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Co-incident with the introduction of polybrominated
diphenyl ethers (PBDEs) into household materials nearly
30 years ago, feline hyperthyroidism (FH) has increased
dramatically. Risk of developing FH is associated with indoor
living and consumption of canned cat food. We hypothesized
that increases in FH were, in part, related to increased
PBDE exposure, with key routes of exposure being diet and
ingestion of house dust. This study was designed to
determine whether body burdens of PBDEs in hyperthyroid
(HT) cats were greater than that of young or sick non-
HT cats. Serum samples and clinical information were
collected from 23 cats. Serum and dry and canned cat
food were analyzed for PBDEs. A spectrum of BDE congeners
was detected in all cats, with BDE-47, 99, 207, and 209
predominating. Mean ( standard error (and median)
cumulative ΣPBDE serum concentrations of young, old non-
HT, and HT cats were 4.3 ( 1.5 (3.5), 10.5 ( 3.5 (5.9),
and 12.7 ( 3.9 (6.2) ng/mL, respectively. Due to high variability
within each group, no association was detected between
HT cats and ΣPBDE levels. Indicative of age- or disease-
dependent changes in PBDE metabolism, BDE-47/99 ratios
were inversely correlated with age, and 47/99 and 100/
99 ratios in HT cats were significantly lower than those in
the other cats. Overall, ΣPBDE levels in cats were 20- to 100-
fold greater than median levels in U.S. adults. Our results
support the hypothesis that cats are highly exposed to
PBDEs; hence, pet cats may serve as sentinels to better
assess human exposure and adverse health outcomes related
to low-level but chronic PBDE exposure.

Introduction
Since the first veterinary case reports in 1979 (1, 2), feline
hyperthyroidism (FH) has become a leading cause of
morbidity in pet cats. During the 1980s, U.S. veterinary
schools increasingly identified this heretofore-rare disease
syndrome (3-6), with the earliest detectable increases
occurring in California and in the Great Lakes region (3).

Primarily affecting older cats, the average age at initial
diagnosis was 13-14 years, with less than 5% of cats being
diagnosed younger than 8 years of age (7, 8). Clinical signs
of FH (weight loss, polyphagia, and tachycardia) were due
to increased T4 levels owing to development of thyroid
adenomatous hyperplasia and autonomously hyperfunc-
tional benign nodules (3). The spectrum of thyroid pathologic
changes in cats closely resembled that of toxic nodular goiter
(TNG) in humans (8). While the etiopathogenesis of FH or
TNG remains unknown, veterinary epidemiologic studies
suggest that increased risk of developing FH is associated
with indoor living and consumption of canned cat food, in
particular fish flavors (3, 9-12). At present, FH is the most
common endocrinopathy in cats (8), and except for humans,
cats are the only mammalian species with a high incidence
of hyperthyroidism (13).

Co-incident with emergence of this syndrome in cats was
the introduction of brominated flame-retardants into house-
hold materials to reduce the risk of fire. The first reports
describing environmental contamination with polybromi-
nated diphenyl ethers (PBDEs), a widely used class of
brominated flame-retardant, were also published in 1979
(14, 15). By the early 1980s, PBDE environmental levels had
increased exponentially, most notably in the Great Lakes
region (16, 17) and California, with commensurate increases
in fish, waterfowl, and marine mammals (18). Although
increases in FH were first observed in the United States, this
syndrome has since been recognized in Canada, Australia,
New Zealand, Japan, and many parts of Europe (7, 9). This
distribution parallels that of countries that have since
reported increased PBDE levels in the environment and
wildlife (e.g., Canada, Australia, New Zealand, Japan, the UK,
Sweden, Germany, and Belgium) (17, 19-21). Importantly,
PBDE levels are also increasing in people, with individuals
in the United States having the highest levels reported
worldwide (17, 22). Owing to structural similarities of various
BDE congeners (e.g., tetra-brominated BDE-47) with thy-
roxine (T4), as well as reports on PBDE toxicological effects
in laboratory rodents (23) and wildlife (21), there is growing
concern over potential endocrine dysregulation in exposed
humans (24).

We hypothesized that the increases in FH observed
worldwide during the 1980s to present were, in part, linked
to parallel increases in the use of brominated flame-
retardants. We further hypothesized that PBDE exposure of
pet catsssimilar to that of their ownersswould likely occur
through diet (25, 26) and contact with PBDE-containing
household materials and dust (19, 27). We suggest, therefore,
that pet cats could serve as sentinels to better assess adverse
human health outcomes related to low-level but chronic
exposure to brominated flame-retardants. Hence, in this pilot
investigation, we measured PBDE levels in 23 cat serum
samples. The animals were divided into 3 groups: hyper-
thyroid cats, young cats (defined as e5 yrs), and older cats
(g8 yrs) with non-thyroidal illness. To evaluate dietary PBDE
exposure in cats, the PBDE content of representative dry
and canned cat food samples was also determined.

Experimental Section
Experimental details are given in the Supporting Information,
and are briefly summarized here. Serum (1-2 mL) was
obtained during 2005-2006 from client-owned cats in
association with veterinary teaching hospitals in Georgia,
Massachusetts, and North Carolina. Commercially available
dry and pop-top cans of cat food products were purchased
in Bloomington, Indiana, during 2005-2006. The serum
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samples were denaturized with HCl and 2-propanol and
extracted with hexane/methyl t-butyl ether. The food samples
were Soxhlet extracted using hexane/acetone. All samples
were analyzed by electron capture negative ionization gas
chromatographic mass spectrometry for the major PBDE
congeners. Data were analyzed using a t-test for single
comparisons or an analysis of variance with Fisher’s protected
least-significance difference testing for determination of
multiple group comparisons.

Results and Discussion
Subjects. Of the 23 cats evaluated, 12 had no evidence of FH
including 5 young cats presenting for routine examination
or acute conditions only (e.g., urethral blockage) and seven
older cats presenting for a variety of non-thyroid-related
conditions (e.g., diabetes, neoplasia, chronic dental, lung,
intestinal, or renal disease). Of the 11 HT cats, the time from
initial diagnosis of FH to serum procurement was 1 month
to 3 years. Grouped by health status, clinical information
[(i.e., age, diet, body condition scores (BCS)] is presented in
Table 1. Due to difficulty in finding comparably aged cats
that were not HT, the mean age of the sick non-HT cats was
somewhat less than that of the HT cats. Importantly, the
degree of recent weight loss and the mean (and range) of
BCS in non-HT and HT cats were comparable.

PBDE Serum Concentrations: Influence of Age, Weight
Loss, and Disease. A spectrum of PBDE congeners was
detected in all cats. However, we were unable to accurately
determine the corresponding lipid content of each sample
due to the small sample volume; thus, results are expressed
as the concentration of PBDEs in serum (i.e., ng PBDEs/mL).
A stacked bar graph of the individual congeners comprising
the group mean PBDE serum concentrations is depicted in
Figure 1. The most consistently detected congeners were
BDE-47, 99, 100, 153 154, 183, 207, 208, and 209; with other
miscellaneous congeners (i.e., Σother BDE-66, 85, 196, 197,
and 201) present in some cats but in much lesser quantities.

Serum levels of all the other measured congeners were
negligible.

Data indicated that HT cats had increased accumulation
of “other” PBDEs (Σother PBDEs, mainly BDE-197 and 201)
compared to young cats (Figure 1). Additionally, there was
a trend toward increased BDE-183 in HT cats (0.31 ( 0.10
ng/mL) relative to young cats (0.059 ( 0.005 ng/mL) (p )
0.06). Although BDE-183 was not a prominent congener, its
detection is consistent with exposure to the so-called “octa”
commercial mixture (28). However, the “octa” mixture
constituted only ∼ 4% of the North American commercial
PBDE market, and its production ceased as of 2004 (24).

Overall, the mean ((standard error) ΣPBDE serum
concentrations in young, non-HT, and HT cats were 4.3
((1.6), 10.5 ((3.5), and 12.7 ((3.9) ng/mL, respectively (Figure
1; Table 1). By comparison, the mean serum concentrations
of BB-153 (from the long-banned Firemaster brominated
biphenyl) were nearly 100-fold less [i.e., 0.047 ((0.034), 0.056
((0.031), and 0.10 (( 0.07) ng/mL in young, non-HT, and
HT cats, respectively]. Young cats had some of the lowest
ΣPBDE levels detected; the highest levels occurred in HT
cats with moderate weight loss. Within each subgroup,
however, there were “outlier” cats, defined herein as having
ΣPBDE serum levels 4-7-fold higher than other cats in their
subgroup (Figure 2). Owing to this within-group variability,
the mean ΣPBDE serum concentrations in young, non-HT,
and HT cats were not significantly different (p ) 0.34). In like
manner to these cats, in the United States, certain adult
humans also have blood levels that are 7-8 times higher
than median PBDE levels (22). We further assessed whether
aging significantly influenced ΣPBDE serum levels. When
outlier cats were analyzed separately from non-outliers,
simple linear regression of age and ΣPBDE concentrations
revealed weak but positive correlations; with outlier cats
accumulating relatively greater PBDE body burdens over time
(Figure 2). In examining the cats as a whole, the high ΣPBDE
levels in outlier cats could not be explained simply by
disproportionate weight loss or excessively low BCS. For
example, although the three-outlier HT cats all had moderate
weight loss, the outlier young and non-HT cats had only
mild to no weight loss. Moreover, based on BCS at the time
of sampling, several of the non-outlier sick non-HT and HT
cats were more emaciated than any of the so-called outlier
cats (data on individual cats in Table S1 in the Supporting
Information). Thus, generic factors such as aging and recent
weight loss had only modest influences on overall PBDE
serum concentrations, and no association was detected
between HT cats and overall ΣPBDE serum levels.

The ratios of certain congeners were different in HT cats:
data revealed that BDE-47/99 was significantly lower in HT
cats (0.58 ( 0.12) compared to young (1.07 ( 0.15) and sick
non-HT cats (1.04 ( 0.15) (p e 0.03). Similarly, HT cats had
significantly reduced BDE-100/99 ratios (0.052 ( 0.008)
relative to young (0.12 ( 0.02) and non-HT cats (0.10 ( 0.02)
(p e 0.004). Overall, there was a significant but inverse
correlation between age and BDE-47/99 ratios (R ) 0.71; p
) 0.0001). These findings suggest that, while BDE-99 was a
predominant congener in most cats, this congener was
particularly abundant in many of the older HT cats. With
one exception, the average BDE-47/99 ratio in HT cats was
∼1:2. The exception, a 14-yr-old cat noted to eat canned
salmon, had a BDE-47/99 ratio ∼2:1. The observation that
older cats have significantly decreased BDE-47/99 and BDE-
100/99 ratios suggests the possibility that, with advancing
age, cats may have reductions in their ability to metabolize
certain PBDE congeners.

Comparison to PBDEs in Cat Food. To explain the high
cat-to-cat variability observed, all cats were regrouped based
on eating habits: (a) predominantly dry food; (b) mixed (dry
+ canned) food; and (c) predominantly canned food. Data

TABLE 1. Group Clinical Information and ΣPBDE Serum
Concentrations in Cats Based on Health Status

indices young non-HT hyperthyroid

group size n ) 5 n ) 7 n ) 11
sex ratio (M/F) 4:1 4:3 7:4
serum ΣPBDE (ng/mL)

mean ( SE 4.3 ( 1.5 10.5 ( 3.5 12.7 ( 3.9
median 3.5 5.9 6.2
minimum/maximum 1.85-10.3 2.23 - 27.2 3.0 - 39.5

age (years)
mean ( std err 2.55 ( 0.7 10.4 ( 1.1 14.2 ( 0.7
median 2.0 9.5 14.0
minimum/maximum 1.25 - 5 8-15 10-18

body condition score (BCS)
mean (of 9 maximum) 4.5 4.9 4.7
minimum/maximum 3.5 - 5 2-9 1.5-7

recent change in weight
mild gain 1/7 (15%) 1/11 (9%)
none 4/5 (80%) 1/7 (15%) 2/11 (18%)
mild loss 2/7 (28%) 3/11 (27%)
moderate loss 2/7 (28%) 4/11 (36%)
severe loss 1/7 (15%) 1/11 (9%)
NAa 1/5 (20%)

diet type
canned (mostly) 1/5 (20%) 0/7 (0%) 3/11 (30%)

mixed (dry + canned) 2/5 (40%) 3/7 (40%) 6/11 (50%)
dry (mostly) 2/5 (40%) 4/7 (60%) 2/11 (20%)

housing
indoors only 3/5 (60%) 4/7 (56%) 8/11 (73%)
in and out 1/5 (20%) 1/7 (15%) 2/11 (18%)
NAa 1/5 (20%) 2/7 (28%) 1/11 (9%)

a NA: not available.
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indicated that in canned-food eaters (n ) 4), relatively little
BDE-207 or 209 was present, thus allowing BDE-47 and 99
to predominate. Conversely, in dry-food eaters (n ) 8), BDE-
209 > 207 ≈ 47 ≈ 99 (Figure 3). As a group, cats eating a
mixture of dry plus canned food (n ) 11) exhibited a
composite of these patterns (Figure 3).

We questioned why cats eating canned food had pro-
portionately greater body burdens of BDE-47 and 99 (or
alternatively, why they had less BDE-209). Detection of BDE-
47 and 99 is consistent with exposure to “penta” commercial
mixtures (e.g., DE-71) (Figure 3), which was almost exclusively
used in North America (29). Despite being phased out in

FIGURE 1. Mean ΣPBDE serum concentrations of the major tetra- to deca-brominated congeners in cats, stratified by health status (ng/mL).
(*) Indicates significantly different from young cats (p ) 0.04). (†) Indicates trend only in significant difference from young cats (p ) 0.06).

FIGURE 2. Correlation of ΣPBDE serum concentrations (ng/mL) with age (yrs) in outlier (- - -) and non-outlier (s) cats.

FIGURE 3. Mean serum PBDE congener profiles in cats (% of the ΣPBDE concentrations) stratified by diet type. Comparison to penta and
deca commercial mixtures. (*) Indicates significantly different from cats eating canned food.
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2004, it had been routinely incorporated into polyurethane
foam and components of carpet padding, furniture, and
mattresses, products likely to remain in homes for many
years (24). In contrast, cats eating dry food had increased
BDE-209 levels. “Deca” commercial mixtures (e.g., DE-83)
were, and still are used in high-impact polystyrene, com-
mercial textiles (upholstery), and electronic equipment (28)
(Figure 3). By the late 1990s, deca’s use was nearly 25,000
metric tons/year in North America alone, constituting nearly
half the global demand for PBDEs (29).

To understand how diet influenced the cats’ congener
profiles, PBDE compositions of representative dry and canned
cat foods were determined. Total ΣPBDE levels, on a wet
weight basis, along with the lipid content of the food products
are presented in Table 2. Overall, PBDE content of canned
fish/seafood flavors was higher than non-seafood canned
varieties. Data are consistent with recent reports on PBDE
levels in edible marine species (30) and corresponding human
food products (25, 26). Assuming that these cat foods
represented complete and balanced diets, and that a 4-5 kg
cat requires 300 Kcal/day, the PBDEs contained in daily food
consumed on these diets were calculated (Figure 4). It is
apparent that cats consuming fish- or seafood “flavored”

canned foods would ingest significantly more PBDEs (up to
500 ng PBDEs/day) compared to cats eating dry food or other
canned varieties. Compatible with BDE-47 biomagnification
in fish, the increased PBDE content of canned foods largely
reflected increases in BDE-47. Mean BDE-47/99 ratios
increased accordingly [i.e., dry food (1.5), canned poultry
and beef (2.5), generic fish (4.3), and salmon (9.4)]. Among
the 11 HT cats studied, there were two mixed food eaters
whose dry food was supplemented with fish-based canned
food. One cat reportedly ate one can of tuna-food/day, and
it had a moderately high PBDE level of 10.6 ng/mL, and the
second received dry food plus canned salmon, and it had an
increased BDE-47/99 ratio of nearly 2:1.

Unexpectedly, dry food contained relatively high levels
of BDE-209 (83-93% of total) with minor quantities of BDE-
206 (4-7%) and 207 (1-3%), thus closely matching the
commercial “deca” profile (29). We speculate that the BDE-
209 content of dry food did not relate to base protein/fat
sources as much as to processing. Detection of BDE-209 in
dry food largely explained its prominence in dry-food-eating
cats; with BDE-209 accounting for 4.2%, 21%, and 30% of
serum ΣPBDE levels in canned-, mixed-, and dry-food-eaters,
respectively. However, BDE-207 comprised only 1-3% of

TABLE 2. Comparison of the ΣPBDE Concentrations (mean ( SE) in Canned and Dry Cat Food (ng/g Wet Weight), Mean
Concentrations of Select Congeners (ng/g Wet Weight), and % Lipid Content

ΣPBDE
(ng/g

wet wt)

BDE- 47
(ng/g

wet wt)

BDE- 99
(ng/g

wet wt)

BDE-100
(ng/g

wet wt)

BDE-
153+154

(ng/g
wet wt)

BDE-183
(ng/g

wet wt)

BDE-207
(ng/g

wet wt)

BDE-209
(ng/g

wet wt) % lipid N

Canned food
turkey-comboa 0.36 ( 0.19 0.06 0.04 0.02 0.03 0.07 0.06 0.02 9 3
chickena 0.31 ( 0.06 0.13 0.04 0.03 0.02 0.02 0.006 0.009 4 3
chicken-comboa 0.17 ( 0.07 0.06 0.04 0.014 0.009 0.003 0.003 0.025 6 4
beef 0.36 ( 0.04 0.16 0.05 0.03 0.02 0.04 0.01 0.003 8 2
tuna 0.58 ( 0.09 0.25 0.13 0.05 0.04 0.02 0 0.01 6 2
whitefish 1.00 ( 0.20 0.26 0.05 0.05 0.08 0.19 0.06 0.04 8 4
salmona 1.25 ( 0.03 0.80 0.08 0.15 0.04 0.01 0.002 0.008 8 4
seafood buffet 1.75 ( 0.02 1.09 0.20 0.20 0.06 0.007 0.003 0.016 4 2

Dry food
chicken 0.6 ( 0.1 0.05 0.03 0.01 0.007 0.01 0.01 0.42 10 2
salmon 1.5 ( 0.1 0.06 0.03 0.01 0.005 0.03 0.04 1.04 10 2
poultry and fish 2.1 ( 0.4 0.04 0.04 0.01 0.009 0.009 0.03 1.89 8 4
adult 2.9 ( 0.1 0.06 0.08 0.02 0 0.06 0.07 2.28 21 4

a The value presented is the average between similar flavors of two different brands.

FIGURE 4. Estimated daily PBDE consumption in cats (ng BDE/300 Kcal/day) for a variety of dry and canned cat foods.
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dry food PBDE content and yet serum levels were nearly 50%
that of BDE-209. Specifically, BDE-207 accounted for 4.5%,
9.8%, and 17% of the ΣPBDE levels detected in canned-,
mixed-, and dry-food-eaters, respectively. The ratio of BDE-
207/209 in dry food was only ∼0.03; in serum, ratios were
greater and remarkably constant [0.51 ((0.14), 0.54 ((0.11),
and 0.63 (( 0.11) in young, non-HT, and HT cats, respectively].
These data suggest that in cats, BDE-207 is a major (meta-
position) debromination product of BDE-209, differences in
elimination half-lives between BDE-207 and 209 notwith-
standing (31). The relative levels of highly brominated
congeners (i.e., BDE-206 to 209) observed in cats are
compatible with recent reports in humans (31), cows (32),
rats (33), and birds (34).

Comparison to PBDEs in House Dust. Of the four most
prominent congeners detected in cats (i.e., BDE-47, 99, 207,
and 209), increased BDE-209 was seemingly associated with
dry food consumption, and BDE-207 likely represented a
debromination product. Although increased BDE-47 could
relate to consumption of fish-based canned food, none of
the cats consumed these flavors exclusively. Therefore,
because house dust contains relatively high PBDE levels (19,
28), we hypothesized that serum levels of BDE-47 and 99 in
cats, in particular in the outlier cats, were most likely due to
indoor exposure to PBDEs. While sleeping, cats would have
direct and prolonged contact with upholstery, carpeting, and
mattress materials. Due to their heat-seeking tendencies,
cats frequently sit near (or even on) electronic equipment
(e.g., computer monitors and television sets). Because of their
meticulous grooming behavior, cats would effectively ingest
any volatilized PBDEs or PBDE-laden dust that deposited on
their fur during such activities.

Closer examination of outlier (n ) 7) vs non-outlier (n )
16) cats revealed that mean ΣPBDE serum concentrations in
outlier cats were 23.3 ((3.9) ng/mL, nearly 5-fold greater
than in non-outlier cats at 4.5 ((0.58) ng/mL. The higher
levels reflected significantly greater concentrations of BDE-
47, 99, 100, 153+154 (i.e., congeners in the penta mixture),
and BDE-183 (i.e., the main congener in the octa mixture)
but not BDE-207 or 209. The relative proportion of BDE-
47/99/100/153+154 in outlier and non-outlier cats (9:13:1:2
and 8:13:1:3, respectively) and commercial penta mixtures
(e.g., DE-71 at 8:12:2:2) were similar. However, in outlier cats,
penta-based congeners comprised g80% of the ΣPBDEs
detected; while in non-outlier cats these congeners repre-
sented e50% of the ΣPBDEs detected (Figure S1).

As in cat serum, PBDE profiles for dust samples from
homes in the eastern United States also revealed the presence
of both penta- and deca-based congeners (27, 28). Likewise,
there was considerable dust-to-dust variability in the specific
profiles detected. Analogous to our cats, ΣPBDE levels in
dust from certain “outlier” houses were approximately 2.5-
to 5-fold higher than dust from average households. More-
over, congener profiles of many such “outlier dust” samples
(i.e., >6000 ng/g dry mass) reflected proportionately greater
contamination with penta-based congeners (up to 90% of
the ΣPBDEs detected). Taken together, these data are
consistent with the hypothesis that increased indoor exposure
to penta-laden house dust contributed to increased serum
BDE-47 and 99 levels in cats, particularly the outlier subjects.
Prospective studies in cats are needed to confirm this
hypothesis. However, Wu et al. recently reported significant
positive associations between PBDE levels in house dust and
breast milk samples of the human occupants (27).

Comparison of Cats to Humans. Given that cats share
the same household environment as their owners, it is
interesting to compare their PBDE levels with those of
humans. In U.S. adults, whole blood PBDE levels (including
congeners BDE-47, 66, 85, 99, 100, 138, 153, 154, 183, and
209, but not BDE-207) are much lower (22). Median blood

levels from men and women in the eastern United States (n
) 39, collected in 2003) were, respectively, 0.10 and 0.19 ng
ΣPBDE/mL. Also, as was observed in the cats, certain
individuals had values 7-8 times higher than the median
value for the corresponding sex, with the highest levels
observed in men and women being 0.76 and 1.8 ng/mL,
respectively. Thus, even our non-outlier young cats had serum
ΣPBDE levels that were ∼20 times greater than the median
values reported for U.S. adults. Remarkably, the outlier HT
cats had ΣPBDE levels that were more than 100 times greater.

In an effort to assess why pet cats have such high body
burdens of PBDEs, we used this collective data set to estimate
the relative contribution of dietary vs dust exposure in cats,
as well as the relative exposure estimates in cats to that of
humans in the United States. First, through dietary exposure
we predict that dry-food-eating cats consume between 10
and 40 ng PBDE/kg/day; while canned-food eaters consume
between 20 and 125 ng PBDE/kg/day. Estimates of daily PBDE
consumption in adult humans range from a low of 21 ng/
day in Spain (30), 31-44 ng/day in Sweden and Canada (20),
to 88 ng/day in the United States (26). Assuming a typical
adult weighs 70 kg, these data predict that on average, adult
humans consume only 0.3-1.3 ng PBDE/kg/day. Hence, pet
cats may be receiving 10-100 times greater dietary PBDE
exposure than U.S. adults.

Next, based on (a) differences in serum BDE-207 + 209
levels between canned- vs dry-food eaters, (b) average ng of
BDE-209 consumed by dry-food eaters/day, and (c) average
house dust BDE-209 content (28), we estimate that cats
consume ∼5 mg dust/kg/day. According to U.S. EPA esti-
mates for dust consumption in adults (50 mg dust/day) (35),
a 70 kg adult would consume only 0.7 mg dust/kg/day. Thus,
cats likely ingest 7-fold more dust than adult humans. In
children, dust consumption is reportedly higher, accounting
for up to 80% of total daily PBDE exposure (19), with estimates
falling between 20 and 200 mg of dust/day (28). Assuming
that a 2-year-old weighs 14 kg, young children are predicted
to consume between 1.4 and 14 mg/kg/day, comparable to
our estimate for cats. These predictions are also compatible
with a recent case study wherein children, aged 18 months
and 5 years, had higher PBDE serum levels (2.5 and 1.2 ng
ΣPBDE/mL, respectively) than their parents (36). The ages
and PBDE serum levels of these children were comparable
to those of our non-outlier young cats. Hence, with regards
to dust ingestion, cats (with their grooming behavior) may
be suitable as sentinels for toddlers (with their increased
floor contact time and “mouthing” behavior). With matura-
tion, children would presumably ingest less dust, while cats
would continue to engage in grooming, likely contributing
to their persistently high PBDE body burdens.

To conclude, we predict that minimum PBDE exposure
would occur in pet cats eating dry food and living in average
deca-contaminated households. Such cats are estimated to
consume ∼65 ng BDE-209/kg/day (half through diet and
half through dust ingestion). At the other extreme, maximal
PBDE exposure would occur in canned-seafood-eating cats
living in highly penta-contaminated houses. These cats are
estimated to consume up to 250 ng of penta-based congeners
(47 + 99 + 100 + 153 + 154)/kg/day (again approximately
half via diet and half via dust).

Risk Factors for FH. Recognizing that FH appeared
nationwide in the United States and then worldwide, all
within a relatively narrow time interval, it seemed probable
that some global change must underlie this condition. A
number of theories arose as to specific factors that may have
contributed to the transformation of a cat’s normal thyroid
into a nodular hyperfunctioning goiter. As recently reviewed
(7), theories included immunological and nutritional changes
as well as exposure to various environmental chemicals (3,
10).
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To this list, we add exposure to yet another ubiquitous
environmental contaminant, PBDEs. Circumstantial evidence
indicates that the onset of and geographic distribution of
PBDE usage rather closely paralleled the increases noted in
FH. For instance, certain regions (such as the state of
California) were more proactive in incorporating flame-
retardant materials to decrease risk of fire. This may explain
the disproportionate increase of HT cats at California’s
veterinary teaching hospital in the 1980s.

In comparing our data to risk factors previously identified
for developing FH, dietary risk factors are in good accord
with PBDE levels detected in cat food. For example, Scarlett
et al. (3) reported a dose-response in risk for cats eating
commercial canned cat food; with cats whose diet consisted
of some but less than half canned food having 1.6 times
increased risk, and cats fed more than half canned food having
3.4 times the risk. Regardless of life stage examined [kitten,
young adult, and older adult (> 7 yr)], canned food
consumption was associated with a greater risk of developing
FH (10). Likewise, a New Zealand study concluded that
increased risk was associated with eating a variety of canned
flavors (odds ratio ) 3.8) (9). [An odds ratio (OR) of 1 indicates
that the condition under study is equally likely in the exposed
and in the control groups; an odds ratio greater than 1
indicates that the condition is more likely in the exposed
group; and an odds ratio less than 1 indicates that the
condition is less likely in the exposed group.] A larger case-
control study reported that cats eating 50-74% or 75-100%
canned food had significantly increased risk (OR ) 2.50 or
1.93, respectively) (11). Conversely, regular use of non-
commercial dietary supplements, in particular beef or poultry,
was associated with decreased risk (OR ) 0.083 and OR )
0.43), respectively. Neither decreased nor increased risk was
noted with dry food consumption. Finally, another case-
control study reported that risk was increased in cats that
preferred fish or liver and giblets flavors of canned cat food
(12). No increase in risk was associated with chicken, poultry,
turkey, beef, or tuna flavors. We observed a significant and
robust correlation between the overall odds ratios as reported
by Martin et al. (12) and the ng PBDE consumed/300 Kcal/
day calculated herein for the corresponding “flavor” (Figure
5). Furthermore, limited data from a recent market survey
indicated that, on a wet weight basis, the PBDE content in
chicken liver was as high as that in salmon (25).

Nevertheless, one-quarter of HT cats reportedly never
ate canned cat food (10), suggesting that additional risk factors
are at play. To this end, Scarlett et al. (3) originally reported
that increased risk was strongly associated with living
predominantly (OR ) 11.2) or strictly (OR ) 4.0) indoors.

Kass et al. (11) reported that increased risk was associated
with use of cat litter, risk that again, could reflect indoor
housing status. Recently, a New Zealand report found that
cats sleeping predominantly on the floor were at increased
risk (OR ) 6.6) (9). Such cats would be in direct and prolonged
contact with carpeting and dust accumulations. Thus,
increased risk associated with indoor living is consistent with
data on PBDE content in house dust (27, 28).

Our results demonstrate that cats are being consistently
exposed to PBDEs, an endocrine-disrupting environmental
contaminant. By extension, due to prolonged PBDE exposure,
cats may be at increased risk for developing thyroid com-
pensatory hyperplastic changes (i.e., FH). Future studies will
be necessary to determine to what extent increased PBDE
body burdens of the magnitude detected herein may interfere
with thyroid homeostasis in cats. If more definitive associa-
tions between PBDE exposure and altered T4 levels can be
established, then data from these “sentinel” cats suggest that
chronic (cumulative) low-dose PBDE exposure may be more
endocrine disrupting than would be predicted by most short-
term (37) or even chronic PBDE exposure studies in laboratory
rodents (23). Improved understanding of PBDE-related
endocrine effects in cats may have public health ramifications
for both veterinary and human patients alike.
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FIGURE 5. Correlation of calculated daily PBDE consumption (ng BDE/300 Kcal/day) for various canned cat food flavors analyzed herein
vs overall odds ratio (OR) for developing feline hyperthyroidism as reported by Martin et al. (12).
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