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Abstract

Background and Objectives: Although polychlorinated biphenyls (PCBs) were banned
decades ago, populations are continuously exposed to PCBs due to their persistence and
bioaccumulation/biomagnification in the environment. Results from limited epidemiologic studies
linking PCBs to thyroid cancer have been inconclusive. This study aimed to investigate the
association between individual PCBs and PCB mixture and papillary thyroid cancer (PTC), the
most common thyroid cancer histologic subtype.

Methods: We carried out a nested case-control study including 742 histologically confirmed PTC
cases diagnosed in 2000-2013 and 742 individually matched controls from among U.S. military
service members. Pre-diagnostic serum samples that were collected on average nine years before
PTC diagnosis were used to measure PCB congeners by gas chromatography isotope dilution high
resolution mass spectrometry (GC/ID-HRMS). Conditional logistic regression, Bayesian kernel
machine regression (BKMR), and weighted quantile sum (WQS) regression were employed to
estimate the association between single PCB congeners as well as their mixture and PTC.

Results: Four PCB congeners (PCB-74, PCB-99, PCB-105, PCB-118) had significant
associations and dose-response relationships with increased risk of PTC in single congener
models. When considering PCB congeners as a mixture in the BKMR model, PCB-118 showed
positive trends of association with PTC. Increased exposure to the PCB mixture identified by
WQS was also associated with an increased risk of PTC, with the mixture dominated by PCB-118,
followed by PCB-74 and PCB-99.

Discussion: This study suggests that exposure to certain PCBs as well as a mixture of PCBs
were associated with an increased risk of PTC. The observed association was mainly driven
by PCB-118, and to a lesser extent by PCB-74 and PCB-99. The findings warrant further
investigation.

Keywords

Papillary thyroid cancer; Polychlorinated biphenyls; PCBs; Persistent organic pollutants;
Endocrine disrupting chemicals; Mixtures

1. Introduction

Polychlorinated biphenyls (PCBs) were manufactured and heavily used in electrical
equipment such as capacitors and transformers, industrial fluids like lubricants and heat
transfer fluids, as well as tiles and sealants in both comercial and residential settings in the
U.S. since 1929; their production was banned in the U.S. in 1979 and in most other countries
by 1980s (IARC, 2016). However, environmental persistence of PCBs has hindered their
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complete degradation in the ecosystem for decades, resulting in continuous human exposure
to PCBs mainly through diet and, to a lesser extent, through air and skin contact (ATSDR,
2000; Holford et al., 2000; IARC, 2016). Dioxin-like PCBs were classified as Group 1
Human Carcinogens by the International Agency for Research on Cancer (IARC) in 2013
(IARC, 2016), based on strong evidence from animal and epidemiologic studies (ATSDR,
2000; Lauby-Secretan et al., 2013; Van den Berg et al., 2006).

The incidence of thyroid cancer has risen significantly since the early 1980s in many
countries, largely driven by the papillary subtype of thyroid cancer (PTC) (Miranda-Filho et
al., 2021). In the U.S., the incidence rate more than tripled in both overall thyroid cancer
(6.5 to 21.8 per 100,000 person years) and in PTC subtype (4.6 to 18.0 per 100,000 person
years) from 1975 to 2018 in the general population (SEER, 2021). A similar increasing
trend of thyroid cancer incidence was also observed in the military personnel, with a higher
incidence among military women compared to the general population (Enewold et al.,
2011). Heightened medical surveillance in the military may only partially explain the higher
incidence (Enewold et al., 2011), indicating a potentially important role from other risk
factors such as exposure to endocrine disrupting chemicals, including PCBs (Alsen et al.,
2021).

The association between PCBs and thyroid cancer risk has been widely hypothesized but
not well investigated to date. In animal studies, PCBs have disrupted thyroid hormones,
altered thyroid functions, and increased thyroid tumors (Akoso et al., 1992; Benson et al.,
2018; Capen and Martin, 1989; Collins et al., 1977; National Toxicology Program, 2006;
Ness et al., 1993; Saeed and Hansen, 1997; Zoeller, 2001). In humans, few epidemiologic
studies have been conducted and the association between PCB exposures and thyroid cancer
remains inconclusive. Most studies were conducted in small populations and/or utilized
either proxies or post-diagnosis serum concentration for PCB exposure assessment (Deziel
etal., 2021; Han et al., 2019; Haslam et al., 2016; Lerro et al., 2018; Mallin et al.,

2004; Pavuk et al., 2004). Three epidemiologic studies have investigated non-occupational
PCB exposures and observed mixed effects on thyroid cancer. One study observed both
positive and negative associations with post-diagnosis serum PCB concentrations with

a non-monotonic trend (Han et al., 2019), while two other studies reported positive
associations with a few PCB congeners among partcipants whose early-life period coincided
with PCB peak production (Deziel et al., 2021; Lerro et al., 2018). One study investigated
the multi-pollutant effect of PCB mixtures on PTC subtype and found a null association
(Deziel et al., 2021).

Although interest in identifying the impact of environmental mixtures on adverse health
outcomes is emerging (Carlin et al., 2013; NIEHS, 2015), the single-exposure analysis
approach is still most commonly applied, and the health impact of chemical mixtures is
relatively unknown (Taylor Kyla et al., 2016). Studying individual exposures in isolation
may lead to the underestimation of the true health impact of chemical mixtures, as molecular
toxicology studies have found individual chemical which is considered harmless in isolation
could be harmful in aggregate chemical mixtures (Monosson, 2005). Therefore, studying
health impacts of exposure mixtures is essential for public health intervention, and also
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vital for enlightening exposome studies where the totality of exposures from conception to
demise is of great interest.

In light of the ubiquitous human exposures to PCBs and inconclusive evidence from
previous epidemiologic studies of their association with thyroid cancer, as well as the
insufficient health impact of PCB mixtures, we conducted a large nested case-control study
of PTC to investigate risk associated with pre-diagnostic serum concentrations of individual
PCBs and a PCB mixture among United States (U.S.) military personnel. We utilized serum
samples from the Department of Defense Serum Repository (DoDSR). While there may be
specific point sources of PCB exposures in the U.S. military (e.g, old commissioned Navy
vessels, electrical transformers and capacitors on military installations), the main exposure
route for military service members is likely to be ingestion of contaminated food, similar

to the general population (Still et al., 2003; U.S. Department of Veterans Affairs; US Army
Corps of Engineers, 2012).

Materials and Methods

2.1 Study population

Our study population was nested within a U.S. military cohort of service members with
serum samples stored in the DoDSR, established in 1989 as a repository for storing

serum that remained following mandatory HIV testing within the active and reserve
components of the US military (Perdue et al., 2015). PTC cases were identified via the DoD
Automated Central Tumor Registry (ACTUR) using International Classification of Diseases
for Oncology (ICD-0O) [3rd edition] codes: 8050, 8260, 8340-8343. A total of 742 PTC
cases who had stored serum samples in the DoDSR, were aged 21 years or older at the time
of diagnosis (1994-2009), and who had no recorded prior cancers (except for non-melanoma
skin cancer), were included in this study. Individually matched controls were randomly
selected from the DoDSR cohort based on date of birth (DOB) (+1 year), sex, race/ethnicity,
and average collection date of a case’s serum sample (1 year), and component at diagnosis/
matching. Demographics and other characteristics for all cases and controls were abstracted
from the Defense Medical Surveillance System (DMSS), including matching variables (birth
year (1 year), sex, race/ethnicity, dates of serum collection), height and weight at the time
of joining the military, and military branch.

All study procedures were approved and were given the determination of Exempt Human
Subjects Research Protocol by the Uniformed Services University Institutional Review
Board (IRB), the Walter Reed National Military Medical Center, the DoD Joint Pathology
Center, the Human Investigation Committee of Yale University, and the Centers for Disease
Control and Prevention (CDC).

2.2 Measurement of Pre-diagnostic PCBs exposure

Serum concentrations of 24 PCB congeners (28, 66, 74, 99, 105, 114, 118, 138/158,
146, 153, 156, 157, 167, 170, 178, 180, 183, 187, 189, 194, 196/203, 199, 206, 209)
were measured in samples collected on average nine years before the diagnosis of PTC
cases, and measured at the Persistent Organic Pollutants Laboratory of the CDC, using
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methods that have been described previously (Jones et al., 2012; Sj6din et al., 2004; Zhuo,
2018). Briefly, serum samples of 0.5 mL were first fortified with internal standards and
extracted by automated liquid-liquid extraction (LLE) using Gilson 215 liquid handler
(Gilson, Inc.; Middleton, WI). Then the co-extracted lipids were removed on a ‘silica:
silica/sulfuric’ acid column using the automated Rapid Trace equipment (Biotage; Uppsala,
Sweden). Finally, the analytical determinations of PCB congeners were performed with
gas chromatography isotope dilution high resolution mass spectrometry (GC-ID/HRMS)
employing a DFS instrument (Thermo DFS, Bremen, Germany) (Huang et al., 2017).
Measurement of serum lipid concentrations (total triglycerides and total cholesterol) were
determined by commercially available test kits (Roche Diagnostics Corp.; Indianapolis,
IN) and final determinations were made on a Hitachi 912 Chemistry Analyzer (Tokyo,
Japan). Laboratory personnel were blinded to case and control status of PTC. Method
blanks (n=3) and quality controls (n=3) were used as internal laboratory quality control
samples in every set of 24 study samples. Serum concentrations of PCB congeners were
reported as lipid-corrected serum concentration in nanograms per gram (ng/g) lipid after
subtracting background concentrations (i.e., the median concentration of contaminants
measured in blank samples). The range of coefficient of variation (CV) for PCB congeners
measured in quality control samples were 3.2% (PCB180) to 11.6% (PCB74). Due to the
similar retention time on the gas chromatograph (Robertson and Hansen, 2015), four PCBs
congeners were measured as congener-pairs. Specifically, PCB-138/158 pair refers to the
mixture of PCB-138 and PCB-158; PCB-196/203 pair refers to the mixture of PCB-196
and PCB-203. The other PCBs were measured as separate congeners. All values under

the limit of detection (LOD) were considered as undetectable except that imputation was
implemented in PCB mixtures analysis, and PCB analytes (PCB-66, PCB-114, PCB-189)
with >80% of values under the LOD were excluded from all statistical analyses.

2.3 Statistical analysis

Demographic and military characteristics were compared between PTC cases and controls
by chi-squared tests and one-way analysis of variance (ANOVA). Body mass index (BMI)
was calculated by dividing weight (kg) by the square of height (m?); approximately 43%
of both cases and controls had missing BMI data. A multiple imputation approach with a
regression on covariates (age, sex, race/ethnicity, and military branch), PCB congeners, and
the PTC outcome (cases vs. controls) for the entire population was applied to estimate BMI
for those missing observations (Allison, 2012). Lipid-corrected serum concentrations of
PCB congeners were log-transformed to adjust for right skewness, and Pearson correlation
coefficients were calculated among PCB congeners to examine correlations.

2.3.1 Single PCB congener analysis—In single-chemical analyses, 21 PCB
congeners with at least 20% of detectable values were included; categorized concentrations
with four strata were created based on the quartile or tertile of the distribution of detectable
values in the control group. Specifically, PCB congeners with >75% of detectable values
were categorized into quartiles with the first quartile serving as the reference group. The
rest, with 20-75% of detectable values, were categorized into tertiles based on detectable
values, and a category of undetectable values served as the reference group. A conditional
logistic regression model was developed for each congener to estimate odds ratios (OR)
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and 95% confidence intervals (CI), with adjustment for potential confounders of BMI and
military branch.

A sensitivity analysis was conducted, with adjustment for military branch only in models

to account for the possibility of BMI serving as a mediator, as opposed to a confounder. A
test for linear trend was implemented to investigate dose-response relationships by modeling
the median value of each exposure category as a continuous variable. Additionally, we
conducted stratified analyses by tumor size (microcarcinoma: <10 mm; macrocarcinoma:
>10 mm), sex (female; male) and histological subtype (classical PTC; follicular variant
PTC); p-values for interaction were calculated to evaluate heterogeneity. Another sensitivity
analysis was conducted by excluding diagnosed PTC cases within five years since serum
sample collection and their matched controls, to account for the potential latent time period
of PTC development.

2.3.2 PCB mixtures analysis—\Various statistical approaches available to evaluate the
health effects of chemical mixtures were compared in a 2015 NIEHS workshop, but no
standard method has been identified with the best performance to comprehensively study
environmental mixtures (Taylor Kyla et al., 2016). However, two important perspectives

of mixtures analyses were proposed since the NIEHS workshop: the health effect of
individual chemical components within a mixture and the joint effect of the overall mixtures
(Braun et al., 2016). In this study, Bayesian kernel machine regression (BKMR) was used

to investigate the individual chemical component effects within a non-linear and/or non-
additive PCB mixture while considering other congeners simultaneously. Weighted quantile
sum (WQS) regression was used to estimate the joint effect of a PCB mixture and identify
the most important chemical components within the mixture. Although both BKRM and
WQS can be employed to estimate the joint effects, WQS was chosen because its strength
in easier interpretations using OR and useful output of contribution of each PCB component
within the mixture.

For the mixtures analyses, we excluded PCBs with <50% detectable values (PCB-28, 105,
157, 167, 178, 206, 209). This left 14 congeners in the mixtures analyses (PCB-74, 99,

118, 138/158, 146, 153, 156, 170, 180, 183, 187, 194, 196/203, 199) and their values below
the LOD for these PCBs were imputed by using a maximum likelihood procedure with

the assumption of a lognormal distribution defined by the detected measurements of PCBs
above the LOD (Lubin et al., 2004).

2.3.2 PCB mixtures analysis: Bayesian kernel machine regression (BKMR)—
BKMR is a relatively new approach for studying mixtures in which the health outcome

is regressed on a flexible function of the exposures (Bobb et al., 2015). It is particularly
useful in highly correlated chemicals (PCB congeners in our case) and their interactions

in the mixture, which otherwise could potentially bias the estimate and mask non-linear

or non-additive relationship using traditional logistic regression with co-adjustment for all
congeners. We implemented a probit link function-based BKMR model to consider the
binary outcome, using the R package “bkmr” (Bobb et al., 2018; Bobb et al., 2015). A
Gaussian kernel function was used to flexibly model the exposure-outcome relationship,
allowing for potential non-linear and/or non-additive effects. To account for the high
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correlation (>0.5) among PCBs, we incorporated a hierarchical variable selection by
classifying PCB congeners into five groups (group 1- group 5) based on either their
hormonal activities and biological effects using the Wolff criteria (Wolff et al., 1997) or

on their high correlation. Group 1 included one congener PCB-187 in Wolff’s group 1
(potential estrogenic and weak phenobarbital inducers); Group 2 included PCB-74, 118, and
156 in Wolff’s group 2A (non-ortho and mono-ortho substituted, potentially antiestrogenic,
immunotoxic or dioxin-like); Group 3 included PCB-138/158 and 170 in Wolff’s group

2B (di-ortho substituted, with more limited toxicity than group 2A); Group 4 included
PCB-99, 153, 180, 183, and 196/203 in Wolff’s group 3 (phenobarbital and CYP1A/CYP2B
inducers); Group 5 included PCB-146, PCB-194, and PCB-199 (which did not consider
Wolff’s groupings but were highly correlated with each other).

In this context, variable selection was simultaneously conducted across groups and among
individual PCBs within each group. Using a Markov chain Monte Carlo (MCMC) sampling
algorithm with default prior settings in the “bkmr” package, we collected 10,000 posterior
samples after discarding the first 10,000 iterations during a burn-in period, and estimated:
1) the PTC risk difference (denoted by posterior mean estimate) and 95% credible intervals
(Crl) between the 75t and 25t percentiles of a target PCB, while fixing all other congeners
and BMI at their median level, and military branch at “Air Force” (arbitrary selection);

2) the exposure-outcome relationship curve across the entire range of the target PCB’s
concentrations, conditional on the median level of all the other PCBs, median BMI, and

the “Air Force” branch. A match-level random effect was included to account for our
individually-matched case-control design (Bobb et al., 2018; Bobb et al., 2015).

Sensitivity analyses were conducted by changing the fixed level of other PCBs to their

25t percentiles and 75! percentiles, while keeping the fixed level of covariates unchanged.
We further investigated the individual PCB component effects within the mixture among
subgroups stratified by tumor size (macrocarcinoma; microcarcinoma) and sex (males;
females). BKMR was not applied to subgroups on histological type of PTC because of

the small sample size of follicular variant thyroid cancer.

2.3.3 PCB mixtures analysis: Weighted quantile sum (WQS) regression—We
evaluated the joint effect of the PCB mixture on PTC risk via a generalized WQS approach
in conjunction with logistic regression for a binary outcome using the R package “gWQS”
(Renzetti et al., 2019). This approach took all PCB congeners into consideration with
constraints to have the same effect direction for the PTC association. The WQS regression
constructed a weighted index (the WQS Index) of quartile-based categorical individual
components to estimate the joint/cumulative effect of the PCB mixture. The estimated
weights of the individual components in the WQS Index indicated the contribution of each
PCB congener in the PCB mixture. Simultaneous estimation of the coefficient of the WQS
Index and unknown weights was achieved through: 1) 1,000 times bootstrap sampling on
the full data with constraints of positive coefficient; 2) averaging significant samples from
bootstrap sets to get empirical weights and re-applied to the full data to get the estimated
coefficient of the WQS Index and its statistical significance (p-value) with adjustment for
BMI and military branch. The ORs and 95% Cls of the joint effect on PTC risk were derived
by exponentiating the estimated coefficient of the WQS Index. To account for the individual

Environ Res. Author manuscript; available in PMC 2023 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhuo et al.

Page 8

matched design in our study, we first used the R package “gWQS” to obtain the WQS
Index, and then a conditional logistic regression was implemented to analyze the effect of
the identified mixture on PTC risk.

We first ran a model including all 14 PCBs with restricted positive effects on PTC to
investigate a harmful joint effect. As we did not suspect protective effects of PCB congeners
on PTC, a model with negative effect constraints on all congeners was not implemented.
However, in order to consider the potential negative association between one PCB congener
(PCB-187) and PTC from the results of single-congener analyses and the BKMR mixture
analyses, we then ran another model of 13 PCBs with restricted positive effects while
adjusting for PCB187 as an additional covariate other than BMI and military branch.

We also implemented the WQS models in subgroups by tumor size (macrocarcinoma;
microcarcinoma) and sex (males; females), but not in subgroups of PTC histological type
because of the small sample size of follicular variant thyroid cancer.

All tests related to conditional logistic regression were carried out using a 2-sided
significance level of 0.05 and conducted using SAS software, version 9.4 (SAS Institute,
Inc.; Cary, NC). The mixtures analyses were conducted using R, version 3.6.0.

3. Results

3.1 Population characteristics

Among the matched 742 case-control pairs (Table 1), cases were more likely to have higher
BMI, although statistical significance was only observed for BMI with imputation. Cases
were also more likely to serve in the Army and Air Force, and less likely to serve in

the Marines, Coast Guard, and Navy. The distributions of age (at both serum collection

and diagnosis), sex and race/ethnicity were similar between cases and controls because of
matching. Serum samples were collected on average 8.89 years prior to the diagnosis of
PTC. Nearly half of the cases (48.52%) were diagnosed with PTC 10-13 years after serum
collection. A majority of the diagnosed cases had microcarcinoma with tumor size >10 mm
(62.40%) and were classical PTC subtypes (80.86%).

3.2 PCBs serum concentrations and correlations

The lipid-corrected serum concentrations of the 24 PCB congeners measured in our study
are shown in Table 2. The median level of LOD ranged from 1.00-2.30 ng/g lipid. Three of
the measured congeners (PCB-66, PCB-114, PCB-189) had less than 20% of detection.
Among the remaining 21 congeners, the proportion of detection ranged from 20.55%
(PCB-157) to 97.57% (PCB-180) and 14 congeners had at least 50% of detection. The
detection rate and median levels of PCBs were similar between cases and controls (data not
shown). Except for the weak to moderate correlation for PCB-28, PCB-157, PCB-167 and
PCB-209 with all other congeners (for which all were <0.5), Pearson correlation coefficients
among other PCBs varied widely, ranging from 0.3 to 0.9 (Supplementary Figure 1).
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3.3 Single PCB congener analyses: Conditional logistic regressions

3.4

Twenty-one PCB congeners with at least 20% of detection were included in the single-
congener analyses. After adjusting for BMI and military branch (Table 3), significant
positive associations with PTC were observed in quartile 4 (Q4) of PCB-74 (OR=1.48, 95%
Cl: 1.12, 1.96) and PCB-99 (OR=1.37, 95% CI: 1.02, 1.84), quartile 3 (Q3) of PCB-105
(OR=1.42, 95% CI: 1.05, 1.92), and quartile 2 (Q2) as well as Q4 of PCB-118 (OR=1.54,
95% CI: 1.14, 2.09; OR=1.71, 95% CI: 1.27, 2.31, respectively). Significant exposure-
response relationships were observed for PCB-74, PCB-99, PCB-105, and PCB-118, with all
test for trend P-values < 0.05. No significant associations were observed between other PCB
congeners and PTC.

After stratifying by tumor size, significant associations were only observed for PTC
macrocarcinoma but not microcarcinoma (Table 3). Specifically, an increased risk of PTC
macrocarcinoma was associated with Q4 of PCB-74 (OR=1.63, 95% ClI: 1.13, 2.35),
PCB-99 (OR=1.49, 95% CI: 1.02, 2.17) and PCB-206 (OR=1.55, 95% CI: 1.03, 2.34),

Q3 of PCB105 (OR=1.79, 95% ClI: 1.21, 2.63), Q2 and Q4 of PCB-118 (OR=1.47, 95% CI:
1.01, 2.17; OR=1.70, 95% CI: 1.15, 2.50, respectively). Additionally, significant exposure-
response relationships were observed for PCB-74, PCB-99, PCB-105, and PCB-118, with
all test for trend P-values < 0.05. However, none of the p-values for interaction between
microcarcinoma and macrocarcinoma was statistically significant, indicating no effect
modification by tumor size.

We also stratified the single-congener analyses by sex (men; women) and histological
subtype (classical PTC; follicular variant PTC), and no statistically significant differences
were observed among subgroups with tests for interaction having P-values > 0.05.
Significant associations were found for PCB-105 and PCB-118 with PTC among females as
well as for the classical PTC subtype (Supplementary Table 1). After restricting the study
population to cases diagnosed more than five years after serum sample collection and the
matched controls (N=696 case/control pairs) and further stratifying this sample by tumor
size, the results were similar to the overall population (Supplementary Table 2). Removing
BMI from the adjusted covariates in the conditional logistic regression models showed
similar results (data not shown).

Individual effects within the PCB mixture: BKMR

The relative importance of the mixture components, denoted by the posterior inclusion
probability (PIPs) in the model across the five groups and across individual PCB congeners
within each group (Supplementary Figure 2). In the analyzed PCB mixture, Group 2 which
consists of PCB-74, PCB-118 and PCB-156 played the most important group role while
PCB-118 played the most important individual role within Group 2, indicated by the highest
PIP values among groups and within groups respectively.

The PTC risk differences between the 75™ and 25! percentiles of the targeted PCBs,

while holding all other PCBs at their median levels, from the BKMR model are shown

in Figure 1. We found a significant positive PTC risk difference for PCB-118 (posterior
mean estimate=0.091, 95% Crl: 0.002, 0.180) and a suggestive negative PTC risk difference
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for PCB-187 (posterior mean estimate=—0.054, 95% Crl: —0.135, 0.026). The estimated

risk differences for other PCBs were close to null. Similar results were observed in
sensitivity analyses where we fixed the levels of other PCBs at their 25! and 75! percentiles
(Supplementary Figure 3).

The exposure-outcome relationship curves across the whole concentration range of the target
PCB and risk of PTC are presented for PCB-118 and PCB-187 in Figure 2. When fixing
other congeners at their median levels, the exposure-outcome curve of PCB-118 showed

an increasing trend with PTC, whereas PCB-187 showed a decreasing trend with PTC.
Other PCBs had relatively flatter trends with PTC across different congener concentrations
(Supplementary Figure 4).

We also implemented BKMR models on stratified subgroups by tumor size and sex. PTC
microcarcinomas had a similar PCB mixture structure (dominant Group 2 and dominant
congener PCB-118 within Group 2) as the overall population (Supplementary Figure 5(a)),
while PTC macrocarcinomas had more comparable weights across groups and within
groups (Supplementary Figure 5(b)). A suggestive positive PTC risk difference between
the 75 and 25! percentiles for PCB-118 was observed among PTC microcarcinomas,
and a suggestive negative risk difference for PCB-187 among PTC macrocarcinomas
(Supplementary Figures 6(a) and 6(b)). When stratified by sex, males had a similar
dominant Group 2 within the mixture and PCB-118 within Group 2, while females had
comparable weights across groups and within groups (Supplementary Figures 7(a) and 7(b)).
For risk difference estimates, a suggestive positive PTC risk difference for PCB-118 was
observed among males, while null effects with wider Crls were observed among females
(Supplementary Figures 8(a) and 8(b)).

3.5 Joint effect of the PCB mixture and relative chemical importance: WQS

The joint effect of the 14 PCBs with a forced positive association with PTC (i.e., the
joint harmful effect) and their relative importance in the mixture are presented in Figure
3. A significant overall joint effect of the PCB mixture was identified between the WQS
index and PTC (OR=1.29, 95% CI: 1.11, 1.50). This finding indicates that a one quartile
increase in the overall PCBs mixture exposure was associated with a 29% increase in
PTC risk, conditional on BMI and military branch. Among the 14 included congeners,
PCB-118 was the component with the highest weight for this positive association with PTC
(weight=0.450), followed by PCB-74 (weight = 0.262) and PCB-99 (weight = 0.173). In
the model with the WQS Index consisting of 13 PCBs while adjusting for PCB-187 as

a covariate in addition to BMI and military branch, the joint effect of the remaining 13
PCBs was significantly associated with PTC and had a higher magnitude (OR=1.41, 95%
Cl: 1.18, 1.67); the adjusted PCB-187 was significantly negatively associated with PTC
(OR=0.83, 95%CI: 0.71, 0.98). In this analysis, PCB-118, PCB-99, and PCB-74 were the
“most important” components, with the highest weights in the mixture (weights = 0.312,
0.203, and 0.177, respectively) (Supplementary Figure 9).

When we stratified by tumor size and by sex, the positive WQS index of the 14 PCBs
was significantly associated with PTC macrocarcinomas (OR=1.31, 95% CI=1.08-1.58),
PTC among males (OR=1.25, 95% CI=1.03-1.53) and PTC among females (OR=1.40, 95%
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Cl=1.09, 1.80) (Supplementary Table 4). A similar association was also observed for PTC
microcarcinomas though it was not significant (OR=1.30, 95% CI =0.98, 1.71). Similar to
the overall population results, PCB-74, PCB-99, PCB-118 had the highest weights in the
mixture for PTC macrocarcinomas and PTC among males and females. PCB-118 had the
highest weights in the mixture with PTC microcarcinomas (data not shown).

4. DISCUSSION

Our study found that exposure to higher levels of PCB congeners 118, 74, 99, and 105

was associated with an increased risk of PTC in single congener models. After considering
the effects from other PCBs and their potential interactions in mixtures analyses (BKMR),
only PCB-118 showed a significant association with PTC. In joint mixtures analyses (WQS
regression), PTC was associated with the overall PCB mixture that was mainly driven by
PCB-118 and to a lesser extent by PCB-74 and PCB-99.

To our knowledge, this is the first epidemiologic study investigating the individual effect

of PCB congeners within a PCB mixture on PTC risk via BKMR, a model that considers
high correlations among mixture components and potential nonlinear exposure-outcome
relationships. We also applied WQS to investigate the joint effect of the PCB mixture and to
identify important components within the mixture in relation to PTC risk. Our findings for
PCB-118 were consistent among the single congener model, BKMR and WQS regression,
indicating that the association with PTC might act either through an independent exposure
or as a component within a PCB mixture, or both. Significant associations were also
observed in single congener models with PCB-74 and PCB-99 as independent exposures,
but not supported by the mixtures analyses in our findings. Currently, only three other
epidemiologic studies have investigated PCBs measured in serum samples and the risk of
thyroid cancer (Deziel et al., 2021; Han et al., 2019; Lerro et al., 2018). Of these, one

was conducted in a cohort in Norway (108 thyroid cancer cases and 316 controls) (Lerro

et al., 2018), one was conducted in the U.S. (250 PTC cases and 250 controls, Caucasian
women in Connecticut) (Deziel et al., 2021), and one was conducted in China (137 thyroid
cancer cases and 186 controls) (Han et al., 2019). Null association for PCB-118 was found
in the Norway study (Lerro et al., 2018) as an individual congener and in the U.S. study

of Caucasian women (Deziel et al., 2021) as both an individual congener and within a
chemical mixture; inverse association was reported in the China study (Han et al., 2019).
The U.S. study also found a similar positive association with PCB-74 among younger
women (Deziel et al., 2021) as our study, while a null association was reported for both
PCB-74 and PCB-99 in the Norway study (Lerro et al., 2018). The observed inconsistency
might reflect the differences across studies in the study population, timing of exposure
assessment, exposure concentration, and the sample size. Specifically, the U.S. and China
studies used post-diagnostic serum samples and a traditional case-control study design,
while the Norway study used pre-diagnostic samples and a nested case-control study design.
The exposure concentration of was higher in the U.S. and Norway studies while lower in
China study. The Norwegian cohort included 324 participants who were born in 1923-1957
with a mean age of 41 at exposure measurement, while our study cohort included 1,484
military personnel who were born in 1946-1991 with a mean age of 26. The sample size of
U.S. study and China study were also smaller than ours as stated previously.
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An animal study from the National Toxicology Program found that PCB-118 caused a
dose-dependent decrease in serum T4 levels and induced an increased incidence of thyroid
gland lesions in female rats (National Toxicology Program, 2010). Epidemiologic studies
also found that PCB-118 was inversely associated with free T, levels (Alvarez-Pedrerol et
al., 2008) and positively associated with TSH (Osius et al., 1999). In addition, PCB-118

has been identified as one of the nine congeners most strongly associated with thyroid
disruptive effects (Patrick, 2009) as well as a Group 1 Human Carcinogen by the IARC,
given its dioxin-like properties (IARC, 2016). Taken together, it is biologically plausible that
PCB-118 may increase the risk of PTC. PCB-74 is in the same Wolff group (Group 2A) and
shares some similar toxicologic characteristics with PCB-118. PCB-99 and PCB-118 also
have shown similar thyroid disruptive effects in causing reductions of T4 levels in animal
studies (Heiger-Bernays et al., 2020). A study of mothers in California found that PCB-99
was positively associated with increasing neonatal TSH level (Patrick, 2009), supporting a
possible association between PCB-99 and PTC in our study.

A suggestive inverse association between PCB-187 and PTC risk was observed in mixtures
analyses but not in single congener models. The mixtures analysis including PCB-187

was only performed in the U.S. study (Deziel et al., 2021), which did not observe a
significant association. Compared with our study, which used BMKR and WQS regression
for evaluation of 14 PCBs, the U.S. study applied hierarchical Bayesian logistics regression
and principal components analysis and evaluated 31 PCBs + OCPs. Additionally, PCB-187
concentrations were lower in our study (median: 3.4 ng/g lipid) compared to the U.S. study
(median: 6.1 ng/g lipid). The Norway and the U.S. study populations found a consistent null
association between PCB-187 and PTC in single congener models. As the carcinogenecity
of PCB-187 in epidemiologic studies is still unclear and the impact within mixtures is yet to
be identified, it is possible that the suggestive inverse association in mixture analyses is due
to chance.

The possibility that the observed associations were due to other unmeasured PCB congeners
is unlikely. Based on the CDC’s Fourth National Report on Human Exposures to
Environmental Chemicals, 38 out of all 209 PCB congeners are commonly found in humans
(full list in Supplementary Table 5) (Crinnion, 2010). Among these 38 congeners, 15 were
not measured in our study (PCB-44, 49, 52, 81, 87, 101, 110, 126, 128, 149, 151, 169,

172, 177, 195). However, these 15 have not been measured in recent National Health and
Nutrition Examination Survey (NHANES) biomarker panels, as they are not detected in high
enough frequency. However, with the exception of PCB-126, the other PCBs that were not
measured in our study do not have documented animal and/or human health effects (Faroon
and Ruiz, 2016).

While we cannot rule out potential confounding from other chemicals that may be
correlated with PCBs, such as organochlorine pesticids (OCP), polychlorinated dibenzo-
p-dioxins (dioxins), and polychlorinated dibenzofurans (furans) (Control and Prevention,
2009; EPA, 2017), we consider this potential to be limited. Using data from our study,

we investigated this potential. A pairwise Pearson correlation test yielded only weak to
moderate correlations (correlation coefficients < 0.53) between three OCPs that were found
associated with thyroid cancer in a previous study (DDE, DDT, and trans-nonachlor)
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(Lerro et al., 2018) and PCB congeners. Although further adjustment by each of these

OCP exposures in our mixtures analyses somewhat attenuated our results, they did not
appreciably change the patterns of association which we report here (data not shown).

We did not measure dioxins/furans in our study, however, the serum concentrations of
dioxins/furans in the general US population from NHANES during the similar period of
exposure were under the limit of detection, and the correlation between PCBs and detected
dioxins/furans in serum samples have been reported to be moderate to weak (<0.5) (Control
and Prevention, 2009; Gladen et al., 1999). Therefore, we consider the possibility of the
associations we found between PCBs and PTC being explained by confounding by other
chemicals to be limited.

A major strength of our study was the use of pre-diagnostic serum samples for
measurements of PCB exposures, which minimized potential reverse causality. In particular,
the average 9 years between serum samples of PCBs measurement and the diagnosis of PTC
cases was appropriate, given that the latency period of thyroid cancer has been observed

to be approximately 5-10 years (albeit, post-radiation exposure) (Iglesias et al., 2017). Our
study population of US active-duty military personnel also minimized the potential for
selection bias related to differential access to medical care or health insurance, since the
Military Health System is a healthcare system designed for equal access. A large sample
size allowed us to perform stratified analyses by important subgroups: sex, tumor size, and
histological subtypes. Because the incidence rate in females is about three times higher
than in males, previous studies have had limited statistical power to investigate risk factors
in males separately (Rahbari et al., 2010). In addition, more advanced-stage cancers tend

to present in males, and the recurrence rate of thyroid cancer among males is higher than
that among females (Zahedi et al., 2019). It is therefore important to study sex-specific risk
factors for PTC, and the sample size of our study enabled that. The investigation of PCB
mixtures is another strength of our study, as our multiple pollutant models reflect more
realistic exposure scenarios than single congener models. The implemented BKMR and
WQS analyses provided new insights into the health impact of PCB congeners on PTC risk.
Further studies of mixtures of PCBs and other chemical exposures are needed to reveal the
complex and realistic exposure scenarios that occur.

Although exposure to PCBs was measured at one time point prior to the disease diagnosis,
the average half-life of PCBs within the human body is 10-15 years (Ritter et al., 2011).
Additionally, Meeker and colleagues (2009) examined temporal reliability of organochlorine
compounds in serum samples over 2-24 months and found strong intraclass correlations
(0.86 to 0.98) of serum PCBs during the follow-up time. This suggests that using a single
serum sample to represent PCB exposures over time is highly reliable in epidemiologic
studies (Meeker et al., 2009). However, potential measurement error from a single sample
might still exist, which is likely to be non-differential and result in an underestimation of
observed associations. Another limitation was the lack of information on other potential
confounders such as ionizing radiation and iodine consumption, though their potential to
introduce confounding is debatable, since there is not strong evidence that these exposures
are associated with PCBs. Some medical equipment for radiation treatment might have old
transformers and capacitors that contain PCBs, however, this is not considered a major
source of PCB exposure (Institute of Medicine Committee on Curriculum Development in
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Environmental, 1995). Although medical ionizing radiation exposure is an important risk
factor for PTC, there is a lack of evidence that ionizing radiation from medical treatment

is associated with PCB exposures in this population. Compared to the general population,
military personnel might have higher radiation exposure from nuclear testing or depleted
uranium. However, military personnel who have been reported to be exposed to nuclear
testing radiation largely served in 1940s-1960s (U.S. Department of Veterans Affairs, 2016),
which was generally earlier than the service time period in our study population. Although
our study population might be exposed to depleted uranium which has been frequently
reported in the US since the 1990s (U.S. Department of Veterans Affairs, 2016), an expert
working group from the UK indicated that the possibility of excess cancer risk from this
exposure is minimal (The Royal Society, 2001). lodine consumption is largely from seafood,
and studies have suggested a protective effect of seafood on thyroid cancer (Dal Maso et

al., 2009). However, it is likely that not controlling for the potentially confounding effect

of iodine consumption would result in a more conservative estimation of PCBs and PTC
association.

Sources and pathways of exposure to PCBs among military service members were likely

to have been generally similar to the general population, with ingestion of contaminated
food as the main exposure route (U.S. Department of Veterans Affairs; US Army Corps

of Engineers, 2012). Although PCBs have been found in old Navy vessels (Still et al.,
2003), this additional exposure source might be less likely associated with PTC than other
sources since the incidence rate of PTC among those in the Navy was lower than in those
from other military branches in our study (Enewold et al., 2011). Our study of US military
personnel may be generalizable to the general population with respect to exposure sources,
exposure concentration, and PTC incidence rates. Besides the similar exposure sources and
routes stated previously, PCB exposure concentrations among the general population from
the NHANES I11 (exposure in 1994-1999) and annual NHANES panels (exposures in 1999—
2009) are comparable to those from our study population in the same time period of 1994—
2009 (National Center for Health Statistics). Although the incidence rates of PTC among
military service women were higher than those in the U.S. general population between 1990
and 2004, an increasing trend of PTC incidence was observed in both the military and the
general population (Enewold et al., 2011).

5. Conclusion

Our large nested case-control study among U.S. military service members supports that
exposure to certain PCBs congeners might be associated with an increased risk of PTC. Four
PCB congeners (PCB-118, PCB-74, PCB-99, PCB-105) had significant associations and
dose-response relationships with PTC risk in single congener models. In a PCB mixtures
analysis, PTC was predominately associated with PCB-118, followed by PCB-74 and
PCB-99. One PCB congener, PCB-187, showed an inverse trend in the mixture analyses.
Future studies are needed to confirm our study findings and to investigate the health impacts
of real-life complex exposure scenarios.
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BKMR Bayesian kernel machine regression
BMI Body mass index
Cl Confidence interval
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DMSS Defense Medical Surveillance System
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DOB Date of birth
ICD-O International Classification of Diseases for Oncology code
LOD Limit of detection
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Highlights
. Humans are continously exposed to polychlorinated biphenyls (PCBs)
. Pre-diagnosis PCBs were measured in serum samples of U.S. military
personnel
. Exposure to certain PCBs or mixtures were associated with PTC risk

Environ Res. Author manuscript; available in PMC 2023 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhuo et al.

PCB congener

Figure 1.

PCB199—
PCB196/203+
PCB194~
PCB187=
PCB1834
PCB180
PCB170~
PCB156—
PCB153—
PCB146~
PCB138/158+
PCB118-
PCB99

PCB74-

Page 20

I | 1 T 1
-0.2 -0.1 0.0 0.1 0.2

RD between 25th and 75th percentile

PTC Risk differences (RD) and 95% credible intervals between serum concentrations of
PCB congeners at the 751 and 25t percentiles when other PCBs and BMI were fixed at
median level, military branch at Air Force service, adjusted for BMI and military branch,

using BKMR
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Figure 2.

Exposure-outcome function /and 95% credible intervals between selected PCB congeners
and PTC while fixing other PCBs at median level, adjusted for BMI and military branch
using BKMR.
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Estimated weights for individual PCBs in the WQS index, adjusted for BMI and military
branch; Association between weighted quantile sum (WQS) regression index and PTC while
forcing all effect direction of PCBs congeners to be positive.
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Table 1.
Selected characteristic of the study population
Cases Controls
Characteristics P-value
N=742 % N=742 %
Age at serum sample collection (yr) 0.99
17-19 124 16.71 121 16.31
20-29 348 46.90 352 47.44
30-39 220 29.65 221 29.78
40-51 50 6.74 48 6.47
Mean + SD 26.25+7.39 26.25+7.34
Age at PTC diagnosis (yr) 7 0.92
20-29 210 28.30 203 27.36
30-39 310 41.78 323 43.53
40-49 185 24.93 179 24.12
50-62 37 4.99 37 4.99
Mean + SD 35.14 +8.11 35.14 + 8.05
Sex >0.99
Female 341 45.96 341 45.96
Male 401 54.04 401 54.04
Race/ethnicity >0.99
White 468 63.07 467 62.94
Black 131 17.65 132 17.79
Hispanic 68 916 68 916
Other 55 7.41 55 7.41
Unknown 20 270 20 270
BMI (kg/m2) 0.19
16-25 261 35.18 286 38.54
25-29.9 143 19.27 128 17.25
30-34.8 16 216 10 1.35
missing 322 43.40 318 42.86
Mean + SD 24.02 +3.17 23.77 £ 3.06 0.24
BMI with imputation (kg/m2) 4 0.07
14-25 452 61.00 494 66.58
25-29.9 260 35.09 227 30.59
30-34.8 29 391 21 2.83
Mean + SD 2414 + 3.17 23.79+3.16 0.03
Service <0.0001
Army 299 40.30 253 34.10
Air Force 193 26.10 150 20.20
Navy 186 25.00 248 33.30
Marines & Coast Guard, combined 64 8.60 91 12.30
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Cases Controls
Characteristics P-value'
N=742 % N=742 %

Years from serum sample collection to diagnosis (yr)

3-5 115 15.50
6-9 267 35.98
10-13 360 48.52
Mean + SD 8.89 +2.67

Tumor size (mm)

<10 235 31.67

>10 463 62.40

Missing 44 5.93
Histological type

Classical PTC 600 80.86

Follicular variant of PTC 142 19.14

Abbreviation: BMI, body mass index; PTC, papillary thyroid cancer.
”For controls, the age was at the diagnosed year of matched cases
7‘Estimated by Chi-squared test for categorical variable and one-way ANOVA for continuous variables

E A L .
Missing values calculated by multiple imputation
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