reproductive age, 26%). Moreover, anthropometric measurements were 

conducted by study staff, and BMI was calculated from height and weight. However, a 

substantial proportion of participants did not participate in the physical measurements 

(missing N=410/862, 48%). This study was reviewed and approved by Emory’s Institutional 

Review Board.

The participants were further classified into the following exposure groups using their 

historical PBB Registry identification number or questionnaire data: 1) chemical workers: 

people who had ever worked in the Velsicol Chemical Plant; 2) family members of former 

chemical plant workers; 3) farm/food family: people who lived on PBB-contaminated farms 

or received food from contaminated farms; 4) people born after the incident began: people 

who were born after July 1973; and 5) other Michigan residents: a combination of people 

who lived in the St. Louis/Pine River community (the area surrounding the chemical plant), 

or people who did not fit into the other exposure groups. Additionally, thirty-two people 

could not be classified into any exposure group because of missing information.
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Laboratory analyses

Venous blood samples were collected during April 2012 and May 2015 from the study 

population. The samples were transported to the lab at Emory University, centrifuged for 30 

mins at 3,000 rpm to separate the serum from the whole blood, and then stored at −20 °C 

until analysis. Each sample (1 mL serum) was spiked with labeled standard solutions, and 

deproteinated with formic acid. A liquid-liquid extraction and a cleanup process using solid-

phase extractions were performed to extract serum PBBs and PCBs (Marder et al., 2016). 

Serum PBDEs were extracted by a two-stage solid-phase extraction which was developed 

based on the previous literature and further adjusted to optimize extraction recovery and 

precision (Hovander et al., 2000; Sandau et al., 2003; Zhang & Rhind, 2011). After 

extraction and cleanup procedures, these extractants were dried with TurboVap (Zymark; 

Framingham, MA) and reconstituted with 50 μL toluene (PBB and PCB) or nonane (PBDE) 

prior to instrument analysis.

Prepared serum samples were analyzed for targeted congeners using gas chromatography-

tandem mass spectrometry with electron impact ionization in the multiple reaction 

monitoring mode (GC-MS/MS; 7890A gas chromatograph coupled to an Agilent 7000B 

tandem mass spectrometer; Agilent Technologies; Santa Clara, CA). PBB (77, 101, 153 and 

180), PCB (118, 138, 153, and 180), and PBDE (47, 85, 99, 100, and 153) congeners were 

selected because they are the major components of the products or the most frequently 

detected congeners in the environment (Darrow et al., 2016; WHO, 2016). Quantification 

was performed using isotope dilution calibration with the limits of detection (LOD) ranging 

from 1-5.6 pg/mL for PBBs, 0.7-1.6 ng/mL for PCBs, and 10-50 ng/mL for PBDEs (Marder 

et al., 2016; Darrow et al., 2016). LODs were defined as the concentrations at which the S/N 

ratio of the observed signal was ≥ 3 (Table S1). Solvent-based standard calibration curves 

were prepared with each concentration expressed in serum equivalent. In each analytical run, 

one laboratory blank sample and two matrix-based quality control samples were included 

and analyzed concurrently with unknown samples to ensure proper operation of the 

methods. The accuracy was 100±20% calculated by two different methods, including the 

difference between the mean measurements of spiked pooled serum and the expected 

concentrations and the difference between the values of the NIST certified reference 

measured from our method and their mean values. The method precision calculated as the 

relative standard deviation (RSD) was less than 15% at two fortified levels for all analytes 

with the exception of PCB-138 (RSD=16%). The sample concentrations were adjusted for 

the background values in laboratory blanks. Invalid data for PCB-118 were obtained on 30 

samples due to unstable retention times. For PBDE measurements, they were only conducted 

on a subset (N=358/862, 42%) of people who were mostly not affiliated with the chemical 

plant (workers, family members of workers and residents of the surrounding community).

To estimate total blood lipids, we used immunoassay kits to measure total triglyceride 

(Abnova Corporation) and total cholesterol (Cayman Chemical Company) in serum based on 

the manufacturer’s instructions. Total serum lipids was calculated using the method 

published by Phillips et al. (1989). The lipid-adjusted concentrations were serum biomarker 

concentrations divided by total serum lipids allowing for appropriate unit conversions.
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Statistical analyses

Descriptive analyses were performed for the exposure concentrations, including detection 

frequencies, distribution percentiles, ranges, geometric means (GMs), and 95% confidence 

intervals were calculated for the individual serum congeners. Summed congener 

concentrations were calculated both as nanograms per milliliter and in SI units (the 

summation by molar concentrations). We first examined the frequently detected congeners 

and correlations between congeners, such as ΣPCB4 (PCB-118, 138, 153 and 180). Three 

PCB congeners (ΣPCB3: PCB-138, 153 and 180) were summed because they represent 

approximately 60% of the total PCB exposure and have different degrees of ortho-

substitution from PCB-118, which might have different toxicological effects (Barr et al., 

2006). ΣPBDE3 was the summation of the three most prevalent congeners, PBDE-47, 99 and 

100, in the common technical mixture penta-BDE (La Guardia et al., 2006). PBB-153 was 

the only PBB congener with a detection frequency above 10%; thus, no summation was 

conducted for PBBs.

Since the measured concentrations were approximately log-normally distributed, we used 

log10-transformed values for all statistical analyses. Pearson correlation coefficients were 

conducted to investigate associations between log10-transformed serum levels. ANOVA was 

performed to examine the differences of log10-transformed concentrations between different 

demographic groups and predictors. Multivariable linear regression models were generated 

for the associations between serum POP levels and exposure groups, adjusting for age, sex 

and serum lipids (directed acyclic graph in Figure S2). To identify additional predictors of 

serum POP levels, each variable was added to the base models, which contained age, sex, 

and serum lipids, separately. We also explored interactions for each variable, and included 

significant terms in the models. Moreover, we generated separate PBB models for the people 

born before and after the incident began since the exposure magnitude, route, and the 

association between serum concentrations and the predictors might vary. In all regression 

models, the values of the serum lipids were included as a covariate which results in less 

biased estimates and increased statistical flexibility when compared to the standardized 

method (serum lipids as a denominator of POP measurements) (Schisterman et al., 2005).

Furthermore, the measured serum levels were compared with those of the US population. 

The environmental chemical data from NHANES were extracted and evaluated accounting 

for the weights, primary sampling units, and strata. Since the participants in this study are 

mostly non-Hispanic whites (94%), we only included the non-Hispanic white data from 

NHANES in the analyses. The congeners with more than 60% detection frequencies were 

compared to NHANES data by each demographic characteristic. After 2005, NHANES used 

a weighted pooled-sample design instead of individual serum samples to improve the 

sensitivity and reduce the costs. Due to the pooled-sample design, arithmetic means and 

unadjusted standard errors were calculated for 2011-2014 NHANES instead of GMs and 

geometric standard deviations (GSD).

Two imputation methods were conducted for the values below LOD. First, simple 

imputation was applied for GM calculations, using the method reported by the National 

Report on Human Exposure to Environmental Chemicals (CDC, 2019). This involved 

imputing the values below the LOD with the LOD divided by the square root of two for the 
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congeners which had detection frequencies ≥ 60%, and with zero for the congeners that were 

detected in < 60% of the samples. With this method, the GMs are more comparable to the 

NHANES results. Second, the concentrations below the LOD were imputed based on a 

lognormal probability distribution where parameters were determined by maximum 

likelihood estimation. We produced 10 sets of distribution parameters and imputed the 

measurements below the LOD according to each set of parameters. In regression analyses, 

this imputation method is expected to generate less biased estimates and nominal confidence 

intervals than the first approach (Lubin et al., 2004). The statistical analyses were conducted 

in SAS version 9.4 (SAS, Cary, NC) and R version 3.4.1.

Results

Selected demographic characteristics are presented in Table 1. Frequencies of characteristics 

between the different populations that had PBB, PCB, or PBDE levels measured were 

similar, except for exposure group and PBDE levels where it was not measured in chemical 

workers, measured in only one family member of a chemical worker, and nine other 

residents. Among the 861 participants who had PBB measured, 245 (30%) participants were 

born after the incident began, 237 (29%) were people who had lived on PBB-contaminated 

farms or received food from contaminated farms, and 164 (19%) were chemical workers or 

family members. About 55% of participants were females and 20-31% were ages 60-88 

years when their blood was collected. The average sampling age was 48-50 years. More than 

90% of the study participants were non-Hispanic whites, with a small percentage of other 

races/ethnicities including Black, Latino, other Hispanic, or Native American. For smoking 

status, 57-66% were non-smokers and 20-27% were past smokers. About 39-40% of 

participants were obese (BMI ≥ 30 kg/m2), and the average BMI in this study was 29.5 

kg/m2.

Table 2 (ng/mL serum) and Table S2 (lipid-adjusted ng/g lipid) show the distribution of the 

targeted chemicals by congeners and summations. Of 861 people, 792 (92%) had detectable 

serum PBB-153 levels, which was the most frequently detected PBB congener. The four 

PCB congeners, PCB-118, PCB-138, PCB-153, and PCB-180, were detected in almost 

100% of the serum samples with PCB-153 having the highest concentrations. PBDE-47 was 

the most frequently detected PBDE congener (92%), followed by PBDE-99 (45%) and 

PBDE-100 (38%). The exposure distributions were right-skewed, especially for serum 

PBB-153, which had a maximum level 900 times higher than its median. Table 3 shows the 

Pearson correlation coefficients between the chemicals with detection frequencies ≥ 60%. 

PCB congeners were highly correlated with each other, with the correlation coefficients 

ranging from 0.74 to 0.99 (p-values < 0.001). PBB-153 was moderately correlated with the 

PCB congeners (Pearson correlation coefficients: 0.33-0.56) but was not correlated with 

PBDE-47.

Table S3 shows unadjusted GMs and GSDs of the exposures by each characteristic. 

PBB-153 concentrations were significantly different by sex, sampling age, exposure groups, 

smoking status, residence between 1973 and 1974, ever having eaten contaminated food, 

parity and breastfeeding in ANOVA analyses. For ΣPCB4 concentrations, sex, sampling age, 

exposure groups, smoking status, residence between 1973 and 1974, and ever having eaten 
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contaminated food were significantly different. ΣPBDE3 concentrations were significantly 

different by exposure groups only.

Table 4 shows the associations between exposure groups and serum PBB-153, ΣPCB4, and 

ΣPBDE3 adjusting for sex, sampling age, and serum lipids. We centered and scaled serum 

lipids to one standard deviation to observe the effect of serum lipids on serum POP levels. 

Because serum levels were log10-transformed in the model, we exponentiated the β-

coefficients from the models and present the estimates as the multiplicative change in serum 

POP levels by each unit change of independent variables. For serum PBB-153 

concentrations, sampling age was a significant predictor: a one-year increase in age 

predicted a 3% increase (CI = 2-4%) and a 7% increase (CI = 4-10%) in serum PBB-153 

concentrations for those born before and after the incident began, after adjusting for the 

other covariates. Males tended to have higher serum levels than females, but the effect was 

only significant for those born before the incident began. The males born before the incident 

began had 127% (CI 81-183%) higher serum levels than females. More importantly, the 

exposure groups, including chemical workers, their family members, and farm/food family, 

were also strong predictors of having higher serum PBB-153 concentrations. The 

concentrations of chemical workers, their family members, and farm/food family were about 

185% (CI = 93-321%), 105% (CI = 49-184%) and 168% (CI = 108-244%) higher than other 

Michigan residents.

Sampling age was also strongly associated with serum ΣPCB4 and ΣPBDE3. A 4% (CI = 

4-5%) and 1% (CI = 0-3%) increase in serum ΣPCB4 and ΣPBDE3 were found with a one-

year increase in age after adjusting for sex, serum lipids and exposure groups. A 41% 

increase (CI = 2-104%) of ΣPCB4 level was found among males but the estimate was not 

significant. Additionally, a significant interaction effect of age and sex was found in the PCB 

model, suggesting that PCB concentrations vary by age within strata of sex (Figure 1). The 

younger male participants tended to have higher ΣPCB4 than the females, whereas the 

opposite was true among the older participants. The models for individual PCBs (Table S4) 

are similar to the results of ΣPCB4 although the age where the fitted lines for males and 

females intersected increased for the higher chlorinated congeners (Figure S1). As shown in 

Figure 1, the relationship between serum levels and age was different between the three 

groups of chemicals. Serum PBB-153 and ΣPCB4 concentrations had relatively linear 

associations with age, whereas a U-shaped association was observed for ΣPBDE3 

concentrations. Moreover, the intercept differences for serum PBB-153 among those born 

before and after the incident began suggested a greater difference of serum levels in these 

two groups.

The adjusted associations between serum POP levels and the other potential predictors are 

shown in Table 5. Current smokers had a significant 47% decrease (CI = −68, −10) of serum 

PBB-153 concentrations than never smokers among the people who were born after the 

incident. Similar inverse but not statistically significant associations with smoking status 

were found in the PBDE models. Serum PBB-153 levels were significantly associated with 

residence between 1973 and 1974: the participants who had lived on quarantined farms had 

higher serum PBB-153 levels than those who had not lived on a farm. However, no 

association between serum levels and residence between 1973 and 1974 was found in the 
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PCB and PBDE models. The remaining predictors including race, BMI, and contaminated 

food consumption were not significantly associated with serum POP levels.

Figures 2 and 3 (and Table S5) show the comparison of GMs between the PBB Registry and 

2003-2004 NHANES, and Figure 4 (and Table S6) presents the comparison of arithmetic 

means between this registry and 2011-2014 NHANES. The GMs of serum PBB-153, 

individual PCB congeners and PBDE-47 levels in this registry were 10, 1.5-2, and 1.07 

times higher than the GMs in NHANES, respectively. Higher PBB-153 concentrations were 

found for each exposure group than for the NHANES sample; the GMs of chemical workers, 

their family members, farm/food family, and other Michigan residents were about 80, 23, 35, 

and 12 times higher than in NHANES. Additionally, the GMs of ΣPCB4 for each exposure 

group were higher than in NHANES, whereas the GM of PBDE-47 was more comparable 

between these two populations. For the differences between each demographic group, 

including sex and age, we found significantly higher serum PBB-153 levels in the PBB 

Registry than NHANES among those 40 years or older. Although the serum PCB and PBDE 

levels within the registry were generally higher than NHANES, they were only significantly 

different for several age groups, ΣPCB4 in males below 40 years old and PBDE-47 for males 

and females 40 years or older. The arithmetic means in this registry were consistently higher 

than the pool-designed NHANES concentrations.

Discussion

In this follow-up study, we measured the concentrations of PBBs, PCBs, and PBDEs in a 

subset of individuals from the Michigan PBB Registry. This is the first study presenting the 

levels among different exposure groups 40 years after the PBB contamination incident. 

Although these chemicals were phased out in the US several decades ago (PBB: 1979; PCB: 

1977; PBDE: penta & octaBDE, 2004; decaBDE: 2013), they have been widely detected in 

different environments and human samples due to their environmental persistence and long 

biological half-lives (PBB: 13-29 years; PCB: children 3.7-9.1 years, adults: 9.3-14.4 years 

(WHO, 2016); PBDE-47: 1.8 years (Geyer et al., 2004)). Because of the major PBB 

exposure in this population, the largest differences in concentrations were observed for 

PBB-153, which had a maximum level of 236 ng/mL, a 95th percentile of 3.90 ng/mL, and a 

median of 0.26 ng/mL among those in the PBB registry. PBB concentrations have declined 

since earlier reports, which is expected given that the high-level contamination source was 

eliminated and PBB-153 was later phased out. About 2-4 years after the incident, the PBB 

serum concentrations ranged from <LOD-1,900 ng/mL with a median of 3 ng/mL from 

3,639 people who were likely exposed by the incident (Landrigan et al., 1979). Almost 20 

years after the incident, the PBB concentrations in 151 women in the PBB registry were 

found to be in the range of <LOD to 337 ng/mL with a median of 2.16 ng/mL (Terrell et al., 

2008).

The positive association between sampling age and serum POP levels has been reported in 

several cross-sectional studies (Sjödin et al., 2013; Pavuk et al., 2014), and this study and 

NHANES shows similar results. However, it has also been shown that serum POP 

concentrations may decrease with age on an individual basis in longitudinal studies due to 

the reduced exposure after the chemicals were phased out (Nøst et al., 2013; Raffetti et al., 
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2017). Thus, the positive associations between serum levels and age in this cross-sectional 

study may be attributable to other factors besides bioaccumulation, such as period effects, 

cohort effects or metabolic half-lives of the chemicals. The period effects indicate the peak 

PBB exposure period and the phase-out year for the chemicals, and the cohort effects may 

reflect generation-specific environmental exposures and dietary habits in this study (Quinn 

and Wania, 2012; Nøst et al., 2013). As shown in Figure 1, PBB-153 and ΣPCB4 have 

similar associations with age because they were both phased-out in the 1970s and have 

longer biological half-lives, whereas ΣPBDE3 has a different association with age because 

PBDEs were phased-out more recently (from 2004 to 2014) and have shorter biological half-

lives. Quinn and Wania’s work suggested that positive associations between POP levels and 

age in cross-sectional studies might emerge 30 years following the peak exposure for 

chemicals with half-lives longer than one year, and these are consistent with our findings. A 

U-shaped association found between PBDE and age was also found in NHANES (Figure 3 

& 4) and the other populations, and the higher concentrations among younger age 

participants might be due to lifestyle and activity differences (Sjödin et al., 2008; Turyk et 

al., 2010; Lenters et al., 2013).

We found higher serum PBB-153 levels for males, which has also been seen in NHANES 

(Sjödin et al., 2008), but this sex-specific difference was not significantly found in the model 

that included those born after the incident. This finding could be due to the potential 

occupational PBB exposure among males. The exponentiated sex coefficient reduced from 

2.34 (CI = 1.88-2.92) to 2.27 (CI = 1.81-2.83) after including exposure groups in the model 

for those born before the incident began [model not shown], indicating that the sex-specific 

difference of serum levels can partially be attributed to exposure groups. Moreover, the 

males in this registry might have been exposed to higher PBBs in each exposure group. For 

example, the males in the chemical worker group might have worked more closely with the 

chemicals than the females; similarly, the male farmers might have handled contaminated 

feed more often than the females. However, the interaction between exposure groups and sex 

was not significant in the PBB-153 models, which could be partially attributed to the small 

sample size of females in the chemical worker group (N=11). Males also tended to have 

higher overall PCB levels than females, but a one-year increase in age was associated with 

higher serum PCB among females than males. These results suggest that older females had 

higher PCB levels than older males, which was also found in a previous study (Pavuk et al., 

2014). We observed congener-specific sex differences for PCB levels among the older 

participants: females had higher serum levels of the lower chlorinated PCB congener (i.e., 

PCB-118), whereas males had higher concentrations of the higher chlorinated PCB congener 

(i.e., PCB-180). These effects might be related to the differences in the biological half-lives 

of PCBs (Salihovic et al., 2012). The differences between serum POP levels and sex is also 

likely attributable to lactation, pregnancy history among females, the difference in body 

physiology and food choices (Salihovic et al., 2012).

The serum PBB-153 concentrations were significantly higher among chemical workers, 

family members of chemical workers, and farm/food family than other Michigan residents in 

the adjusted models. Differences between exposure groups were also shown in previous 

studies around the 1980s. Landrigan et al. (1979) showed that workers and their families had 

higher median serum PBB levels (4.5 ng/mL) than the people who lived on quarantined 
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farms (4 ng/mL), followed by low-level farm residents (2 ng/mL), and control participants 

and volunteers (1 ng/mL) (N=3,639). Stross et al. (1981) reported arithmetic means of 48 

ng/mL, 14 ng/mL and 2 ng/mL for chemical workers, farmers, and the staff in the Michigan 

Department of Public Health (N=60), respectively. In our study, we found median PBB-153 

levels of 0.76 ng/mL, 0.44 ng/mL, 0.47 ng/mL, and 0.26 ng/mL for chemical workers, 

family members of chemical workers, farm/food family and other Michigan residents, 

respectively. These results show that PBB-153 serum levels remain relatively high among 

the original highly-exposed groups. In addition, Blanck et al., (2000) showed that the people 

with higher initial PBB levels had slower decay rates and longer PBB biological half-lives, 

which may partially explain the difference between the exposure groups. It is also important 

to note that even Michigan residents not belonging to one of the highly-exposed groups, had 

higher levels of PBB indicating widespread distribution of contaminated farm products.

We observed negative associations between serum POP levels and BMI after adjusting for 

sex, sampling age and serum lipids, although a borderline significance was only found in the 

PBB-153 models and non-significance was found in the PCB and PDBE models. Inverse 

associations have been found in some biomonitoring studies suggesting the dilution of serum 

POP concentrations due to higher BMI (Chevrier et al., 2000; Barr et al., 2006; Darrow et 

al., 2016; Lenters et al., 2013). However, the relationship between serum POP levels and 

BMI has been inconsistent in cross-sectional studies, which might relate to different age 

groups being studied, cohort effects (obesity epidemic) and period effects (time after the 

peak exposure) (Wood et al., 2016). Smoking was also negatively associated with serum 

PBB-153 in the born after model, and the negative effect might be due to the faster PBB 

decay rates among smokers than non-smokers (Terrell et al., 2008). However, inconsistent or 

insignificant effects of smoking were found in the other models. Previous research suggests 

that smoking can lead to bioaccumulation of PCBs through affecting p-450 cytochrome 

oxidase system but some other metabolizing action may be triggered when smoking 

frequencies increase; thus, inconsistent associations might be reported frequently due to the 

lack of data on smoking amount and variability of individual metabolism (Moon et al., 

2017).

For the self-reported exposure question, residence between 1973-1974, the PBB-153 

concentrations were significantly higher in the people who said they lived on a quarantined 

farm (10β=1.56, CI = 1.10-2.20) compared to those who were not living on a farm, which 

suggests that the contaminated farms were a major exposure source in this study population. 

Moreover, the people who reported whether they consumed contaminated food products, had 

higher though not significant serum PBB-153 levels than those who reported no 

consumption of contaminated food products. The fact that the effects were only observed in 

the PBB models but not PCB or PBDE suggests that contaminated food consumption 

contributes to PBB exposure in this population. However, adjusted or stratified analyses 

including parity and breastfeeding were not conducted due to the small sample sizes within 

parity and breastfeeding strata.

Our results show generally higher average values and also wider ranges of serum POP levels 

than NHANES among different demographic groups. Serum PBB-153 had the most 

substantial difference between the PBB registry and NHANES. About 60% of the PBB-153 
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concentrations in our study are higher than the 95th percentile in 2003-2004 NHANES. 

Although the people born after the incident began were suspected to have no direct exposure 

to PBBs, their serum PBB-153 concentrations were higher than similarly aged participants 

in the more recent NHANES data (from ages 7 to 41 years old in Figure 4). In contrast to the 

PBB exposure, which was the result of the industrial accident, PCB and PBDE exposures are 

more likely to be chronic and continuous. The higher concentrations of serum PCBs and 

PBDE-47 in this registry might relate to the historical chemical production, higher 

environmental pollution or the consumption of contaminated fish or meat within this 

geographic area (ATSDR, 2000; ASTDR, 2017). Moreover, a greater increase was observed 

for PBDE-47 among the older participants in this study than NHANES, which could be due 

to the differences in predominant exposure pathways between older and younger 

participants. Although household dust is considered the predominant exposure route for 

PBDE, a recent study in California found continuing increases in PBDE levels in older 

adults during a time period when PBDE in household dust was declining. This suggests that 

biomagnification in the food chain and food ingestion may have a greater impact on older 

individuals (Hurley et al., 2017). Since higher contamination in the food chain was found in 

the Great Lakes basin area, greater concentration differences might be found among the 

older than the younger population.

Although low levels of PBB-153 were found in the general population after the chemical 

was phased out, the population near the contaminated farms and the original chemical plant 

may have still had low continuing exposure. According to the superfund site evaluation of 

the US Environmental Protection Agency, the human exposure has not been under control 

within the area, which means an unsafe level of contamination has been detected at the 

Velsicol Chemical Corp St. Louis, Michigan Superfund site (the main plant site that 

produced PBBs), and people could be exposed to the hazardous chemicals, such as 

dichlorodiphenyltrichloroethane (DDT), PBBs, hexabromobenzene, 1,2-dibromo-3-

chloropropane and chlorobenzene (EPA, 2019). From 2013 to 2014, a study showed that the 

ambient levels of PBBs increased when the distance from the Velsicol Superfund site 

decreased (Peverly et al., 2014). The sediment PBB-153 concentrations also decreased from 

the Pine River (surrounding the plant) to the upper reaches of the Saginaw River 

(downstream of the Pine River) (Yun et al., 2008).

Our results highlight several profound impacts of this historical contamination. The people 

who were directly exposed continue to have significantly higher chemical body burdens over 

40 years after the incident. These lipophilic chemicals can sustainably be stored in lipid-rich 

tissues and be gradually released into the bloodstream; thus, the tissues storing POPs 

constitute internal sources resulting in continuous exposure (La Merrill et al., 2012). It is 

evident that PBBs can transfer intergenerationally through the placenta or breastfeeding. 

One-third of PBB concentrations in maternal blood were detected in umbilical cord blood, 

and the concentrations detected in breast milk were 1000 times higher than maternal blood 

(Jacobson, 1984; Joseph et al., 2009). Thus, the fetuses or infants of exposed mothers can 

not only have substantial exposure but greater health risks because of the exposure during 

developmental periods (Small et al., 2009; Blanck et al., 2000a; Small et al., 2011; Terrell et 

al., 2015). Even when the offspring were not directly exposed to the chemicals, the 

epigenetic marks associated with environmental exposure may be transmitted to the next 
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generation (Anway et al., 2005; Curtis et al, 2018). Moreover, even low exposure might be 

concerning due to the non-monotonic response and the low-dose effects of POPs (Li et al., 

2007; Vandenberg et al., 2012; Kim et al., 2014). Taken together, we suggest that continuing 

exposure assessment, as well as health surveillance, are needed for the people in this 

registry, even long after the major contamination period ended.

Our study is limited in several ways. First, the small number of individuals below 20 years 

old led to wider confidence intervals and unstable point estimates for serum POP levels 

within this subgroup when compared to NHANES data. Second, there is the potential for 

selection bias. The people who knew they had higher PBB levels might have been more 

likely to participate in this study. While these may have little impact on the internal validity 

of the associations between serum PBB levels and the predictors, the point estimates (i.e., 

geometric and arithmetic means) may be biased upward, and the biases might affect the 

comparisons with NHANES. Although the information on the participation rate among 

different exposure groups was not available, only 18% (N=113/624) of participants recalled 

receiving information about their previous PBB levels. As a sensitivity analysis, we excluded 

the people who knew their previous PBB levels, and the point estimates of current PBB-153 

serum level were somewhat lower than the entire study sample but still higher than 

NHANES (data not shown). Moreover, potential survival bias might also exist in this study 

population because PBB exposure has been associated with major cancers such as digestive 

system cancers, lymphoma, and breast cancer (Hoque et al., 1998, Terrell et al, 2016), and 

those surviving to participate 40 years later may bias the point estimates downward. Lastly, 

we were unable to examine how parity and breastfeeding associated with serum POP levels 

due to the small sample size of women with this information. The other potential predictors 

for serum POP levels, such as the amount of fish consumption, hours spent indoors, frequent 

use of household electronics, and other environmental determinants were not available for 

consideration.

Conclusion

This is the first comprehensive report of the current serum concentrations of PBBs, PCBs, 

and PBDEs among different exposure groups in the PBB Registry 40 years after the 

contamination incident. We found serum PBB-153 levels among the highly-exposed groups 

(chemical workers, family members of chemical workers and farm/food family) remain 

higher than in among other Michigan residents after several decades. Even those without 

documented exposure to PBB still have higher concentrations than the general US 

population. For the people born after the incident began, the serum concentrations were also 

higher than in the US population when compared to those of similar age ranges, which may 

suggest the transplacental/breastfeeding exposure potentially coupled with continued 

environmental exposure in the state. Higher serum PCB and PBDE levels were also found in 

this registry compared to the general US population, within certain demographic groups, 

which may relate to the generally higher environmental exposures of POPs in this 

geographic area.

Chang et al. Page 13

Environ Int. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We are grateful to the members of the Michigan PBB Registry for their participation and engagement with the 
research studies over the past 40 years, to the Michigan Department of Health and Human Services, which had the 
foresight to create the registry, and to our community partners (PBB Citizen Advisory Board, Pine River Superfund 
Citizen Task Force, and the Mid-Michigan District Health Department) who continue to provide guidance and 
insight to the Michigan PBB Research Team.

This work was supported by the National Institute of Environmental Health Sciences (NIEHS) research grants 
[R01ES012014, R01ES025775, R24ES028528, and R21ES023927]; NIEHS training grant [T32ES012870]; NIEHS 
center grant [P30ES019776]; and also the US Centers for Disease Control and Prevention.

Abbreviation footnote

GM geometric mean

GSD geometric standard deviation

LOD limits of detection

NHANES the National Health and Nutrition Examination Survey

PBB polybrominated biphenyl

PBDE polybrominated diphenyl ether

PCB polychlorinated biphenyl

POP persistent organic pollutant
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Highlight

• The people in the Michigan PBB Registry still have higher serum PBB-153 

levels compared to the general US population 40 years after the 

contamination incident.

• The people born after the contamination incident began also have higher 

average serum PBB-153 levels compared to the general US population (of the 

same age group and similar sampling year).

• Serum PBB-153 levels among the former chemical workers, family of former 

chemical workers, and people who lived on PBB-contaminated farms or 

received food from contaminated farms remain higher than other Michigan 

residents. All groups of Michigan residents tested have higher PBB-153 

serum levels than the US population as a whole.

• Some demographic groups within the PBB Registry have higher serum PCB 

and PBDE levels compared to the general US population.
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Figure 1. 
Scatter plots of log10-transformed serum levels and sampling age stratified by sex, including 

a locally weighted regression fitted line.
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Figure 2. 
Geometric means and 95% confident intervals of serum levels by exposure groups in the 

Michigan PBB Registry participants who were born before the incident began (2012-2015) 

and non-Hispanic whites in NHANES (2003-2004) (Notes: a log10 scale is presented on the 

y-axis of (a), whereas (b) and (c) are numeric scales)
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Figure 3. 
Geometric means and 95% confident intervals of serum levels by sex and sampling age in 

the Michigan PBB Registry participants (2012-2015) and non-Hispanic whites in NHANES 

individual samples (2003-2004). (Notes: a log10 scale is presented on the y-axis of (a), 

whereas (b) and (c) are numeric scales; * p-value < 0.05)
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Figure 4. 
Arithmetic means and 95% confidence intervals of serum levels by sampling age in the 

Michigan PBB Registry participants (2012-2015) and non-Hispanic whites in NHANES 

pooled samples (2011-2014). (Notes: a log10 scale is presented on the y-axis of (a), whereas 

(b) and (c) are numeric scales)
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Table 1.

Demographic and lifestyle characteristics of the Michigan PBB Registry participants with PBB, PCB, and 

PBDE measurements, 2012-2015 (N=862).

Characteristics
PBBs

(N=861)
a

PCBs
(N=832)

PBDEs
(N=358)

N (%)

Sex

 Female 478 (55) 464 (56) 200 (56)

 Male 383 (44) 368 (44) 158 (44)

Sampling age (year)

 7-20 37 (4.3) 35 (4.2) 13 (3.7)

 20-29 90 (10) 89 (11) 37 (10)

 30-39 114 (13) 110 (13) 61 (17)

 40-49 162 (19) 155 (19) 77 (22)

 50-59 197 (23) 186 (22) 97 (27)

 60-88 258 (30) 254 (31) 70 (20)

Exposure groups

 Chemical workers 69 (8.3) 69 (8.6) 0 (0)

 Family members of chemical workers 95 (11) 95 (12) 1 (0)

 Farm/food family 237 (29) 221 (27) 209 (63)

 Other residents 183 (22) 183 (23) 9 (2.7)

 Born after incident began 245 (30) 238 (30) 112 (34)

Race/Ethnicities

 Non-Hispanic white 668 (94) 648 (94) 228 (98)

 Other 39 (5.5) 38 (5.5) 4 (1.7)

Smoking status

 Non-smoker 399 (57) 386 (57) 151 (66)

 Past smoker 183 (26) 179 (27) 45 (20)

 Current smoker 115 (16) 110 (16) 34 (15)

BMI (kg/m2)
b

 <18.5 3 (0.7) 3 (0.7) 2 (1.0)

 18.5-24.9 124 (28) 125 (29) 53 (27)

 25.0-29.9 142 (31) 135 (31) 65 (33)

 ≥30 181 (40) 169 (39) 80 (40)

Where were you living between 1973 and 1974?

 Not on a farm 269 (44) 265 (44) 30 (19)

 Quarantined farm
c 72 (12) 69 (11) 39 (25)

 Non-quarantined farm 88 (14) 85 (14) 23 (15)

 I am not sure 24 (3.9) 24 (4.0) 5 (3.2)

 Born in 1975 or after 161 (26) 160 (27) 61 (39)

Do you know if you ate any foods contaminated with PBB (such as milk, eggs, other dairy products, 
or meat)?
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Characteristics
PBBs

(N=861)
a

PCBs
(N=832)

PBDEs
(N=358)

N (%)

 Definitely not 33 (5.4) 33 (5.5) 13 (8.4)

 Definitely 129 (21) 124 (21) 62 (40)

 Probably 114 (19) 113 (19) 18 (12)

 I don't know 334 (55) 330 (55) 61 (40)

Parity (after incident began)

 0 67 (29) 65 (29) 31 (33)

 1 34 (15) 34 (15) 13 (14)

 2-6 129 (45) 126 (56) 49 (53)

Breastfeeding (after incident began)

 No 111 (48) 109 (48) 43 (46)

 Yes 119 (52) 116 (52) 50 (54)

Abbreviation: N, sample number; %, the percentage of a sample number in the group in relation to the non-missing number.

a
The numbers of available serum measurements are different for each chemical. The total study population is 862 with one participant having 

PBDE but not PBB or PCB measurements.

b
BMI is only available for adults (age ≥ 18).

c
Farms quarantined because of PBB contamination.
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Table 2.

Distribution of serum PBB, PCB and PBDE congeners (ng/mL) among the Michigan PBB Registry 

participants.

Chemical
(ng/mL) N %>LOD P25 P50 P75 P95 Max

GM
a

(95%
CI)

Polybrominated biphenyl

 PBB-77 861 7.4% <LOD <LOD <LOD 0.01 0.34 -

 PBB-101 861 7.9% <LOD <LOD <LOD 0.01 0.60 -

 PBB-153 861 92% 0.06 0.26 0.63 3.9 236 0.17 (0.14, 0.10)

 PBB-180 861 0.4% <LOD <LOD <LOD <LOD 0.31 -

Polychlorinated biphenyl

 PCB-118 832 100% 0.03 0.06 0.11 0.29 0.89 0.06 (0.05, 0.06)

 PCB-138 861 100% 0.09 0.21 0.40 1.1 3.3 0.20 (0.18, 0.21)

 PCB-153 861 100% 0.11 0.25 0.45 1.1 2.7 0.22 (0.20, 0.23)

 PCB-180 861 100% 0.08 0.19 0.34 0.75 4.9 0.16 (0.14, 0.17)

 ΣPCB4
b 832 - 0.34 0.74 1.3 3.1 8.1 0.64 (0.60, 0.69)

 ΣPCB4 (pmol/mL) 
b,c 832 - 0.91 2.0 3.6 8.6 22 1.8 (1.7, 1.9)

 ΣPCB3
b 861 - 0.30 0.67 1.2 3.0 7.6 0.58 (0.54, 0.62)

 ΣPCB3 (pmol/mL) 
b,c 861 - 0.80 1.8 3.2 8.0 21 1.6 (1.5, 1.7)

Polybrominated diphenyl ether

 PBDE-47 358 92% 0.10 0.21 0.42 1.3 18 0.19 (0.18, 0.21)

 PBDE-85 358 2.0% <LOD <LOD <LOD <LOD 0.16 -

 PBDE-99 358 45% <LOD <LOD 0.03 0.11 2.9 -

 PBDE-100 358 38% <LOD <LOD 0.02 0.10 1.6 -

 PBDE-153 358 5.3% <LOD <LOD <LOD 0.05 0.51 -

 ΣPBDE3
b 358 - 0.11 0.23 0.49 1.6 23 0.21 (0.19, 0.23)

 ΣPBDE3 (pmol/mL) 
b,c 358 - 0.23 0.45 0.99 3.2 45 0.43 (0.39, 0.47)

Abbreviation: N, sample number; LOD, limit of detection; P25, the 25th percentile; GM, geometric mean; CI, confidence interval.

a
Geometric means were not calculated for congeners with detection frequencies <60% (For the congeners with detection frequencies ≥60%, the 

values below LOD were replaced by LOD/√2, and the congeners with detection frequencies <60%, were substituted with zero).

b
ΣPCB4 was calculated by adding PCB-118, 138, 153, 180; ΣPCB3: PCB-138, 153, 180; ΣPBDE3: PBDE-47, 99, 100.

c
Sums on the molar basis. Molar sums were calculated by dividing the concentration of each congener by its molecular weight, multiplying by 

1,000 to convert nmol/mL to pmol/mL, and then summing the congeners.
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Table 3.

Pearson correlation coefficients of log10-transformed serum PBB, PCB, and PBDE congeners.

PBB-153 PCB-118 PCB-138 PCB-153 PCB-180 PBDE-47

PBB-153 1.00 0.33* 0.37* 0.43* 0.56* 0.09

PCB-118 - 1.00 0.85* 0.84* 0.74* 0.30*

PCB-138 - - 1.00 0.99* 0.89* 0.32*

PCB-153 - - - 1.00 0.93* 0.32*

PCB-180 - - - - 1.00 0.26*

PBDE-47 - - - - - 1.00

*
P-value < 0.001.
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Table 4.

Adjusted associations between log10-transformed serum PBB-153, ΣPCB4, and ΣPBDE3 levels and the main

Predictors PBB-153 
a,b

Born before
incident began

(N=579)

PBB-153 
a

Born after
incident began

(N=244)

ΣPCB4 
a,b,c

(N=801)
ΣPBDE3 

a,b,c

(N=352)

10β (95% CI) 10β (95% CI) 10β (95% CI) 10β (95% CI)

Sex 1.00 1.00 1.00 1.00

 Female 2.27 (1.81, 2.83)* 1.24 (0.81, 1.89) 1.41 (0.98, 2.04) 1.11 (0.86, 1.44)

 Male

Sampling age (year) 1.03 (1.02, 1.04)* 1.07 (1.04, 1.10)* 1.04 (1.04, 1.05)* 1.01 (1.00, 1.03)*

Sampling age × sex

 Sampling age × female - - 1.00 -

 Sampling age × male 0.99 (0.99, 1.00)*

Serum lipids (mg/dL)
d 1.14 (1.02, 1.27)* 0.94 (0.76, 1.16) 1.02 (0.96, 1.08) 0.96 (0.83, 1.11)

Exposure groups

 Other residents 1.00
1.00

e

 Chemical workers 2.85 (1.93, 4.21)* 0.83 (0.65, 1.07)
1.00

e-f

 Family of chemical workers 2.05 (1.49, 2.84)* - 1.00 (0.82, 1.22) -

 Farm/food family 2.68 (2.08, 3.44)* 1.02 (0.88, 1.18) 1.19 (0.80, 1.76)

Abbreviation: N, sample number of the model; 10β, exponentiated β-coefficients represent the multiplicative change in serum levels for a one-unit 
change or comparing to the reference group; CI, confidence interval.

a
The measurements below LOD were imputed by a lognormal probability distribution and maximum likelihood estimation.

b
PBB-153 and ΣPBDE3 models were adjusted for sex, sampling age, serum lipids, and exposure groups; ΣPCB4 model was adjusted for sex, 

sampling age, interaction of sex and sampling age, serum lipids, and exposure groups.

c
ΣPCB4 was calculated by adding PCB-118, 138, 153, 180; ΣPBDE3: PBDE-47, 99, 100.

d
Serum lipids were centered around the mean and scaled to one standard deviation (SD): 1 SD = 211, 208, 211, 184 mg/dL for the PBB-153 (born 

before), PBB-153 (born after), ΣPCB4, and ΣPBDE3 models.

e
The reference group combines the other residents and the people born after the incident began.

f
The PBDE measurements were not available for chemicals workers (N=0) or family of chemical workers (N=1).

*
P-value < 0.05.
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Table 5.

Adjusted associations between log10-transformed serum PBB-153, ΣPCB4, and ΣPBDE3 and other potential

Predictors
PBB-153

a,b

Born before
incident began

(N=616)

PBB-153
a

Born after
incident began

(N=245)

ΣPCB4 
a,b,c

(N=832)
ΣPBDE3 

a,b,c

(N=358)

10β (95% CI) 10β (95% CI) 10β (95% CI) 10β (95% CI)

Race/Ethnicities

 Non-Hispanic white 1.00 1.00 1.00 1.00

 Other 0.89 (0.55, 1.45) 0.89 (0.35, 2.28) 0.92 (0.71, 1.20) 1.59 (0.54, 4.72)

Smoking status

 Non-smoker 1.00 1.00 1.00 1.00

 Past smoker 0.97 (0.75, 1.25) 0.61 (0.33, 1.10) 1.02 (0.88, 1.18) 0.70 (0.49, 1.02)

 Current smoker 1.12 (0.79, 1.58) 0.53 (0.32, 0.90)* 1.07 (0.90, 1.26) 0.76 (0.50, 1.16)

BMI (kg/m2)
d 0.98 (0.96, 1.00) 0.97 (0.94, 1.00) 0.99 (0.98, 1.01) 1.00 (0.98, 1.02)

Where were you living between 1973 and 1974?

 Not on a farm 1.00 1.00 1.00

 Quarantined farm
e 1.56 (1.10, 2.20)* 0.93 (0.75, 1.15) 1.17 (0.67, 2.05)

 Non-quarantined farm 1.11 (0.82, 1.51) -g 1.03 (0.85, 1.25) 1.27 (0.68, 2.39)

 I am not sure 1.03 (0.56, 1.87) 1.06 (0.75, 1.48) 2.32 (0.79, 6.88)

 Born in 1975 or after -f 0.81 (0.64, 1.04) 0.88 (0.45, 1.74)

Do you know if you ate any foods contaminated with PBB 
(such as milk, eggs, other dairy products, or meat)?

 Definitely not 1.00 1.00 1.00 1.00

 Definitely 2.44 (0.66, 9.01) 1.43 (0.19, 10.56) 0.88 (0.64, 1.21) 1.12 (0.51, 2.43)

 Probably 1.81 (0.49, 6.75) 0.71 (0.29, 1.77) 1.01 (0.74, 1.39) 1.55 (0.66, 3.62)

 I don't know 2.01 (0.55, 7.37) 0.57 (0.29, 1.13) 1.00 (0.74, 1.33) 1.15 (0.56, 2.43)

Abbreviation: N, sample number; 10β exponentiated β-coefficients represent the multiplicative change in serum levels for a one-unit change or 
comparing to the reference group; CI, confidence interval.

a
The measurements below LOD were imputed by a lognormal probability distribution and maximum likelihood estimation.

b
PBB-153 and ΣPBDE3 models were adjusted for sex, sampling age, serum lipids, and exposure groups; ΣPCB4 models were adjusted for sex, 

sampling age, interaction of sex, and sampling age, serum lipids, and exposure groups. Serum lipids were centered around the mean and scaled to 
one standard deviation (SD).

c
ΣPCB4 was calculated by adding PCB-118, 138, 153, 180; ΣPBDE3: PBDE-47, 99, 100.

d
BMI is only available for adults (age ≥ 18).

e
Farms quarantined because of PBB contamination.

f
Not applicable due to the limited sample size for this category (n=1).

g
Not applicable because most were born in 1975 or after.

*
P-value < 0.05.
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