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Abstract

Feline hyperthyroidism is the most commonly diagnosed endocrine-related disease among
geriatric housecats, but the causes remain unknown. Exposure to endocrine-disrupting compounds
with thyroid targets, such as flame retardants (FRs), may contribute to disease development.
Silicone passive sampling devices, or pet tags, quantitatively assessed the bioavailable FR
exposures of 78 cats (=7 y) in New York and Oregon using gas chromatography mass
spectrometry. Pet tags were analyzed for 36 polybrominated diphenyl ethers, six organophosphate
esters (OPEs), and two alternative brominated FRs. In non-hyperthyroid cats, serum free thyroxine
(fT4), total T4 (TT,), total triiodothyronine, and thyroid-stimulating hormone concentrations were
compared with FR concentrations. Tris(1,3-dichloro-2-isopropyl) phosphate (TDCIPP)
concentrations were higher in hyperthyroid than non-hyperthyroid pet tags (adjusted odds ratio,
p<0.07; Mantel-Cox, p<0.02). Higher TDCIPP concentrations were associated with air freshener
use compared to no use (p<0.01), residences built since 2005 compared to pre-1989 (p<0.002),
and cats preferring to spend time on upholstered furniture compared to no preference (p<0.05).
Higher TDCIPP concentrations were associated with higher fT4 and TT,4 concentrations (p<0.05).
This study provides proof-of-concept data for the use of silicone pet tags with companion animals
and further indicates that bioavailable TDCIPP exposures are associated with feline
hyperthyroidism.
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INTRODUCTION.

Feline hyperthyroidism is the most commonly diagnosed endocrine-related disease among
senior and geriatric housecats (=10 years).! First clinically diagnosed in 1979, the
prevalence of feline hyperthyroidism among US housecats 10 years or older has increased
from one in 200 to one in 10 between 1980 and 2014.2: 3 Similar prevalence statistics are
reported worldwide.*~7 In North America, an estimated two million cats are currently
diagnosed with hyperthyroidism.3 The growing number of diagnoses is likely attributable to
a true increase in prevalence, although increased awareness, improved diagnostic tools, and
increased feline longevity may contribute.3

Domestic cats are the only nhonhuman species frequently diagnosed with hyperthyroidism,
known as toxic nodular goiter (TNG) in humans.3 Feline hyperthyroidism and TNG result
from excessive circulating concentrations of the thyroid hormones thyroxine (T4) and
triiodothyronine (T3).1 3 These progressive diseases, which also share clinical symptoms,
exhibit adenomatous hyperplasias with autonomous cell growth and hormone secretion.3: 8
Because of these similarities, hyperthyroid cats are recommended as animal models for
TNG.

The underlying causes of feline hyperthyroidism remain unknown, but its development
involves more than one risk factor.l As with TNG,? feline hyperthyroidism does not develop
due to dietary iodine deficiency alone.l However, iodine deficiency may function
synergistically with other factors. 10 Reported risk factors for feline hyperthyroidism
include increasing age,> "+ 11 canned cat food consumption,? 4 7- 11 and litter box use.* >

Researchers have hypothesized another risk factor for feline hyperthyroidism is household
flame retardant (FR) exposures.12-16 The hypothesis emerged because the earliest diagnoses
coincided with the introduction of polybrominated diphenyl ethers (PBDES) as FRs during
the mid-1970s.17 FRs are commonly used in textiles, polyurethane foam, plastics, and
electronics to delay the ignition of a fire.17-1° To meet flammability standards, PBDEs
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emerged as a major FR series with the common commercial mixtures of pentaBDE,
octaBDE, and decaBDE.17: 18 |n 2004, the pentaBDE and octaBDE mixtures were
voluntarily phased out of US manufacturing due to concerns of persistence,
bioaccumulation, and potential to cause adverse health effects.18: 20 The decaBDE mixture
phase-out began in 2010, but PBDEs detections continue in dust and biomonitoring samples.
21-23 pdditionally, products containing PBDES are infrequently replaced, such that PBDE
exposures will likely continue despite the phase-outs.17: 18 24

In response to the PBDE phase-out, organophosphate ester (OPE) production has increased
over the past 10 years.25 OPEs have been considered suitable alternatives to PBDEs for
decades?>27 and include analytes such as tris(1,3-dichloroisopropyl) phosphate (TDCIPP),
tris(1-chloro-2-propyl) phosphate (TCIPP), tris(2-chloroethyl)phosphate (TCEP), and
triphenyl phosphate (TPHP). Evidence suggests that both PBDEs!7: 28 and OPEs29-33 act as
endocrine-disrupting chemicals (EDCs) with thyroid targets.

A fraction of household PBDEs and OPEs remain unbound and freely dissolved in the gas
phase.25: 34,35 These biologically relevant, or bioavailable, FRs are significant for inhalation
and dermal contact exposure routes.3>-38 By contrast, FRs bound to particulate matter (e.g.
dust) are more significant for the ingestion pathway,34 but all three exposure routes can lead
to potential adverse health effects. Both cats12-14 and young children?®: 35 are hypothesized
to experience FR exposures predominantly via dust ingestion and inhalation of gas phase
FRs, such that researchers should consider using cats as sentinels for human FR exposures in
the home.

To quantify the bioavailable FR exposures of housecats, this study used a novel silicone
passive sampling devices (PSDs). PSDs sequester unbound volatile and semi-volatile
organic compounds (VOCs, SVOCs) via diffusion because the PSD polymer mimics an
organism’s phospholipid membrane.37-39 PSDs capture the bioavailable fraction of
lipophilic organic chemicals and researchers can quantify exposures. Compared to active
sampling devices, PSDs are lightweight, easy to use, and low-cost.3? Stationary PSDs
underestimate individual exposures,“° leading to an increased interest in personalized PSDs.

In 2014, silicone wristbands were first modified to function as personalized PSDs.38-52
Worn against the skin, wristbands are capable of sequestering 1530 chemicals, including
pesticides,*>~49 polycyclic aromatic hydrocarbons,39: 40 42. 44 personal care products,

39,41, 43-45 and FRs.38. 41, 50-52 |n Hammel et al. 2016 (n=48), TDCIPP, TCIPP, and TPHP
urinary metabolite concentrations were more strongly correlated with parent OPE
concentrations in wristbands compared to hand wipes. In Hammel et al. 2018 (n=30),
BDE-47, 99, —-100, and —153 concentrations were strongly correlated between serum and
wristbands. Together, these studies suggest that wristbands can act as strong predictors of FR
body burden.?1. 52

In this study, silicone pet tags are introduced as a new configuration of personalized PSDs
and compare bioavailable FR exposures between hyperthyroid and non-hyperthyroid senior
and geriatric cats. The objectives of this study were to (1) demonstrate the use of silicone
PSDs on companion animals, (2) compare FR exposures of hyperthyroid and non-
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hyperthyroid cats, and (3) associate FR concentrations associated with feline
hyperthyroidism to household variables and behaviors. This study further recommends the
use of housecats as sentinels for human bioavailable FR exposures.

METHODS.

2.1 Materials

Solvents were Optima-grade and purchased from Fisher Scientific (Pittsburgh, PA, USA).
All analytical standards were purchased from Accustandard (New Haven, CT) as single
analyte or composite solutions. For the full list of individual FR analytes and extraction
surrogates, see Table S1 in Supporting Information (SI). Prior to use, glassware was rinsed
in a base bath, washed with detergent in an automatic dishwasher, rinsed with 18 MQ-cm
water, and baked at >300 °C for 12 h. Air-tight polytetrafluoroethylene (PTFE) storage bags
and closures were purchased from Welch Fluorocarbon, Inc. (Dover, NH, USA).

2.2 Silicone Tag Preparation

The silicone pet tags (3.0 cm wide by 2.5 cm long by 0.3 cm thick; ~2.7 g; https://
24hourwristbands.com, Houston, TX, USA) were prepared as previously reported with
minimal modifications.*# Briefly, the tags were conditioned in a vacuum oven at 270-300 °C
for six hours at 0.1 Torr (Vacuum Oven, Blue-M, no. POM18VC, with Welch Duo-seal
pump, no. 1405). Quality control (QC) samples were selected to evaluate for data quality
objectives prior to storing the cat tags in sealed metal containers at 4 °C (see Section 2.5).
Pet tags were transferred to PTFE bags before deployment.

2.3 Cat Population and Recruitment

Cat recruitment (n=78) occurred between December 2017 and October 2018. All protocols
involving cats were approved by the Institutional Animal Care and Use Committees at
Oregon State University (OSU ACUP 4963) and Columbia University (CU ACUP AC-
AAAT5454). Hyperthyroid cats were recruited from the Animal Endocrine Clinic

(NN hyperthyroig=22) and OSU’s Animal Teaching Hospital (NoR hyperthyroig=17)- Non-
hyperthyroid cats were recruited from the New York Cat Hospital (NNy,non-hyperthyroid=16)
and OSU’s Animal Teaching Hospital (NoR,non-hyperthyroid=23). For more details on cat
recruitment, see Sl.

2.4 Flame Retardant Extraction, Analysis, and Quality Control

The pet tags were cleaned, extracted, and analyzed as previously reported3® (see SI for
details on extraction procedures, instrument analysis, and quality control). Additional details
on instrument parameters, target analytes, and limits of detection and quantitation (LOD,
LOQ) are given in Sl and Table S2.

2.5 Statistical Analysis

Statistical analyses were performed using SAS statistical software (JMP Pro version 13.0.0;
SAS Institute Inc., Cary, NC) and R free software (CRAN R Project version 3.5.2) for
analytes detected in at least one pet tag. All FR concentrations were normalized to the
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average pet tag sampler mass (2.7 g), or the mass recorded during post-deployment cleaning
if the tag was partially chewed. We substituted FR concentrations below the method LODs
with a value equal to one-half the LOD. All concentrations were converted to moles per
gram pet tag (pmol/g tag). During the PBDE congener comparison between cat tag and
commercial mixture profiles, all concentrations were normalized using octanol-air partition
coefficients to simulate the silicone-air partition coefficients.>2

FR concentrations and thyroid hormone concentrations were approximately log-normally
distributed (Kolmogorov’s test, p<0.05). Spearman’s correlation coefficients assessed
bivariate comparisons for FR concentrations. Adjusted odds ratios for FR concentrations
were calculated using logistic regression,®® where covariates were included if associated
with the independent variable at p<0.15.

To confirm the significance of the adjusted odds ratios (OR), we performed two alternative
analyses. A Kaplan-Meier procedure for censoring non-detected values compared
hyperthyroid and non-hyperthyroid FR tag concentrations (Mantel-Cox XZ).54 Weighted
quantile sum (WQS) regression for high-dimensional datasets assessed mixture effects in
association with feline hyperthyroidism as the binary disease outcome (see SI).5>-°7 The
WQS regression considered correlations between FR variables, enabled a generalized
inference about the mixture effect, and identified individual FRs most strongly associated
with feline hyperthyroidism.>>-57 Chemical exposures occur as complex mixtures,#
yielding high-dimensional datasets in which some individual exposures may increase the
risk of disease. During univariate analysis, identifying chemicals with the strongest
association with the disease outcome can be complicated by strong correlations with other
chemicals in the dataset.% Because the FR dataset from this study demonstrated strong
variable-variable correlations (Table S2, S3), WQS method application was appropriate as
an alternative statistical approach. For the 21 FR components, the WQS method estimated a
weighted linear index.%6: 57 The 21 FR components were scored as ordinal variables into
quantiles (n=4; quartiles) prior to being combined into the weighted index. The FR weights,
which sum to 1, were empirically determined with bootstrap sampling (B=100). FRs with
higher contributor weights had stronger associations with the outcome of feline
hyperthyroidism.

A subset of FRs (adjusted OR, p<0.10) were selected from the logistic regressions for
investigation with questionnaire variables using generalized linear models. For all
multivariate linear models, we logyo-transformed both FR and hormone concentrations to
produce a more normal distribution. Again, covariates were included if associated with the
independent variable at p<0.15.

3.1 Participant Population

Of the 78 tags distributed, all tags were worn for seven days and all were returned (100%
compliance). One cat owner did not complete a questionnaire (99% compliance). Select
questions had up to 16 missing answers (79% compliance). All pet tags were included in the
logistic regressions, but tags with missing questionnaire answers were excluded from the
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multivariate linear models. All pet tags detected at least one FR above LOQ. A summary of
cat population demographics is given in Table 1.

Potential confounding variables included location, age, bite marks on the pet tag, time spent
outdoors, living in the same household as other recruited cats, and sampling season. Multiple
pet tags (n=10, 13%) were returned with bite marks. Of the bitten tags, two tags (4%) were
returned with sections missing, presumably chewed off by the recruited cat. Neither was
found to be a confounder for any FRs (ANOVA, p>0.05; logistic regression, p>0.15).
Unadjusted OR are shown in Table S3.

3.2 Flame Retardant Concentrations among Case-Control Cats

3.2.1 OPEs—AIl six OPEs were detected in at least one tag (Table 2). TPHP, TDCIPP,
and TCIPP were detected in over 90% of pet tags in each group. TCEP and tri-n-butyl
phosphate were detected over 50% of samples each, and tri-n-ethyl phosphate in fewer than
50% of samples. For the Spearman’s correlation, we included all six OPEs for a total of 15
coefficients, of which seven were significant (Table S4). This suggested the OPEs were
unlikely to originate from a common source.

TDCIPP concentrations were higher in hyperthyroid than non-hyperthyroid tags (Table 2;
adjusted OR, p<0.07). The Mantel-Cox XZ confirmed this result (Table 2; Figure S1;
Mantel-Cox, p<0.02). The weighted quantile sum regression also indicated that TDCIPP
was the largest contributor to the FR mixture effect and the FR most strongly associated with
feline hyperthyroidism (contributor weight>0.20), although the entire FR mixture was not
associated with the disease outcome (p=0.07; p>0.90). The remaining five OPE
concentrations and ~gOPEs demonstrated no difference between hyperthyroid and non-
hyperthyroid tags (Table 2; adjusted OR, p>0.10; Mantel-Cox, p>0.10). This result
suggested that besides TDCIPP, hyperthyroid and non-hyperthyroid cats experience similar
OPE exposures.

3.2.2 PBDEs—Out of 36 PBDEs in the analytical method, 15 congeners were detected in
at least one pet tag (Table 2). Low molecular weight (LMW) congeners (e.g. one through
five bromines) were more frequently detected than high molecular weight (HMW)
congeners (e.g. six through 10 bromines).

PBDE congeners were detected with similar frequency between hyperthyroid and non-
hyperthyroid tags (Table 2). BDE-47 was the most frequently detected congener (>80%) in
both hyperthyroid and non-hyperthyroid tags, followed by BDE-99 (>65%). BDE-100 and
-153 were detected between 25% and 50% of samples in each group, while BDE-154, —49,
-66, -28&-33, -8, —12, and —25 were detected in <25% of samples. The PBDE congener
concentrations and X3gPBDESs demonstrated no difference between hyperthyroid and non-
hyperthyroid tags (Table 2; adjusted OR, p>0.10; Mantel-Cox, p>0.10). This result
suggested that hyperthyroid and non-hyperthyroid cats experience similar PBDE exposures.

For the Spearman’s correlation, we included the six most frequently detected PBDE
congeners for a total of 15 coefficients, all of which were statistically significant (Table S5).
In contrast to OPEs, this result suggested pet tag PBDE congener profiles likely originated
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from a common source, like a commercial mixture. For example, the Bromkal series were
common PBDE commercial formulations®® treated a wide variety of consumer products
prior to the phase-outs.1”- 18 The Bromkal congener compositions were compared to the
mean hyperthyroid and non-hyperthyroid congener profiles from this study (Figure 2).5°

3.2.3 Alternative BFRs—Two alternative BFRs were included in the analysis, of which
only EH-TBB was detected. EH-TBB was detected less frequently in hyperthyroid than non-
hyperthyroid tags. Neither EH-TBB nor Z,BFR concentrations were different between the
hyperthyroid and non-hyperthyroid cat tags (Table 2; adjusted odds ratio, p>0.10). This
indicated the measured BFR exposures were not associated with feline hyperthyroidism.
However, future studies may benefit by including additional BFRs.

3.3 Thyroid Hormone Concentrations

We investigated serum thyroid profile results from non-hyperthyroid cats (n=39) to assess
correlations between FR concentrations and thyroid function. Only non-hyperthyroid cats
were included in this analysis due to potential bias from hyperthyroid cat weight loss (see
Discussion). Summary statistics for free T4 (fT4), total T4 (TT,), total T3 (TT3), and thyroid-
stimulating hormone are reported in Table S1.

Multivariate associations between logq-transformed concentrations of OPEs and thyroid
hormones (Table 3) were calculated for models with no covariates (Model A), models with
cholesterol as the only covariate (Model B), and models with all covariates (Model C).
Model C contained the largest number of statistically significant and predominantly positive
associations. Compared to other OPEs in Model C, TDCIPP demonstrated the largest effect
estimates (10P). For example, a 10% increase in TDCIPP pet tag concentrations
corresponded with a 1.38% increase in fT4 hormone concentrations (95% CI: 1.15, 1.66;
p<0.002). For fT4, TDCIPP and TPHP were positively associated (Table 3, p<0.002; p<0.03)
and TCIPP negatively associated (Table 3, p<0.001). For TTy4, TDCIPP and TCEP were
positively associated (Table 3, p<0.01; p<0.002), with similar results for TT3 (Table 3,
p<0.10; p<0.002).

3.4 Associations with Household and Feline Variables

TDCIPP logp-transformed concentrations from pet tags were associated with specific
household and behavioral variables in a multivariate linear model, adjusted for confounders
(Table 4). Reference groups are indicated in the effect estimate column (10P). For instance,
the median TDCIPP pet tag concentrations in homes with weekly air freshener use was 61%
higher compared to median concentrations in homes with no air freshener use (95% ClI:
1.18, 2.20; p<0.002). For cleaning-related variables, TDCIPP concentrations were positively
associated with monthly to weekly air freshener use (p<0.01), but not associated with
vacuum frequency (p>0.05). Residence-specific variables associated with higher TDCIPP
concentrations were residences built since 2005 compared to those built prior to 1989
(p<0.002) and residences containing upholstered furniture purchased between 2007 and
2012 compared to purchases prior to 2006 (p<0.01). Feline behavioral variables positively
associated with TDCIPP were any consumption of commercial dry food (p<0.001) and cats
who preferred to sleep on furniture compared to cats with no location preference (p<0.05).
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3.5 Intra-Household Comparison

Of 78 recruited cats, four pairs of cats lived in the same household, enabling direct
comparisons of feline exposures within a shared living space. Because household factors
(e.g. air freshener use) were identical between cat pairs, FR exposure differences were
attributable to specific feline behaviors. There were two pairs of hyperthyroid/non-
hyperthyroid cats and two pairs of two non-hyperthyroid cats living in the same household.
All FR concentrations were normalized using log K, values to account for variable FR-
silicone affinity.52 Each pet tag FR profile was unique, regardless of the shared household
environment (Figure 3). Higher TDCIPP concentrations for one cat were observed between
three of the four pairs (OR-H-01, OR-H-02, OR-H-04). In all three pairs, the cat with higher
TDCIPP tag concentrations spent an additional one to six hours/day on upholstered
furniture. Consistent with the results in Table 4, this suggested an association between
elevated TDCIPP exposures and increased time spent on upholstered furniture (p<0.05).

DISCUSSION.
4.1 Owner Feedback

The owner responses to this study were extremely positive. The most common written
feedback were variations of “The tag didn’t bother her/him at all!.” Some recruited cats did
not wear a collar on a daily basis, but owners frequently reported their cat became
accustomed to wearing the collar and tag. This feedback indicated that pet tag use is low-
stress and simple for both cat and owner when monitoring companion animal chemical
exposures.

4.2 TDCIPP

4.2.1 This Study—To our knowledge, this is the first study to investigate bioavailable
household OPE exposures between hyperthyroid and non-hyperthyroid cats. Of the OPEs,
PBDEs, and BFRs detected, TDCIPP concentrations were higher in pet tags from
hyperthyroid compared to non-hyperthyroid cats (Table 2; adjusted odds ratio, p<0.07;
Mantel-Cox, p<0.02). In Table 3, TDCIPP concentrations were also positively associated
with fT4 (p<0.002), TT4 (p<0.01), and TT3 (p<0.10) concentrations among non-
hyperthyroid cats. TDCIPP also had the largest 10P coefficients, and therefore impacted T,
TTy4, and TT3 more strongly, compared to other OPEs in Table 3. This result was further
suggestive of a link between TDCIPP exposure and thyroid function. Combined with
historic use and altered thyroid hormone function in various organisms, this study provides
new evidence that bioavailable household TDCIPP exposures may be linked to feline
hyperthyroidism.

4.2.2 Background—->Prior to the earliest diagnoses of feline hyperthyroidism,
manufacturers introduced TDCIPP as a household FR.26: 2960 Known as Fyrol FR2,19: 26, 61
TDCIPP was initially applied to children’s sleepwear to meet US flammability standards in
the mid-1970s. Concerns of mutagenicity25: 62 |ed to its discontinuation from sleepwear
products in May 1977.29: 61 However, TDCIPP use continued in other consumer products,
particularly upholstered furniture containing polyurethane foam.2% 63.64 Annual US demand
for TDCIPP expanded from an estimated 450 tons in 1997 to 22,700 tons in 2006.2%: 33
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TDCIPP use has continued to grow in the past decade with the subsequent PBDE phase-out.
23, 63, 64

Additionally, a growing body of evidence has implicated TDCIPP as an EDC with thyroid
targets.2> 29-31 TDCIPP exposures have been correlated with altered thyroid hormone levels
in human men,%° as well as suspected neurotoxicity, developmental toxicity, and
hepatotoxicity in various model organisms.25: 31 Although TDCIPP mechanisms of action
remain unknown, there is interest in the downregulation of messenger RNA expression and
ribosome protein genes along the hypothalamic-pituitary-thyroid axis.31-33 Ribosome
biogenesis is suggested to drive cell growth, and the downregulation of ribosome protein
genes may be important in TDCIPP-induced phenotypic alterations (e.g. decreased cell
quantity).33 With historic TDCIPP use and exposure differences observed in this study,
evidence of EDC mechanisms presents a converging line of evidence for the association of
household bioavailable TDCIPP exposures with feline hyperthyroidism.

Widespread TDCIPP exposures among human populations, as documented by NHANES
data,2’ can potentially be monitored using cats as sentinels.¢: 67 Such TDCIPP and other
chemical exposure data may be particularly useful in homes with either a cat at risk of
developing feline hyperthyroidism and/or a human at risk of developing TNG.

4.2.3 Household and Behavioral Variables—Associations between TDCIPP pet tag
concentrations and household and behavioral variables suggested preventative health
interventions that could be implemented to reduce TDCIPP exposures (Table 4). With
cleaning-related variables, elevated TDCIPP concentrations with air freshener use may
indicate OPE applications beyond flame retarding (e.g. plasticizers, anti-foaming agents).
25,27, 39 For instance, OPE use as anti-foaming agents2’- 3% may have applications in gel air
fresheners. However, to the authors’ knowledge, published studies have not reported
emissions of SVOCs from gel air fresheners. Unexpectedly, vacuum frequency did not affect
TDCIPP tag concentrations, in contrast to previously published results analyzing wristbands
worn by preschool-aged children for FRs.38 Residence-specific variables (residences built
since 2005 or which contain upholstered furniture purchased between 2007 and 2012) were
potentially reflective of increasing OPE production volume in recent decades.2>

More interestingly, select feline behaviors were associated with TDCIPP. Higher TDCIPP
concentrations were associated with any consumption of commercial dry food (p<0.001), a
result potentially related to chemical applications in pet food packaging? 2 36 and
warrants further study. TDCIPP concentrations were also positively associated with cats that
preferred to sleep on furniture (p<0.05) compared to cats with no location preference, a
result attributable to high flammability standards for human consumer products.53

FR concentrations beyond TDCIPP were not investigated using multivariate linear models
because this study focused on FRs associated with feline hyperthyroidism. Exploring the
remaining FRs may provide greater insight into how specific household and behavioral
variables affect the pattern of bioavailable FR exposures among mature, senior, and geriatric
cats.
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4.3 PBDEs

4.3.1 Congeners—Similarities between the pet tags and the pentaBDE mixture (Figure
2) suggested that hyperthyroid and non-hyperthyroid cats experience similar PBDE
exposures and that bioavailable PBDE exposures are not associated with feline
hyperthyroidism. Both hyperthyroid and non-hyperthyroid pet tag profiles closely matched
the pentaBDE mixture (Bromkal 70-5DE), compared to the octaBDE (Bromkal 79-8DE)
and decaBDE (Bromkal 82-0DE) mixtures.>® These three profiles were dominated by
BDE-47, 99, and —100, with minor contributions from BDE-153 and —154. By comparison,
BDE-209 and other HMW congeners dominated the octa-and deca-mixtures, but were
undetected in the pet tags. However, additional HMW congener exposures may occur via
dust ingestion (e.g. feline grooming habits).14 16 Although hyperthyroid and non-
hyperthyroid pet tags demonstrated similar PBDE exposures in this study, silicone pet tags
may still be applied in the future to identify risk factors associated with elevated PBDE
concentrations in human home environments.

4.3.2 Previous Literature—Previous studies on feline PBDE exposures included
samples of cat serum,2-16.67-71 hoysehold dust,13: 14. 16. 69 and commercial cat food.
12-14, 68 However, only three publications have positively associated hyperthyroidism
diagnoses, serum PBDE concentrations, and dust PBDE concentrations.14-16

The strongest evidence for a link between PBDE exposures and feline hyperthyroidism came
from Guo et al. 2016, a longitudinal case-control study (niota=22), where the median serum
concentrations of 19 PBDE congeners were higher in hyperthyroid than non-hyperthyroid
cats.15 Separately, Engdahl et al. 2017 demonstrated a significant association between dust
and serum PBDE concentrations in homes with non-hyperthyroid cats (ny=17), but this
was solely applicable for BDE-47, -99, and —153.16 To date, studies have only examined
dust ingestion as the primary FR exposure route for indoor cats.14-16

4.4 Potential Biases of Serum Concentrations

Studies including serum PBDE and thyroid hormone concentrations from hyperthyroid cats
may introduce unintentional bias. Serum concentrations represent body burden,20: 72 put
over 90% of hyperthyroid cats experience moderate to extreme weight loss prior to
treatment.”3 Weight loss introduces potential overestimation bias into serum PBDE
concentrations for hyperthyroid cats because PBDES stored in fat can be released into serum.
17 1n contrast, the silicone pet tags effectively avoid bias resulting from weight loss while
still indicative of body burden.#2: 51 52 Sjlicone pet tags may serve as a supplement to cat
serum samples for future studies.

4.5 Intra-Household Variations

Each pet tag featured unique FR exposures for each cat in a shared household (Figure 3).
These results suggested that silicone pet tags are highly sensitive to individual feline
behaviors within a given household. In particular, elevated TDCIPP concentrations among
cat pairs were associated with an additional one to six hours/day on upholstered furniture,
consistent with results from Table 4. Despite the small sample size, this data also suggested
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that silicone pet tags and other personalized PSDs can effectively assess preventative health
interventions.

The intra-household comparisons provide future opportunities to explore other feline
chemical exposures, particularly additional EDCs with thyroid targets. As seen in Figure 3,
among the hyperthyroid/non-hyperthyroid pairs, the non-hyperthyroid pet tags featured
higher concentrations of TDCIPP, TNBP, and EH-TBB. Other potential EDCs, such as
phthalates,*! were not captured by the FR analytical method and such data may provide
insight into additional household chemical exposures.

4.6 Study Limitations

There were several limitations to this study. First, the study population was composed of
non-random recruitments and may not be representative of the wider US cat population. The
small sample size also limited the consideration of potential confounders. However, this is
now the largest case-control study on feline hyperthyroidism related to household FR
exposures. Second, silicone pet tags sample VOCs and SVOCs in the bioavailable phase,
which can incorporate inhalation, dermal contact, and limited ingestion exposure pathways.
For instance, silicone wristbands can detect caffeine after it has been ingested and sweat
through the skin.3? However, the study objectives did not include isolating the FR
concentrations attributed to specific exposure routes. Third, this study did not use
performance reference compounds as in situ calibration standards to estimate environmental
concentrations.’# Background air concentrations are difficult to calculate without the use of
performance reference compounds, but this study investigated entire external exposures in
the context to feline hyperthyroidism. Finally, feline behaviors in the home environment may
change over time. Cats may reduce physical activity as they age and as the household
dynamic changes (e.g. new furniture).

The results of this silicone pet tag study demonstrated that cats are exposed to bioavailable
household FRs and elevated TDCIPP exposures are associated with the occurrence of feline
hyperthyroidism. This study also demonstrated that TDCIPP pet tag concentrations
positively associated with thyroid hormone concentrations among non-hyperthyroid cats.
Evidence of EDC mechanisms and historic household use further strengthened these results
linking TDCIPP exposures with feline hyperthyroidism. In future studies, cats can wear
silicone pet tags to assess preventative health interventions and to act as sentinels for FR and
EDC human exposures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

ACUP Animal Care and Use Protocol

EH-TBB 2-ethylhexyl-2,3,4,5-tetrabromobenzoate

FR flame retardant

LOD limit of detection

LOQ limit of quantitation

OPE organophosphate ester

PBDE polybrominated diphenyl ether

PSD passive sampling device

PTFE polytetrafluoroethylene

TNG toxic nodular goiter

TCEP tris(2-chloroethyl)phosphate

TCIPP tris(1-chloro-2-propyl) phosphate

TDCIPP tris(1,3-dichloroisopropyl) phosphate

TPHP triphenyl phosphate

SVOoC semi-volatile organic compound

VOC volatile organic compound
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Figure 1.
The study compared flame retardant exposures using silicone pet tags between hyperthyroid

(n=39) and non-hyperthyroid (n=39) mature, senior, and geriatric cats (e.g. =7 years).
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Figure 2.
The mean PBDE congener profiles identified from hyperthyroid and non-hyperthyroid tags

are compared to three commercial PBDE mixtures, known as the Bromkal formulation
series.>® The pentaBDE mixture (Bromkal 70-5DE) matched the pet tag congener profiles
more closely than the octaBDE (Bromkal 79-8DE) and decaBDE (Bromkal 82—0DE)
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Figure 3.

O R L

The FR profiles from four pairs of cats living in the same household were compared to
identify individual variations. The FR profiles between non-hyperthyroid cats in a household
(OR-H-03, OR-H-04) were visually more similar than profiles between a hyperthyroid and
non-hyperthyroid cat (OR-H-01, OR-H-02). Each individual FR profile was unique,
indicative of the sampler sensitivity to individual feline behaviors.
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