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BACKGROUND: In 1973–1974, Michigan residents were exposed to polybrominated biphenyls (PBBs) through an accidental contamination of the food
supply. Residents were enrolled in a registry assembled after the incident, and they and their children participated in follow-up studies to assess subse-
quent health outcomes.

OBJECTIVES: We evaluated associations between serum PBBs and polychlorinated biphenyls (PCBs) and markers of thyroid function among
Michigan adults.

METHODS: Serum concentrations of four PBB and four PCB congeners were measured at least once in 753 adults, including 79 women who partici-
pated in a 2004–2006 study and 683 women and men with follow-up during 2012–2015. Participants completed questionnaires on health conditions
(including physician-diagnosed thyroid disease), behaviors, and demographics. Thyroid hormones were measured in a subset without thyroid disease
(n=551). In multivariable linear regression models, PBB and PCB congener concentrations, on both the volume (nanogram/milliliter) and lipid (na-
nogram/gram lipid) basis, were assessed in relation to thyroid hormones. Logistic regression models were used to estimate associations between se-
rum PBBs and PCBs and thyroid disease.
RESULTS: Thyroid disease was common (18% overall; 25% among women). Among women, all odds ratios (ORs) for PBB-153 and thyroid disease
were positive for quintiles above the reference level, but estimates were imprecise and were without a monotonic increase. For an interquartile range
(IQR) increase in PBB-153 (0:43 ng=mL), the OR ðany thyroid diseaseÞ=1:12; (95% CI: 0.83, 1.52) (n=105 cases); for hypothyroidism, OR=1:35
(95% CI: 0.86, 2.13) (n=49 cases). There were 21 cases of thyroid disease in men [OR=0:69 (95% CI: 0.33); 1.44 for an IQR increase (0:75 ng=mL)
in serum PBB-153]. PCB congeners were statistically significantly associated with greater total and free thyroxine and total triiodothyronine among
women and with total and free triiodothyronine among men in lipid-standardized models.
CONCLUSIONS: We found some evidence to support associations of PBBs and PCBs with thyroid disease and thyroid hormone levels. https://doi.org/
10.1289/EHP1302

Introduction
Polybrominated biphenyls (PBBs) and polychlorinated biphenyls
(PCBs) are classes of persistent organic pollutants that were used
as flame retardants in the manufacturing of plastics and electron-
ics (ATSDR 2004) and as coolants in electrical transformers and
capacitators (ATSDR 2000), respectively. Although PBBs and
PCBs have not been in production in the United States since the
1970s, exposure to these compounds is still widespread owing to
their environmental and biological persistence (Xue et al. 2014). In
addition, because of their structural similarities and shared toxico-
logical features with other ubiquitous chemical flame retardants,
such as polybrominated diphenyl ethers (PBDEs) and others that
are currently produced, research on these compounds may shed light
on the potential health effects of exposure to their newer derivatives
(Birnbaum and Staskal 2004). Experimental evidence suggests that
exposure to halogenated compounds such as PBBs and PCBs may

interfere with the endocrine system and specifically with thyroid
function (Allen-Rowlands et al. 1981; Brouwer et al. 1999; Byrne
et al. 1987), but the body of literature among humans has yielded
inconsistent results [as reviewed by Hagmar 2003; Salay and
Garabrant 2009).

In 1973–1974, millions of people from across the state of
Michigan were exposed to PBBs through an accidental contami-
nation of the food supply (Brilliant et al. 1978; Wolff et al. 1982).
The Velsicol Chemical Company shipped PBB mixtures instead
of livestock feed supplement to the Farm Bureau Services feed
mill; these mixtures were then distributed to farms and retail out-
lets throughout the state and were subsequently incorporated into
cattle, chicken, pig, and sheep feed (Carter 1976; Fries 1985).
Due to the common practice of eating locally raised livestock
and livestock products in this area, people were exposed through
direct consumption of the tainted products including meat from
the animals, eggs, and dairy products (Kay 1977). In subsequent
generations, people were exposed through breastfeeding and
in utero transfer (Joseph et al. 2009). Directly following the epi-
sode, the Michigan Department of Health enrolled approximately
6,000 individuals in a registry to measure baseline PBB and PCB
concentrations and to monitor long-term health outcomes
(Landrigan et al. 1979). Persons eligible for inclusion in the regis-
try lived on or received food from farms quarantined by the
Michigan Department of Agriculture after the contamination was
discovered or were Velsicol workers and members of their house-
holds. This cohort of exposed individuals and their children has
now been followed for >40 y.

Evidence of possible health effects has been noted in these
registry participants and in their children, specifically among
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women of reproductive age: registry members with greater PBB
concentrations (compared with those with lower concentrations)
were found to have increased odds of miscarriage (Small et al.
2011), shorter menstrual cycles and longer menstrual periods
(Davis et al. 2005), earlier menarche in girls (Blanck et al. 2000),
and later pubertal development in boys (Small et al. 2009). In
conjunction with evidence from studies suggesting that women
with thyroid dysfunction are at increased risk of miscarriage (Liu
et al. 2014), menstrual function perturbations such as anovulation
and menorrhagia (Krassas et al. 1999), and altered timing of
pubertal development (Doufas and Mastorakos 2000), the results
from previous studies in the Michigan cohort (Blanck et al. 2000;
Davis et al. 2005; Small et al. 2009; Small et al. 2011) have moti-
vated the hypothesis that the thyroid may be a target for PBB toxic-
ity in humans. Animal data provide biologic support for this
hypothesis, with studies consistently showing decreases in total thy-
roxine (T4) and triiodothyronine (T3) (Allen-Rowlands et al. 1981;
Byrne et al. 1987; Gupta et al. 1983) and increases in thyroid
weights (Ringer and Polin 1977; Ringer 1978; Werner and Sleight
1981) associated with PBB exposure. However, to our knowledge,
only two epidemiologic investigations of the association between
PBBs and thyroid function have been published, and both involved
the Michigan livestock feed contamination (Bahn et al. 1980; Yard
et al. 2011). Bahn et al. (1980) reported that men who were occupa-
tionally exposed to PBBs were more likely to have prevalent hypo-
thyroidism [high thyroid-stimulating hormone (TSH) and low total
and free T4 outside of population references] as well as elevated
levels of thyroid peroxidase antibodies compared with age-matched
controls without occupational exposure to PBBs (4 cases/35
exposed individuals vs. 0 cases/89 controls). A subsequent study
conducted among members of the original Michigan PBB Registry
who were exposed through consumption of contaminated food
examined associations between enrollment PBB and PCB levels
and self-reported thyroid disease, which was obtained through
follow-up that occurred in intervals between 1991 and 2006 (Yard
et al. 2011). This nested case–control study found that among
women (212 cases, 844 controls) and men (47 cases, 1,761 con-
trols), thyroid disease was not associated with tertiles of enrollment
PBB or PCB concentrations compared with those with concentra-
tions below the limit of detection (LOD). However, these two epide-
miologic studies were limited by small sample size, particularly in
the case of Bahn et al. (1980); in the Yard et al. (2011) study, limita-
tions included early exposure assessment methodologies that were
used to determine baseline PBB and PCB concentrations at the time
of the contamination incident and a lack of other biomarker meas-
urements including thyroid hormones.

In the present study, we investigated the association between
PBB and PCB exposure and thyroid function among individuals in
the Michigan PBB Registry with the addition of key biologic meas-
ures assessed using more sensitive methods than those used in pre-
vious investigations, including current serum PBB, PCB, and lipid
concentrations; circulating thyroid hormone concentrations; and in a
subset, urinary iodine concentrations. The purpose of this study was
to examine the association between serum PBB and PCB concentra-
tions and measures of thyroid function in adults from the Michigan
cohort, including investigation of overt thyroid disease, thyroid hor-
mone concentrations, and in a subset of women, whether these asso-
ciations were stronger among the iodine deficient.

Methods

Data Collection
The original PBB registry consisted of a heterogeneous group:
residents of farms that were classified as quarantined by the
Michigan Department of Health based on PBB levels in any

sample of meat, eggs, or milk that were above a specified limit;
those who had received meat, eggs, or dairy products directly
from quarantined premises in 1973 or 1974; workers who had
been occupationally exposed to PBBs in a chemical manufac-
turing plant in Michigan and members of their households; resi-
dents on farms with low-level PBB contamination; “self-
referred” individuals who had either resided on farms identified
as being contaminated by PBBs at levels below quarantine lim-
its or who had eaten food produced on such farms; and “self-
referred” volunteers who had no documented connection with
contaminated farm premises but likely consumed contaminated
farm products that were distributed throughout the state (Landrigan
et al. 1979). Offspring of women in the original registry were sub-
sequently enrolled (oral communication, H. Humphrey, environ-
mental epidemiologist, Michigan Department of Public Health,
November 1995).

Participants were recruited for this study from the original
PBB Registry in two phases (see Figure S1). In the first phase
(2004–2006), the Michigan Department of Health recruited
women from the PBB registry (from all subgroups) for a blood
draw, targeting women who were particularly highly exposed to
PBB based on their enrollment levels. These women also com-
pleted a computer-assisted telephone interview close to the time
of the blood draw that included questions about medical history
(particularly with regard to endocrine-sensitive end points, such
as thyroid disease), current medication use, demographics, and
other lifestyle information. The second phase started in 2012:
Members from all subgroups of the original PBB Registry were
mailed invitations to attend community meetings held throughout
the state, where study recruitment was conducted between 2012
and 2015. Community meetings were also advertised in the local
press; thus, individuals from the original registry as well as others
attended and subsequently participated in the study. Eligibility
criteria to participate in this phase of recruitment of the study
were at least one of the following: individuals who lived in the
state of Michigan during the time of the contamination (1973–
1974) or who were offspring of those who lived in the state dur-
ing that time. Participation in the study entailed a blood draw that
was used to determine PBB and PCB concentrations; completion
of online health questionnaires, which included details on medi-
cal history (including reporting of physician-diagnosed thyroid
disease and age at diagnosis), current medication use, behaviors,
and demographics; and anthropometric measurements (height
and weight) conducted by study staff, from which body mass
index (BMI) was derived. BMI was missing for 34% (n=255)
because a substantial proportion of individuals did not participate
in the physical measurements.

Directly following their overall study participation (blood
draw and questionnaire), subsets of women from Phase 1 and
Phase 2 were separately recruited to participate in a study meas-
uring menstrual cycle function. Those who were premenopausal,
who were not pregnant or lactating, who were not taking hormo-
nal medications, and who were never diagnosed with a
reproductive-area cancer or received cancer treatment were eligi-
ble. Women collected daily first-morning-urine samples over
three menstrual cycles, and the samples were analyzed to obtain
iodine concentrations.

A small proportion of individuals (6%) participated in the
study more than once (n=36, 2 times; n=6, 3 times) over
the course of the two recruitment phases by attending multiple
recruitment events; thus, their blood was drawn for exposure
assessment each time. Repeat participants consisted of the fol-
lowing: those who participated between 2004 and 2006 and again
between 2012 and 2015 (n=9; four of these participated in
2004–2006 and twice between 2012 and 2015), and those who
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participated multiple times between 2012 and 2015 only (n=33).
There were no additional eligibility criteria for participating mul-
tiple times. Cluster size was not informative with respect to expo-
sure or outcome. Informed consent was obtained from each
individual before participation. Study protocols were approved
by the Institutional Review Board at Emory University.

Thyroid Disease
Thyroid disease status and age at diagnosis were derived from
self-report of physician-diagnosed disease on the question-
naire (n=128), and we additionally classified individuals who
had TSH and total or free T4 outside of clinical reference
ranges (TSH=0:3–5:0 lIU=mL; total T4 = 5–12 lg=dL; free
T4 = 0:7–2:0 ng=dL) as having thyroid disease (n=7) (Braverman
and Cooper 2012). Two women who participated in both Phase 1
and Phase 2 developed thyroid disease between these time
points and were included as noncases and as cases in the analy-
sis, respectively. Thyroid disease included any thyroid disorder
including hypothyroidism; hyperthyroidism; other diagnoses
including Hashimoto’s thyroiditis, Graves’ disease, and thyroid
nodules; and instances where the participant did not specify the
type. Among women, analyses were repeated restricting the
outcome to hypothyroidism.

Exposure Analyses
Blood samples were collected via venipuncture, processed to
isolate the serum, and stored at −20�C until analysis. In
batches between March 2013 and June 2015, serum samples
were analyzed for target PBB (77, 101, 153, and 180) and PCB
(118, 138, 153, 180) congeners using gas chromatography–
tandem mass spectrometry (GC-MS/MS; Agilent Technologies;
Agilent 7890A gas chromatograph coupled to an Agilent 7000B
tandem mass spectrometer) at the Laboratory for Exposure
Assessment and Method Development in Environmental Research
(LEADER) at Emory University’s Rollins School of Public Health.
Detailed laboratory methods have been described previously
(Marder et al. 2016). Briefly, samples were subjected to liquid-
liquid extraction followed by solid-phase extraction before instru-
mental analysis using GC-MS/MS in multiple reaction monitoring
mode. Quantification was performed using isotope-dilution calibra-
tion covering a concentration range of 0:005–12:5 ng=mL. LODs,
which were extrapolated from standard injections, were defined as
the lowest standard concentration at which the signal:noise ratio
was >3. Estimated detection limits for all target compounds ranged
from 0:001–0:006 ng=mL. PCB-118 concentrations could not be
reported for 99 samples (12.4%) , including all samples collected in
Phase 1, due to unstable retention times on the laboratory instru-
ment, which was caused by clipping of the peak such that it was
outside the acquisition window.

For analyses, PCB congeners were considered individually as
well as summed by the degree of ortho-substitution (Safe 1993)
based on the hypothesis that chemical structure is a main determi-
nant of PCB-induced thyroid disruption. The di-ortho chlorinated
congeners (PCB-138, 153, and 180) were summed (

P
PCB), and

PCB-118, as the only mono-ortho chlorinated congener meas-
ured, was considered separately. PBB-153 was the only PBB
congener detected in >10% of the samples; therefore, no group-
ings of PBB congeners were considered.

Lipid Analyses
Total serum triglyceride content was measured using an Abnova
Triglyceride Quantification Assay Kit (Abnova Corporation), and
total cholesterol content was measured using a Cayman Cholesterol
Assay Kit (Cayman Chemical Company) according to the

manufacturers’ instructions. Total lipids were calculated using con-
ventional methods based on these individual lipid components
(Phillips et al. 1989).

Hormone Analyses
Participants without a history of thyroid disease at the time of
blood draw and who reported no current thyroid medication
use were tested for thyroid hormones. Thyroid hormones
(TSH, total and free T4, and total and free T3) were analyzed
at the Emory Clinical Translational Research Laboratory with
a Beckman Coulter Access II chemiluminescent immunoassay
analyzer (Beckman Coulter). Analyses were conducted as
directed by the manufacturer. Daily quality control (QC) sam-
ples were run before and after all study samples, and blinded
controls were run throughout. If QC samples were more than
two standard deviations from the expected values, the assay
was repeated.

Urinary Iodine Analyses
A subset of women (n=28 from Phase 1 and n=52 from Phase
2) also participated in a study examining menstrual cycle func-
tion, which involved daily collection of urine samples for three
months directly following their blood draw for this study.
Women were eligible for this study if they were premenopausal,
were not pregnant or lactating, were not currently taking hormo-
nal medication, and had never had a reproductive cancer or treat-
ment for any cancer. Because it has been shown that 10 to 14
urinary iodine measurements are needed to estimate individual
iodine status with 20% precision owing to the high degree of
within-person variability in spot urine samples (Andersen et al.
2008; König et al. 2011), we pooled equal volumes from 14 con-
secutive urine samples for each woman and measured iodine and
creatinine concentrations in the pooled sample. The samples
selected for pooling were those that were collected closest in
time to the blood draw to approximate iodine status at the time
thyroid hormones were measured. One woman participated twice
such that she had two iodine concentrations (Phase 1 in 2004 and
Phase 2 in 2013).

Iodine was determined in diluted samples by inductively
coupled plasma–mass spectrometry (ICP-MS) and incorporated
an octopole collision cell to reduce interference from polyatomic
species. Quantitation was based on the use of internal standards,
and a calibration curve was generated using a matched synthetic
matrix. Urinary creatinine was measured using a colorimetric
method based on the modified Jaffe reaction (Taussky 1954).
Creatinine levels were used to adjust urinary iodine concentra-
tions for urine flow rate. The lower limits of quantification were
100 mg creatinine=L and 20 lg iodine=L (NMS Labs).

Statistical Analyses
The distribution of exposure was explored, and geometric means
(GMs) were calculated for PBB-153, for each PCB congener
(PCB-118, 138, 153, and 180), and for

P
PCB (di-ortho) by thy-

roid disease status and for each covariate stratum. To estimate the
association between serum PBBs and PCBs and thyroid disease
prevalence, we fit logistic regression models with PBBs and
PCBs considered as natural log–transformed continuous variables
(to reduce the influence of extreme outliers), and we report asso-
ciations for interquartile range (IQR) increases in ln-transformed
concentrations as well as for quintiles. IQRs and quintiles were
calculated separately for women and men. Models were adjusted
for the following covariates that were identified a priori based on
the literature and on our conceptualized directed acyclic graph
(see Figure S2): lipids, age (18–29, 30–39, 40–49, 50–59,
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≥60 y), study phase (2004–06; 2012–15), and smoking status
(current, former, never). Those who reported thyroid disease
before the contamination episode were excluded from analyses
with PBB-153 because these cases were likely due to other fac-
tors; however, they were included in all PCB analyses. In addi-
tion, all analyses were stratified by sex owing to the different
PBB and PCB exposure distributions and to known differences
in thyroid physiology between women and men as well as to
greater baseline risks of thyroid dysfunction among women
compared with men (Adlersberg and Burrow 2002). We did not
control for BMI because BMI may be a consequence of overt
thyroid dysfunction (Dale et al. 2001; Tzotzas et al. 2000):
Hypothyroid and hyperthyroid patients often present with
weight gain or loss, respectively (Fox et al. 2008). In models
for hypothyroidism (among women only), those missing thyroid
disease type were excluded from the model, and those with
other specified disease types (e.g., hyperthyroidism) were con-
sidered to be noncases.

Among adults with no history of physician-diagnosed thyroid
disease or current thyroid medication use, we fit multivariable
linear regression models to estimate the associations between se-
rum PBB and PCB concentrations and thyroid hormones. We fit
separate models for each thyroid hormone and for each PBB and
PCB congener with a detection frequency >90% (PBB-153 and
PCB-118, 138, 153, and 180) as well as for

P
PCB (di-ortho),

both as natural log–transformed continuous variables and as dec-
iles. Deciles were chosen a priori because for PBB-153 concen-
trations, the 10th percentile represents background levels in the
general U.S. population per NHANES (GM=0:01 ng=mL)
(CDC 2004). TSH was natural log–transformed for normalization
because there is evidence to suggest that TSH concentrations
change on the logarithmic scale as opposed to the additive scale
and are lognormally distributed (Demers and Spencer 2003). All
regression models with hormone outcomes were controlled for
lipids, age (18–29, 30–39, 40–49, 50–59, ≥60 y), current smok-
ing status (yes, no), and time of blood collection (morning, mid-
day, afternoon/evening). Study phase was not controlled for
because it was not associated with the outcome. In the case of
missing covariate data, all analyses were conducted using com-
plete case analysis. Associations were evaluated by statistical sig-
nificance at a=0:05.

In analyses of PBB-153, measurements below the LOD were
imputed using a distribution-based maximum likelihood tech-
nique (Chen et al. 2011; Lubin et al. 2004) whose parameters (l,
r2) were estimated assuming a lognormal probability distribution
and based on the proportion of measures below the LOD. To
incorporate uncertainty in the maximum likelihood estimates, we
generated 10 sets of distribution parameters and imputed values
below the LOD based on each set of parameters, creating 10
complete data sets (Chen et al. 2011; Lyles et al. 2001). Finally,
we used the SAS procedure PROC MIANALYZE to generate
summary regression coefficients, standard errors, and 95% confi-
dence intervals (CIs) (Little and Rubin 2002).

Owing to the small proportion of repeat participants, in all
analyses (for thyroid hormones as well as for thyroid disease), we
used generalized estimating equations with robust standard errors
to account for the potential correlated nature of their outcomes.
Lastly, in all our analyses, we expressed serum PBBs and PCBs
on the wet weight (volume) basis (nanograms/milliliter serum)
and controlled for lipids as a covariate based on the potential for
serum lipids to act as a confounder because of its association
with time of day (likely due to recently eaten meals), which is
also associated with thyroid hormones, specifically TSH (see
Figure S3); as well as increased statistical flexibility by express-
ing it as a separate term instead of within the denominator of the

PCB or PBB concentration itself (Schisterman et al. 2005).
However, we repeated all analyses with PBBs and PCBs
expressed on the lipid basis (nanograms/gram lipid).

Finally, among the subset for whom iodine was measured
(n=79 individuals, 80 observations), we explored the potential
for effect measure modification of the relationship between PBBs
and PCBs and thyroid hormones by iodine status by fitting mod-
els stratified by iodine status. p-Values were obtained by fitting
linear regression models with a cross-product term and assessing
the p-value of the interaction term at a=0:05. Because analysis
using the cut-off for deficient iodine [<100 lg=g creatinine
(WHO 1994)] was limited by sample size (n=14 iodine defi-
cient), we used the alternative of <150 lg=g creatinine, which is
considered low iodine (Caldwell et al. 2011).

All statistical analyses were performed using SAS (version
9.4; SAS Institute Inc.).

Results

Population Characteristics
A total of 778 adults had their blood drawn and concurrently
completed a health questionnaire during either 2004–2006 or
2012–2015 (or both in some cases). Among them, 3% (n=26)
were missing information on thyroid disease diagnoses and were
subsequently excluded, leaving 753 individuals for this analysis
(801 samples). This study sample consisted of 79 individuals (79
samples) from Phase 1 (all women), 683 individuals (722 sam-
ples) from Phase 2 (385 women and 298 men); 9 individuals (all
women) participated in both phases including 5 women who
participated twice (once in 2004–2006 and once again in 2012–
2015) and 4 women who participated three times (once in 2004-
06 and twice between 2012 and 2015). Among those who partici-
pated between 2012 and 2015 only, 21 and 1 women participated
2 and 3 times, respectively, and 10 and 1 men participated 2 and
3 times, respectively.

The study population was >99% white and had a high preva-
lence of overweight and obesity (69%) and ever smoking (40%)
(Table 1). Most of the samples were collected between 2012 and
2015 (91%) and were from women (all samples from 2004–2006
and 60% overall). The majority (72%) were initially exposed to
PBBs directly by consuming contaminated food (42% before the
age of 16 y), with the remaining 28% likely exposed in utero,
through breastfeeding, or both, because they were born after the
acute contamination episode (after May 1974).

Table 2 shows the distribution of serum PBB and PCB conge-
ner concentrations. PCBs were detected in all participants, and
PBB-153 was detected in the vast majority (93%). PCB conge-
ners were highly correlated (across all pairs of congeners, range
of r=0:77–0:99; p<0:0001) but were less correlated with PBB-
153 (range of r=0:27–0:45; p<0:0001). PBB-77, 101, and 180
were detected in <10% of samples and were excluded from fur-
ther analyses.

Among the 753 participants, 17% (n=128) reported ever
being diagnosed with thyroid disease (including 8 women and
one man who reported a diagnosis before the contamination
ceased in May 1974), and an additional 7 people (6 women, 1
man) had TSH and total or free T4 outside of normal ranges,
meeting the clinical definitions of hypothyroidism or hyper-
thyroidism (18% total) (Table 1). Two women who participated in
2004–06 and again in 2012–15 developed thyroid disease in the
interval between phases and thus were included as both noncases
and cases, respectively, in analyses. Women (vs. men); those older
at interview (vs. younger); obese (vs. overweight or normal); and
never or former smokers (vs. current smokers) were more likely to
report thyroid disease or to be classified as having thyroid disease
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based on laboratory parameters. Those with thyroid disease had
higher GM serum PBB-153 and PCB-118, 138, 153, and 180 con-
centrations (wet weight and nanograms/gram lipid) than those
without thyroid disease.

Geometric mean serum PBB and PCB concentrations
increased monotonically with age at the time of blood draw in
the cohort as a whole (Table 3; see also Table S1) and in sam-
ples from those without thyroid disease who were tested for
thyroid hormones (see Table S2). This correlation between
age and exposure was also clear when comparing GM serum
PBB-153 and PCB congener levels across strata of age at PBB
contamination. However, although those born after the con-
tamination incident had lower PBB-153 concentrations than

those born before 1973, 77% were still above the LOD (com-
pared with 99% and 100% of those ages 0–15 y and ≥16 years
at the contamination, respectively). Men were more highly
exposed to PBBs and to PCB-138, 153, and 180 than women,
and this was particularly true for PBB-153 (GM= 0:24 ng=mL
vs. 0:14 ng=mL). There was no consistent pattern between
PBB-153 and PCB congener concentrations and BMI
categories.

Associations between PBBs/PCBs and Thyroid Disease
Among those with thyroid disease (n=135), the following types
were specified [or were apparent based on thyroid assays

Table 1. Population characteristics and serum polybrominated biphenyl (PBB) and polychlorinated biphenyl (PCB) concentrations by thyroid disease status
among Michigan adults 2004–2015.

Characteristic Total study sample
Thyroid diseasea n=135

(17.9%)b,c
No thyroid disease
n=620 (82.3%)c,d p-Valuee

Exposures [GM; ng/mL (ng/g lipid)]
PBB-153f 0.17 (26.3) 0.22 (33.2) 0.16 (25.0) 0.07 (0.09)
PCB-118 0.05 (7.9) 0.08 (11.5) 0.05 (7.3) <0:01 (<0:01)
PCB-138 0.17 (25.8) 0.22 (33.3) 0.16 (24.4) <0:01 (<0:01)
PCB-153 0.19 (29.0) 0.24 (36.8) 0.18 (27.5) <0:01 (<0:01)
PCB-180 0.14 (20.8) 0.18 (26.5) 0.13 (19.7) <0:01 (<0:01)
RPCB (di-ortho)g 0.51 (76.9) 0.65 (97.7) 0.48 (73.0) <0:01 (<0:01)
Sex [n (%)]
Female 455 (60.4)g 113 (24.8) 344 (75.6) <0:01
Male 298 (39.6)g 22 (7.4) 276 (92.6)
Age (y) at blood draw [n (%)]h

18–29 100 (13.3) 3 (3.0) 97 (97.0) <0:01
30–39 176 (23.4) 19 (10.8) 157 (89.2)
40–49 153 (20.3) 32 (20.9) 121 (79.1)
50–59 150 (19.9) 33 (22.0) 117 (78.0)
≥60 186 (24.7) 49 (26.3) 137 (73.7)

Age (y) at PBB contamination [n (%)]
≥16 at contamination 226 (30.0) 58 (25.7) 168 (74.3) <0:01
0–15 at contamination 315 (41.8) 61 (19.4) 256 (81.3)
Born after contamination 212 (28.2) 16 (7.5) 196 (92.5)
Study years [n (%)]
2004–2006 onlyi 70 (9.3) 4 (5.7) 66 (94.3) <0:01
2012–2015 only 674 (89.5) 128 (19.0) 546 (81.0)
2004–2006 and 2012–2015c 9 (1.2) 3 (33.3) 8 (88.9)
Race/ethnicity [n (%)]
Non-Hispanic white 712 (96.1) 128 (18.0) 586 (82.3) 0.92
Hispanic white 22 (3.0) 3 (13.6) 19 (86.4)
Other 7 (0.9) 1 (14.3) 6 (85.7)
Missing 12 3 9
Body mass indexh,j [n (%)]
≤Normal 155 (31.1) 16 (10.3) 140 (90.3) 0.02
Overweight 156 (31.3) 20 (12.8) 137 (87.8)
Obese 190 (38.2) 42 (22.1) 148 (77.9)
Missing 255 57 198
Smoking statusj [n (%)]
Current smokers 120 (16.1) 14 (11.7) 106 (88.3) 0.11
Former smokers 182 (24.4) 35 (19.2) 147 (80.8)
Never smokers 444 (59.5) 86 (19.4) 360 (81.1)
Missing 7 0 7

Note: GM, Geometric mean. Total study sample: n=753 individuals, n=801 samples.
aIncludes those who specified physician-diagnosed thyroid disease [n=128 (107 women; 21 men)] and those who had thyroid hormone concentrations outside clinically normal ranges
[n=7 (6 women; 1 man)]; includes 8 women and 1 man who reported thyroid disease before PBB contamination; includes 13 (9.1%) hyperthyroid (13 individuals), 66 (46.2%) hypo-
thyroid (60 individuals), 17 (11.9%) other types (15 individuals), and 47 (32.9%) not specified (47 individuals).
b143 samples.
cn=2 women participated in 2004–2006 and again 2012–2015 and developed thyroid disease during that time; thus, these participants are counted in both categories, and percents
sum to >100%.
d658 samples.
eFor comparison between thyroid disease versus no thyroid disease (statistical tests: Student’s t-test using natural log–transformed PBB and PCB levels; chi-squared test for categorical
variables; Fisher’s exact test for categorical variables with sparse cells (expected value of ≥1 cell is n<5).
fn=37 women and 17 men with PBB-153 concentrations below the limit of detection (LOD); GMs for PBB-153 computed after multiple imputation for observations <LOD.
gPCB-138+PCB-153+PCB-180.
hn=36 individuals participated twice, and n=6 individuals participated three times over time; thus, cell counts sum to >753, and percents sum to >100%.
iOnly women participated between 2004 and 2006.
jAssessed at time of blood draw.
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(n=7)]: 13 (9.6%) hyperthyroid (10 women, 3 men), 60 (44.4%)
hypothyroid (52 women, 8 men), 15 (11.1%) other types (14
women, 1 man), and 47 (34.8%) not specified (37 women, 10
men). The average age at thyroid disease diagnosis was 35
(median= 33, range= 10–74) for women and 42 (median= 40,
range= 14–77) for men. Among women, estimated adjusted odds
ratios (aORs) for thyroid disease in association with IQR
increases in ln-transformed serum PBB-153, PCB-118, andP

PCB (di-ortho) concentrations were above the null [e.g.,
OR=1:12 (95% CI: 0.83, 1.52) for a 0:43 ng=mL (IQR) increase
in PBB-153 (Table 4), and in lipid-standardized models,
OR=1:19 (95% CI: 0.88, 1.59) for a 56:7 ng=g lipid (IQR)
increase in PBB-153 (see Table S3)]. Individual PCB congeners
had similar estimates (see Tables S4 and S5) to that of their sum,P

PCB (di-ortho) [e.g., for an IQR increase in PCB-153
(0:27 ng=mL), OR=1:11 (95% CI: 0.75, 1.64) (see Table S4);
for an IQR increase in

P
PCB (di-ortho) (0:74 ng=mL),

OR=1:13 (95% CI: 0.77, 1.68) (Table 4)]. When exposures were
modeled as quintiles, aORs for PBB-153 quintiles 2 through 5
were all >1, although all estimates were imprecise (Table 4). The
aOR for the fourth versus first PBB-153 quintile was statistically
significant [aOR=2:89 (95% CI: 1.1, 7.5)], but the OR for the
fifth quintile [aOR=1:44 (95% CI: 0.53, 3.94)] was closer to the
null than the aOR for the second quintile. Corresponding aORs
for lipid-adjusted PBB-153 (nanograms/gram lipid) were farther
from the null but also imprecise (see Table S3). Thyroid disease
in women did not appear to be associated with PCB congeners
modeled as quintiles. Estimates for PBB-153 and hypothyroidism
in women followed a pattern similar to those for all thyroid dis-
ease but were further from the null for the highest quintiles
[OR=3:43 (95% CI: 1.08, 10.9) for the fourth quintile (14 cases)

compared with the first (8 cases); OR=2:19 (95% CI: 0.67, 7.23)
for the fifth quintile (11 cases)] (Table 4). ORs for hypothyroid-
ism in association with lipid-adjusted PBB-153 (nanograms/gram
lipid) were consistent with those for wet-weight concentrations
(see Table S3).

Men were much less likely to report being diagnosed with
thyroid disease (n=22, 7.4%) including 1 case diagnosed
before the PBB contamination incident and 1 case classified
based on thyroid hormone levels versus a self-reported diagno-
sis. Estimated aORs for thyroid disease in association with
IQR increases in wet-weight serum PBB and PCB concentra-
tions were imprecise, with inverse associations estimated for
PBB-153 [for an IQR increase (0:75 ng=mL), aOR=0:69 (95%
CI: 0.3, 1.4)] and

P
PCB (di-ortho) [for an IQR increase

(0:81 ng=mL), aOR=0:93 (95% CI: 0.4, 2.1)], and a positive
association with PCB-118 [for an IQR increase (0:06 ng=mL),
aOR=1:50 (95% CI: 0.9, 2.5)] (Table 5).

Thyroid Hormones
Among 551 participants who did not report thyroid disease at the
time of their blood draw and were not classified as having thyroid
disease based on thyroid hormone levels, the mean total and free
T3 decreased with age, and GM TSH concentrations were higher
in samples collected in the morning versus afternoon or evening
(see Table S6). In addition, among those for whom urinary iodine
was measured, TSH and total T4 concentrations were greater
among those who were iodine deficient (<100 lg=g creatinine),
although differences were minimal across strata of low iodine
(<150 lg=g creatinine). Lastly, among women, those who
reported hormonal medication use and the few who were

Table 2. Distribution of serum polybrominated biphenyl (PBB) and polychlorinated biphenyl (PCB) congener concentrations among Michigan women, 2004–
2015.

PBB/PCB
congener n

LODa

(ng/mL)
Percent
detection

Minimum
ng/mL

(ng/g lipid)

25th percentile
ng/mL

(ng/g lipid)

Median
ng/mL

(ng/g lipid)

75th percentile
ng/mL

(ng/g lipid)

Maximum
ng/mL

(ng/g lipid)

Meanb

ng/mL
(ng/g lipid)

PBB-77 801 0.005 5.9 <LOD <LOD <LOD <LOD 0.34 (43.2) —
Women 491 2.2 <LOD <LOD <LOD <LOD 0.07 (16.1) —
Men 298 11.6 <LOD <LOD <LOD <LOD 0.34 (43.2) —
PBB-101 801 0.004 7.4 <LOD <LOD <LOD <LOD 0.60 (77.8) —
Women 491 3.9 <LOD <LOD <LOD <LOD 0.11 (19.5) —
Men 298 12.9 <LOD <LOD <LOD <LOD 0.60 (77.8) —
PBB-153 801 0.001 93.3 <LOD 0.07 (9.3) 0.26 (38.2) 0.63 (91.6) 221.4 (27466) 1.73 (279.4)
Women 491 92.5 <LOD 0.06 (8.8) 0.23 (32.6) 0.48 (65.7) 128.0 (22504) 1.25 (215.1)
Men 298 94.5 <LOD 0.07 (12.1) 0.33 (54.3) 0.82 (138.3) 221.4 (27466) 2.50 (381.5)
PBB-180 801 0.006 0.3 <LOD <LOD <LOD <LOD 0.31 (38.5) —
Women 491 0.0 <LOD <LOD <LOD <LOD <LOD —
Men 298 0.7 <LOD <LOD <LOD <LOD 0.31 (38.5) —
PCB-118c 702 0.001 99.7 <LOD 0.03 (4.0) 0.06 (8.0) 0.10 (14.8) 0.89 (199.9) 0.08 (13.2)
Women 402 99.5 <LOD 0.03 (4.1) 0.06 (7.9) 0.11 (16.3) 0.89 (199.9) 0.10 (14.2)
Men 300 100.0 0.003 (0.41) 0.03 (4.0) 0.05 (8.1) 0.09 (13.5) 0.72 (134.7) 0.07 (11.8)
PCB-138 801 0.001 100.0 0.01 (1.3) 0.08 (12.3) 0.19 (26.3) 0.35 (53.5) 2.58 (635.8) 0.27 (42.4)
Women 491 100.0 0.01 (1.3) 0.08 (11.7) 0.18 (24.7) 0.35 (48.6) 2.58 (635.8) 0.26 (40.2)
Men 298 100.0 0.02 (2.6) 0.10 (13.9) 0.20 (29.0) 0.36 (61.6) 2.00 (295.7) 0.27 (45.8)
PCB-153 801 0.002 100.0 0.01 (1.59) 0.10 (15.2) 0.22 (31.3) 0.39 (60.2) 2.22 (486.3) 0.29 (45.1)
Women 491 100.0 0.01 (1.59) 0.09 (13.7) 0.20 (28.4) 0.36 (53.6) 1.97 (486.3) 0.28 (41.2)
Men 298 100.0 0.02 (3.0) 0.12 (17.2) 0.24 (35.8) 0.42 (72.0) 2.22 (336.9) 0.31 (51.3)
PCB-180 801 0.001 100.0 0.01 (0.62) 0.07 (10.5) 0.16 (22.6) 0.28 (41.6) 4.92 (1076.3) 0.21 (34.0)
Women 491 100.0 0.01 (0.62) 0.06 (9.28) 0.14 (19.9) 0.25 (34.7) 1.40 (344.0) 0.18 (27.3)
Men 298 100.0 0.01 (0.91) 0.11 (14.7) 0.20 (31.4) 0.35 (59.5) 4.92 (1076.3) 0.26 (44.7)
RPCB (di-ortho)d 801 — — 0.03 (3.7) 0.27 (39.4) 0.59 (82.7) 1.03 (156.8) 5.95 (1466.2) 0.77 (121.5)
Women 491 0.03 (3.7) 0.22 (35.8) 0.51 (74.7) 0.97 (138.2) 5.95 (1466.2) 0.73 (108.8)
Men 298 0.05 (7.0) 0.31 (48.0) 0.64 (97.3) 1.13 (188.9) 5.49 (1201.2) 0.84 (141.7)

Note: —, Data not calculable; LOD, limit of detection. Cohort of women (n=491 samples, n=455 individuals) and men (n=310 samples, n=298 individuals).
aLOD ranges (nanogram/gram lipid): PBB-77: 0.3–5.7; PBB-101: 0.2–4.6; PBB-153: 0.1–1.1; PBB-180: 0.3–6.9; PCB-118: 0.1–1.1; PCB-138: 0.1–1.1; PCB-153: 0.1–2.3; PCB-180:
0.1–1.1.
bMeans only calculated for congeners where the majority of samples were >LOD.
cPCB-118 was not reportable (missing) for 99 samples owing to unstable retention time on laboratory instrument; including all samples from 2004–2006.
dPCB-138+PCB-153+PCB-180.
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Table 3. Serum polybrominated biphenyl (PBB) and polychlorinated biphenyl (PCB) (nanograms/milliliter serum and nanograms/gram lipid) concentrations
by population characteristics in Michigan adults, 2004–2015.
Characteristics PBB-153 (GM)a ng/mL (ng/g lipid) PCB-118b (GM) ng/mL (ng/g lipid)

P
PCB (di-ortho)c (GM) ng/mL (ng/g lipid)

Sex
Female 0.14* (21.0)* 0.06** (8.1) 0.47* (68.6)*
Male 0.24 (38.0) 0.05 (7.8) 0.58 (92.9)
Age (y) at blood drawd

18–29 0.01* (1.9)* 0.03* (4.7)* 0.27* (44.2)*
30–39 0.08 (13.3) 0.03 (4.7) 0.27 (43.9)
40–49 0.25 (35.6) 0.05 (6.9) 0.46 (67.2)
50–59 0.44 (62.1) 0.06 (9.2) 0.74 (106.2)
≥60 0.53 (81.9) 0.09 (14.2) 1.03 (157.2)

Age (y) at PBB contamination
≥16 at contamination 0.51* (78.4)* 0.09* (13.3)* 0.97* (147.8)*
0–15 at contamination 0.40 (58.9) 0.05 (7.8) 0.49 (73.7)
Born after contamination 0.02 (2.5) 0.03 (4.7) 0.27 (42.2)
Study yearsd

2004–2006 0.99* (174.3)* — 0.29* (50.4)*
2012–2015 0.14 (21.4) 0.05 (7.9) 0.54 (80.8)
Body mass indexd,e,f

≤Normal 0.15 (21.8) 0.04 (5.6)*** 0.40 (60.3)
Overweight 0.12 (18.0) 0.04 (6.2) 0.42 (62.2)
Obese 0.11 (17.6) 0.04 (7.1) 0.40 (62.6)
Smoking statuse,f

Current smokers 0.09* (13.6)* 0.04* (5.6)* 0.43* (66.1)*
Former smokers 0.28 (42.8) 0.06 (9.0) 0.64 (97.4)
Never smokers 0.17 (26.4) 0.06 (8.3) 0.48 (73.1)

Note: —, Data not applicable; GM, Geometric mean. Total: n=753 individuals, n=801 samples. [See Table S1 for information on individual PCB congeners (PCB-138, 153, and 180).]
*p<0:01; **p<0:05; ***p<0:10; p-values computed using Student’s t-tests or analysis of variance (ANOVA) using natural log–transformed PBB and PCB levels for comparison
between categories.
aGMs for PBB-153 computed after multiple imputation for observations <LOD.
bPCB-118 not reportable for 99 (12.4%) of samples owing to unstable retention time on laboratory instrument; includes all samples from 2004–2006 (all women; n=79) and 20 sam-
ples from 2012–2015 (10 women, 10 men).
cPCB-138+PCB-153+PCB-180.
dn=36 individuals participated twice, and n=6 individuals participated three times over time; thus, cell counts sum to >753 and percents sum to >100%.
en=255 missing BMI; n=7 missing smoking status.
fAssessed at time of blood draw.

Table 4. Adjusted odds ratios (aORs) and 95% confidence intervals (95% CIs) for the association between polybrominated biphenyl (PBB)-153, polychlori-
nated biphenyl (PCB)-118 and RPCB (nanograms/milliliter) and thyroid disease among Michigan females, 2004–2015.

Exposure Totalb
All thyroid diseasea Hypothyroidism

n (%)c aOR (95% CI) n (%)d aOR (95% CI)

PBB-153
PBB-153 ln-transformed (D IQR= 0:43 ng=mL)e,f 447 105 (23.5) 1.12 (0.83, 1.52) 49 (11.8) 1.35 (0.86, 2.13)
PBB-153 Q1 (<LOD –≤ 0:03 ng=mL) 100 12 (12.0) 1.00 (Reference) 8 (8.0) 1.00 (Reference)
PBB-153 Q2 (>0:03 –≤ 0:16 ng=mL) 91 22 (24.2) 1.53 (0.63, 3.76) 9 (10.6) 1.22 (0.37, 4.03)
PBB-153 Q3 (>0:16 –≤ 0:30 ng=mL) 88 23 (26.1) 1.30 (0.49, 3.45) 8 (10.3) 1.08 (0.32, 3.64)
PBB-153 Q4 (>0:30 –≤ 0:63 ng=mL) 92 31 (33.7) 2.89 (1.11, 7.49) 14 (17.1) 3.43 (1.08, 10.90)
PBB-153 Q5 (>0:63–128 ðmaximumÞ ng=mL) 87 19 (21.8) 1.44 (0.53, 3.94) 11 (13.6) 2.19 (0.67, 7.23)
PCB-118
PCB-118 ln-transformed (D IQR= 0:07 ng=mL)e 378 107 (28.3) 1.20 (0.89, 1.63) 48 (14.1) 1.39 (0.90, 2.13)
PCB-118 Q1 (<LOD –<0:02 ng=mL) 80 15 (18.8) 1.00 (Reference) 10 (12.7) 1.00 (Reference)
PCB-118 Q2 (≥0:02 –<0:05 ng=mL) 79 20 (25.3) 1.13 (0.48, 2.66) 9 (11.8) 0.72 (0.25, 2.05)
PCB-118 Q3 (≥0:05 –<0:08 ng=mL) 79 19 (24.1) 0.95 (0.40, 2.25) 9 (12.5) 0.69 (0.26, 1.87)
PCB-118 Q4 ≥0:08 –<0:13 ng=mL) 80 25 (31.3) 1.19 (0.52, 2.73) 11 (15.9) 0.98 (0.37, 2.62)
PCB-118 Q5 (≥0:13–0:89 ðmaximumÞ ng=mL) 75 31 (41.3) 1.39 (0.59, 3.27) 11 (18.3) 1.59 (0.57, 4.43)
RPCB (di-ortho)gP

PCB ln-transformed (D IQR=0:74 ng=mL)e 455 113 (24.8) 1.13 (0.77, 1.68) 52 (12.4) 1.46 (0.89, 2.40)P
PCB Q1 (0:03 –<0:19 ng=mL) 96 16 (16.7) 1.00 (Reference) 10 (10.4) 1.00 (Reference)P
PCB Q2 (≥0:19 –<0:41 ng=mL) 94 15 (16.0) 0.77 (0.33, 1.80) 5 (5.5) 0.37 (0.11, 1.32)P
PCB Q3 (≥0:41 –<0:68 ng=mL) 97 26 (26.8) 1.02 (0.46, 2.25) 15 (16.9) 1.20 (0.49, 2.94)P
PCB Q4 (≥0:68 –<1:11 ng=mL) 96 25 (26.0) 0.80 (0.36, 1.80) 9 (10.6) 0.59 (0.22, 1.57)P
PCB Q5 (≥1:11–5:95 ðmaximumÞ ng=mL) 95 36 (37.9) 1.22 (0.56, 2.68) 16 (20.0) 1.70 (0.69, 4.15)

Note: IQR, interquartile range; LOD, limit of detection; Q1–Q5, quintiles 1 through 5. Models for PBB-153 and RPCB (di-ortho) control for lipids, age, study phase, and smoking sta-
tus; models for PCB-118 do not control for study phase because all samples from Phase 1 were not reportable owing to instrumentation error [see Tables S4 and S5 for information on
individual PCB congeners (PCB-138, 153, and 180).]
aIncludes those who specified physician-diagnosed thyroid disease (n=107) and those who had thyroid hormone concentrations outside clinically normal ranges (n=6); includes 10
hyperthyroid, 52 hypothyroid, 14 other types, and 37 type not specified.
bPBB-153 analyses exclude 8 women who were diagnosed with thyroid disease before the contamination event; PCB-118 analyses exclude 88 women (89 samples) who had missing
values owing to unstable retention time on laboratory instrument; RPCB (di-ortho) analyses include all observations.
c30 women participated multiple times, so cell counts may not sum to total.
dHypothyroidism analyses exclude 37 observations owing to lack of information on thyroid disease type (32 in PBB-153 model); these are excluded from denominator of percent calculations.
eAll IQRs and quintiles calculated among women only.
fPBB-153 concentrations below the LOD were imputed using a distribution-based multiple imputation approach.
gPCB-138+PCB-153+PCB-180.
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pregnant at the time of the blood draw had greater total T4 and T3
concentrations.

Associations between PBBs/PCBs and Thyroid Hormones
In linear regression models with the exposures expressed as natu-
ral log–transformed continuous variables, PCB congeners (and
not PBB-153) were associated with modest differences in various
hormones (Table 6). Among women, PCBs (modeled on either
the volume or the lipid basis) were associated with higher total
and free T4 and total T3 concentrations (Table 6; see also Table
S7) [i.e., a natural log–unit increase in RPCB (di-ortho) was asso-
ciated with 0:16 lg=dL greater total T4 (95% CI: −0:03, 0.35),
0:03 ng=dL greater free T4 (95% CI: 0.01, 0.04), and 3:97 ng=dL
greater total T3 (95% CI: 0.53, 7.40)]. The estimates for PCB-118
were greater than those for the other measured PCB congeners in
relation to differences in total T4 and T3 concentrations [a natural
log–unit increase in PCB-118 was associated with 0:23 lg=dL
(95% CI: 0.04, 0.43) greater total T4 and 4:94 ng=dL (95% CI:
2.05, 7.83) greater total T3]. Among men, PCB congeners were
associated with greater total and free T3, although estimated dif-
ferences were larger and were only statistically significant on the
lipid basis (Table 6; see also Table S7). Overall, all estimates cor-
responded to very small relative differences (1–5%) when consid-
ered in conjunction with the distribution of circulating levels of
each thyroid hormone (estimated for total and free T4 and T3
from Table S8 by dividing each beta coefficient by its corre-
sponding median thyroid hormone value).

When PBB-153 and PCBs were expressed as deciles, the
results were largely consistent with the results of the continuous
natural log–transformed analyses (Figure 1; see also Tables S9–
S12). Among women, the positive associations between PCBs
and total and free T4 and T3 largely remained; again, estimates
were largest for PCB-118 (see Tables S9 and S11). For PCB-118
and total T4 among women, estimates increased from the first to
the second decile and subsequently leveled off without further
increases in the upper deciles, whereas estimates for total T3 con-
tinued to increase throughout the upper deciles. However, among
men, there was some evidence for a positive association between
PBB-153 and total T4 concentrations, which was not observed in
analyses with PBB-153 expressed as a natural log–transformed

continuous variable, although estimates for the highest deciles
were close to the null (see Table S10).

Associations between PBBs/PCBs and Thyroid Hormones
Stratified by Iodine Status
Finally, in the women with urinary iodine measurements
(n=80), 18% (n=14) were iodine deficient (<100 lg=g creati-
nine), and 54% (n=43) had low iodine (<150 lg=g creatinine)
(see Table S4). Heterogeneity in the estimates was detected based
on urinary iodine concentrations <150 lg=g creatinine (Table 7).P

PCB (di-ortho) was positively associated with TSH concentra-
tions among 43 women classified as having low urinary iodine
(<150 lg=g creatinine): a 24.6% increase in TSH associated with
a natural log–unit increase in

P
PCB (95% CI: 3.0, 49.2%); in

contrast, among the 37 women classified as having sufficient io-
dine (≥150 lg=g creatinine),

P
PCB was inversely associated

with TSH [−22:9% (95% CI: − 39:3%, − 1:0%) for a natural
log–unit increase in

P
PCB; interaction p-value<0:01)]. The

pattern of associations was similar for PCB-118, but stratum-
specific estimates were closer to the null and were not signifi-
cantly different from each other (interaction p=0:32).

Discussion
In this study of 753 adults from a cohort historically exposed to
PBBs, thyroid disease was prevalent (18.0%), particularly among
women (24.8%). Among women, there was some evidence of a
positive association between serum PBB-153 concentrations and
thyroid disease, specifically hypothyroidism, although the associ-
ation did not increase with increasing exposure, and estimates
were imprecise. Serum levels of PCBs but not of PBB-153 were
associated with subtle differences in thyroid hormone concentra-
tions, which were generally stronger among women.

Compared with NHANES data from 2003–2004, this cohort
had substantially higher exposure to PBB-153, with 59% having
levels above the national 95th percentile (0:19 ng=mL; 27:2 ng=g
lipid) (CDC 2017). In contrast, the distribution of PCB exposure
was more similar to national levels (median PCB-153 and
PCB-180= 20:8 and 18:0 ng=g lipid, respectively) (CDC 2017).
Theoretically, this observation could be consistent with the
observed burden of thyroid disease among women in this popula-
tion (24.8%), which was somewhat greater than expected (18.2%)

Table 5. Adjusted odds ratios (aORs) and 95% confidence intervals (95% CIs) for the association between polybrominated biphenyl (PBB)-153, polychlori-
nated biphenyl (PCB)-118, PCB-138, PCB-153, PCB-180, and RPCB (nanograms/milliliter) and thyroid disease among Michigan males, 2004–2015.

Exposure
All thyroid diseasea

Totalb n (%)c aOR (95% CI)

PBB-153d

PBB-153 ln-transformed (D IQR= 0:76 ng=mL) 297 21 (7.1%) 0.69 (0.33, 1.44)
PCB-118
PCB-118 ln-transformed (D IQR= 0:06 ng=mL) 291 21 (7.2%) 1.50 (0.89, 2.53)
PCB-138
PCB-138 ln-transformed (D IQR= 0:26 ng=mL) 298 22 (7.4%) 1.07 (0.52, 2.20)
PCB-153
PCB-153 ln-transformed (D IQR= 0:30 ng=mL) 298 22 (7.4%) 0.98 (0.44, 2.20)
PCB-180
PCB-180 ln-transformed (D IQR= 0:24 ng=mL) 298 22 (7.4%) 0.81 (0.36, 1.83)
RPCB (di-ortho)eP

PCB ln-transformed (D IQR=0:81 ng=mL) 298 22 (7.4%) 0.93 (0.41, 2.11)

Note: IQR, interquartile range. All models control for lipids, age, and smoking status. Estimates are reported for natural log–transformed continuous exposures only owing to small
numbers of cases in men.
aIncludes those who specified physician-diagnosed thyroid disease (n=21) and those who had thyroid hormone concentrations outside clinically normal ranges (n=1); includes 3
hyperthyroid, 8 hypothyroid, 1 other type and 10 type not specified.
bPBB-153 analyses excludes 1 man who was diagnosed with hypothyroidism before the contamination event; PCB-118 analyses exclude 10 men that had missing values owing to
unstable retention time on laboratory instrument, RPCB (di-ortho) analyses include all observations.
c11 men participated multiple times, so cell counts may not sum to total.
dPBB-153 concentrations below the LOD were imputed using a distribution-based multiple imputation approach.
ePCB-138+PCB-153+PCB-180.
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based on NHANES data from 2013–2014 (CDC 2014). Age-
adjusting the prevalence estimate in our study population using
2014 Census data (U.S. Census Bureau Population Division
2014) did not result in a meaningful change (25.7%).

A substantial body of literature supports an association
between PCB exposure and decreased total T4 concentrations in
experimental animal models (Brouwer et al. 1998, 1999). In addi-
tion, many epidemiologic studies among adults exposed to PCBs
have reported lower levels of total T4 in relation to exposure,
although the literature is inconsistent overall (Hagmar 2003;
Salay and Garabrant 2009). However, we found evidence of a
positive association between PCB congeners 118, 138, 153, and
180 and several thyroid hormone concentrations (total and free
T4 and T3) among women and increases in total and free T3
(when analyzed on the lipid basis) among men. This finding
could be caused by random error given the intraindividual vari-
ability in thyroid hormones (Andersen et al. 2002), by uncon-
trolled bias from several sources; or by the selection of a less
susceptible subpopulation owing to the substantial burden of thy-
roid disease in this population and because we could only assess
potential impacts on thyroid hormones among those without a
history of thyroid disease. Another possibility is that the relation-
ships between PCBs and thyroid hormones may vary by PBB lev-
els. One study among 2,046 adults from a polluted area in eastern
Slovakia found negative associations between serum PCBs and
total T3 and free T4 at lower PCB exposure levels (<530 ng=g
lipid), but positive associations were observed at greater exposure
levels (Langer et al. 2007b). In our study, we did not have strong
evidence that this was the case by PCB or PBB levels, although
our high PBB levels overall may have impeded our ability to
detect this.

We found evidence of a positive association between serum
PBB-153 and thyroid disease that is consistent with several
recent studies on the similarly structured PCBs and PBDEs
(Allen et al. 2016; Langer et al. 2007a, 2007c; Oulhote et al.
2016; Turyk et al. 2008). However, two previous studies, which
both included selected members from the Michigan registry,
investigated PBB exposure in relation to thyroid disease (Bahn
et al. 1980; Yard et al. 2011) and had mixed results. Bahn et al.
(1980) studied men who were occupationally exposed to PBBs
and found an increased prevalence of hypothyroidism and ele-
vated antibodies (4 cases out of 35) compared with unexposed
workers (0 cases out of 89). However, PBBs were not measured;
instead, the authors compared workers from a plant that produced
PBBs with the control group, which was made up of unexposed
workers from other industries (e.g., steelworkers and wiremen)
and community volunteers. In the other study, Yard et al. (2011)
examined PBB and PCB levels in relation to thyroid disease inci-
dence among women and men from the original Michigan regis-
try and reported no significant associations or suggestive
patterns, although they did observe an elevated OR for thyroid
disease among men in the highest tertile only [OR=1:75 (95%
CI: 0.50, 6.15) compared with those ≤LOD)] (Yard et al. 2011).
That study was conducted as a nested case–control study among
members of the original Michigan registry who were born before
1 July 1973 and thus exposed to PBBs through consumption of
contaminated foods. In contrast to these two studies, we found
some evidence to suggest increased odds of thyroid disease in
relation to current serum levels of PBB-153 among women.
There are many possible reasons for these discrepant findings.
First, the continued follow-up on this cohort allows for increased
opportunity for manifestation of thyroid disease. In the Yard
et al. (2011) study, the average time since the PBB contamination
(follow-up time) was 22 y, in contrast to our 39 y. In addition,
Yard and colleagues studied women and men who were 25 y oldT
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and 27 y old on average at PBB exposure, respectively. In the
present study, among those born before the contamination inci-
dent, the average age at exposure was 15 (13 for women and 19
for men), and we included those born after the incident as well.
Therefore, it may be possible that our study population was more
vulnerable to thyroid disruption given the earlier age at initial PBB
exposure. Another important difference is the exposure assessment
methodology. The Yard et al. (2011) study used enrollment PBB
and PCB levels, which were measured in the early 1970s soon af-
ter the contamination episode, whereas we were able to quantify
individual PBB and PCB congeners with increased sensitivity par-
ticularly at low levels owing to a detection limit three orders of
magnitude lower than in older methods (Needham et al. 1981).
Finally, we also measured thyroid hormones, which allowed us to
include those with undiagnosed thyroid diseases (n=7) in addition
to those identified by self-report, whereas Yard et al. (2011)
included self-reported cases only.

One alternative explanation for the observed association
between PBBs and thyroid disease among women is that expo-
sure and disease may both be related to participation, thereby
potentially inducing an association (Hernán et al. 2004). Because
this cohort was historically exposed to PBBs and many had
received information about their PBB levels in the past, more

highly exposed individuals may have been more motivated to
participate in this study. Additionally, individuals with diagnosed
health conditions may have been more likely to participate. If
both of these factors affected participation, an association
between PBBs and disease might be expected.

A second possible explanation for our findings is that thyroid
function may influence serum PBB and PCB levels. Although
these chemicals are long-lived in human tissue, the most biologi-
cally relevant exposure parameter for making causal inference
would be at some point before the disease process started. In our
study, we measured PBBs and PCBs after disease diagnosis, and
because the thyroid regulates metabolism, including actions that
metabolize halogenated compounds (Park et al. 2012; Safe 1994;
Takahashi et al. 2010), it may be plausible that disease status
could affect serum levels.

Our finding that the association between PCBs and TSH var-
ied by iodine status should be interpreted with caution due to the
small number of women for whom we had measured urinary io-
dine. However, similar observations have been reported in sev-
eral studies with other environmental toxicants (Blount et al. 2006;
Jain 2014; Romano et al. 2015). Results from experimental studies
have suggested that PBB and iodine may act synergistically on thy-
roid function, which could be due to inhibition of the

Figure 1. b-Coefficients and 95% confidence intervals (95% CIs) from regression models for associations of PBB-153, PCB-118, and RPCB (di-ortho) deciles
(nanograms/milliliter) with thyroid hormones stratified by sex. (A) PBB-153; (B) PCB-118; (C) RPCB (di-ortho). Note: D2–10, deciles 2–10; Ref, reference
(decile 1); T4, thyroxine; T3, triiodothyronine; TSH: thyroid-stimulating hormone. All models adjusted for lipids, age, time of blood collection, and current
smoking status (See S9 and S10 for b-coefficients and 95% CIs.) Sum of PCB 138, 153, and 180. (See the footnotes of Tables S9 and S10 for interpretations
of b-coefficients.) Black circles denote women, and white circles denote men.
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incorporation of iodine into thyroidal amino acids (e.g., monoio-
dotyrosine), which are precursors of thyroid hormones (Allen-
Rowlands et al. 1981; Sleight et al. 1978). In humans, the
recently proposed “multiple-hit hypothesis” suggests that indi-
viduals with multiple thyroid “stressors” may be particularly sus-
ceptible to environmental thyroid disruption (Webster et al.
2014, 2015). Although we detected a difference in estimates
across strata based on 150 lg=g creatinine [rather than the WHO
(1994) iodine deficiency cut-off of 100 lg=g creatinine], this is
still considered to be low iodine status (Caldwell et al. 2011) and
may result in thyroidal stress.

In studies involving lipophilic chemicals, there has been con-
siderable debate about how to statistically handle serum lipids
(Chevrier 2013; O'Brien et al. 2015; Schisterman et al. 2005).
Lipophilic compounds, such as PCBs, expressed on the lipid ba-
sis (nanograms/gram lipid) are correlated with the amount stored
in body fat (Brown and Lawton 1984; Hirai et al. 2012), and
because PCBs accumulate in lipids, this may be the most biologi-
cally relevant parameter for adjusting for lipids. However, this
method mathematically constrains the form of lipids to be in the
denominator of the PCB term (as nanograms/gram lipid)
(Schisterman et al. 2005). In contrast, expressing PCBs on the
wet weight (volume) basis (nanograms/milliliter serum) and con-
trolling for lipids as a covariate allows for more flexible modeling
and still accounts for the variability in serum lipid concentrations
(Schisterman et al. 2005). Schisterman et al. (2005) showed
through simulations that expressing compounds on the lipid basis

induced more bias, consistently in the negative direction, than
controlling for lipids as a covariate across various possible causal
scenarios. Based on these findings, in our primary analysis, we
considered PBBs and PCBs on the volume basis and controlled
for lipids as a covariate, although we also performed all analyses
on the lipid basis as well. More recently, O’Brien et al. (2015)
published a simulation study similar to that of Schisterman et al.
(2005) that concluded that modeling PCBs on the lipid basis
incurred less bias than other methods and that adjusting for lipids
as a covariate tended to bias effect estimates away from the null.
In our study, we observed some differences in our results across
these two methods. Expressing PBB-153 and PCBs on the lipid
basis resulted in associations with thyroid disease that were
mostly up and away from the null compared with results on the
volume basis. Similarly, among men, we observed larger differ-
ences (more positive) in total and free T3 in relation to PCB con-
geners when expressed on the lipid basis than when expressed on
the volume basis. These results are contrary to what may have
been expected based on both the Schisterman and O’Brien stud-
ies and could be due to chance or to differences between the
causal scenarios presented in these papers and the underlying
causal relationships in our study. More research is needed to
understand whether lipid-standardized PCB levels truly reflect
adipose tissue levels or body burden as well as how accounting
for lipids may affect epidemiological analyses.

This study benefited from several strengths. First, we were
able to measure several important biomarkers, including a full

Figure 1. (Continued.)
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thyroid panel. We observed greater TSH concentrations among
blood samples collected in the morning, which is consistent with
its known diurnal pattern (Braverman and Cooper 2012). In addi-
tion, we also observed greater total T4 and T3 concentrations
among women who reported current hormonal medication use or
were pregnant, consistent with estrogen-induced increased

sialylation of thyroxine-binding globulin (TBG), which leads to
greater concentrations of TBG and thyroid hormones (Surks and
Sievert 1995). These observations for multiple hormones support
the validity of our thyroid hormone measurements. We also
measured levels of several PBB and PCB congeners and lipids in
serum as well as in a subset; iodine concentrations in longitudi-
nally collected and pooled urinary samples. Although the subset
with urinary iodine measurements was small, the design of pool-
ing samples offers a methodological advantage over other studies
that have used spot urine samples due to the reduction in the vari-
ability in iodine measurements for each individual (König et al.
2011). In addition, we had long-term follow-up on a cohort that
was historically exposed to a flame-retardant mixture, which is
significant for two reasons. First, it allowed for increased time for
health conditions to manifest, including for those in a subsequent
generation. Second, environmental PBB exposure occurred for a
fixed and limited time, which allows us to infer that external ex-
posure occurred before the outcome(s) of interest even though we
assessed blood levels of PBBs and thyroid hormones at the same
time, and because of its persistence, we were unable to infer
when the potentially biologically relevant exposure may have
occurred.

Our study was also subject to several limitations. First, a large
proportion of participants (35%) who reported a history of thyroid
disease did not specify what type they had been diagnosed with,
which led to a loss of power and statistical precision when

Figure 1. (Continued.)

Table 7. Associations between ln-transformed polybrominated biphenyl
(PBB)-153, polychlorinated biphenyl (PCB)-118, and RPCB (di-ortho)
(nanograms/milliliter) and ln[thyroid stimulating hormone(TSH)] stratified
by iodine sufficiency status

Exposure
<150 lg=g Cr

(n=43) b (95% CI)
≥150 lg=g Cr

(n=37) b (95% CI) p-Valuea

PBB-153 0.01 (− 0:08, 0.06) 0.04 (− 0:06, 0.15) 0.90
PCB-118b 0.16 (− 0:01, 0.32) − 0:11 (− 0:29, 0.08) 0.32
RPCB (di-ortho)c 0.22 (0.03, 0.40) − 0:26 (− 0:50, − 0:01) <0:01

Note: 95% CI, 95% confidence interval; x is a variable. One woman provided urinary
data at two time points such that this model was fit among 79 women and 80 observa-
tions. All models control for lipids, age, time of blood collection, and smoking status.
TSH is ln-transformed; thus, b-coefficients should be interpreted as follows: a natural
log–unit increase in a given congener is associated with a multiplicative change in TSH
of eb. In terms of changes in PBB and PCB levels (not logged), a x% change in a given
congener is associated with a multiplicative change in TSH of eb½lnð½100+ x�=100Þ� .
ap-Value for the interaction from cross-product term in linear model.
bn=30 observations missing for PCB-118 owing to instrument error [model fit among
50 women: n=32 (64%) with iodine concentrations <150 lg=g creatinine and n=18
(36%) with ≥150 lg=g creatinine].
cPCB-138+PCB-153+PCB-180.
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attempting to analyze specific thyroid disease subtypes such as
hypothyroidism. Having access to medical records as opposed to
our assessment of self-reported physician-diagnosed thyroid dis-
ease would have improved our ability to test associations with
these different subtypes and would have allowed us to confirm
self-reported diagnoses. Additionally, given that thyroid function
comprises a variety of hormonal biomarkers, it is difficult to dis-
cern between potentially important hormonal changes and the
influence of random error, multiple testing, or uncontrolled bias.
Lastly, our study was limited by small sample size, particularly
for our assessment of thyroid disease, a heterogeneous outcome,
in relation to PBBs and PCBs. Nevertheless, we note that this is
still one of the largest studies to date on these exposures and thy-
roid function.

Although PBBs and PCBs are no longer in production, expo-
sure to PCBs remains widespread in human serum owing to their
long biologic half-lives as well as to their persistence in the food
chain (Sjödin et al. 2014; Wattigney et al. 2015; Xue et al. 2014).
Furthermore, they share structural similarities with their replace-
ments such as PBDEs and with newer flame retardants currently
being produced, such as tetrabromobisphenol A and hexabromo-
cyclododecane (Birnbaum and Staskal 2004). This makes the
study of these older chemicals still relevant and important, as
they may serve as a model for exposure to other persistent lipo-
philic halogenated compounds.

Conclusions
In this cohort of individuals historically exposed to PBBs, we
found continued evidence of elevated levels of exposure to PBB-
153 compared with national estimates, as well as a higher than
expected prevalence of self-reported thyroid disease, particularly
in women. We found some evidence to suggest that PBB-153
concentrations were associated with thyroid disease among
women and possibly with hypothyroidism specifically. Lastly,
modest thyroid hormone differences were observed in relation to
serum PCB concentrations, and there was a suggestion that this
may have varied by iodine status. Many decades after an acute
exposure to flame retardants, this population remains highly
exposed to PBBs, which may have contributed to the prevalence
of thyroid disease.
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