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Thank you for the opportunity to comment on the California Environmental
Protection Agency’s Draft Public Health Goal for Perchlorate, dated January 2010. My
comments are based on thirty years of experience assessing human health risks from
environmental chemical exposures, my PhD in toxicology from MIT, and my personal
interest in the public health and regulatory issues associated with perchlorate (see
Charnley G, Food Chem Toxicol 2008 46(7):2307-15, appended).

My comments address a failure to account for ubiquitous exposure to
nitrate and thiocyanate, which have the same biological mode of action as
perchlorate, in setting the PHG. Potential perchlorate risks are unlikely to be
distinguishable from the ubiquitous background of other naturally occurring
substances present at much higher exposures that can affect the thyroid via the
same biological mode of action as perchlorate, especially nitrate. Establishing a
PHG for perchlorate should account for both aggregate and cumulative

exposures to goitrogens with the same mode of action.

Setting a PHG for perchlorate is complicated by the fact that perchlorate
exposure does not occur in isolation from exposure to other goitrogens that have the
same iodine uptake inhibition mode of action as perchlorate, as the draft PHG
document points out on page 12. In particular, nitrates and thiocyanates are ubiquitous
in the diet and occur in such quantities and with such potencies that determining their
additional contribution to risk, compared to much smaller exposures to environmental
perchlorate, is important. In vitro studies comparing the relative abilities of perchlorate,
nitrate, and thiocyanate to inhibit cellular iodine uptake show that, after adjusting for
biological half-life, perchlorate is half as potent as thiocyanate and 240 times as potent
as nitrate (De Groef et al. 2006).
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The draft PHG describes nitrate and thiocyanate as goitrogens to which our
exposure is ubiquitous and as having the same mode of action as perchlorate,
concluding that “. . . people with high intakes of nitrate or thiocyanate from foods” have
“[r]isks of thyroid-related effects [that] may be greater . . . than in the general population
..." [page 52]. While indicating clearly that nitrate is an iodine uptake inhibitor (page
67), however, the document then cites a sole study, Lambers et al. (2000), as indirect
support to suggest that nitrate would not inhibit iodine uptake at relevant environmental
levels in drinking water and food. Apparently based on Lambers et al. (2000), the draft
PHG concludes that nitrate should not be taken into account in the dose-response
analysis of perchlorate. Lambers et al. (2000) is not a peer-reviewed study, however,
and has a variety of shortcomings. It involved only adults and not newborns, and
suffers from poor design with respect to measurement of RAIU (poorly controlled iodine
and nitrate intake and significant variability in timing of blood and urine sample

collection).

There are multiple peer-reviewed studies published in renowned scientific and
medical journals (see references) showing clearly that not only nitrate, but also
thiocyanate, act with the same mechanism of action—the competitive and cumulative
inhibition of iodine uptake into the thyroid—suggesting that failing to account for nitrate
and thiocyanate when setting a PHG for perchlorate is at best unscientific and, at worst,
a potential threat to public health. This is especially relevant considering the high and
widespread levels of nitrate groundwater contamination in California, which according to
the California Department of Health Services is the most common contaminant found in
state groundwater and presents serious threat to the state’s supply (see, for example,

http://www.cacoastkeeper.org/programs/mapping-initiative/nitrates-in-groundwater-

maps, http://www.taylormadewater.info/?p=170,

http://lwww.swrcb.ca.gov/gama/docs/linl nitrate wp ucrl-151454.pdf,

http://www.alternet.org/water/146876/tainted water%3A nitrate contamination spreadi

ng in california communities).
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There are precedents for considering cumulative effects of substances that have
the same biological modes of action. USEPA considers potential cumulative risks from
dioxins, PCBs, polycyclic aromatic hydrocarbons, and pesticides such as
organophosphates and triazines. USEPA'’s Office of the Inspector General has
recommended that EPA adopt a similar approach for perchlorate, nitrate, and

thiocyanate. California has a terrific opportunity to do so now as well.

The following are more detailed comments and questions related to assessing

cumulative risks from nitrate, thiocyanate, and perchlorate.

e Itis unclear why the draft PHG refers repeatedly to risks from the goitrogenic
effects of thiocyanate and nitrate but then fails to consider them when assessing

goitrogenic risks from perchlorate. For example,

Page 4: “Several other chemicals that people are commonly exposed to, such as
nitrate, thiocyanate, and bromide, can also compete with iodide for uptake into
the thyroid”.

Page 51: “It is also possible that factors like PCBs and anti-thyroid antibodies
were not confounders but were effect modifiers like iodine or thiocyanate. If this
is the case, infants with these factors would be even more susceptible to
perchlorate than indicated by the findings in Table 13.”

Pages 51-52: “Another important issue in these studies is the overall lack of data
on co-variates that might interact with perchlorate to impact thyroid function.
None of these studies specifically investigated potentially susceptible
subpopulations such as people who have low iodine intakes, smokers, people
with anti-thyroid antibodies, or people with high intakes of nitrate or thiocyanate
from foods. Risks of thyroid-related effects may be greater in these groups
than in the general population samples that were used in the studies in Table 13.”

Page 60: “Although serum levels of thiocyanate and nitrate and urinary levels of
iodine were measured, no data were presented on possible interactions between
these variables and perchlorate on RAIU or thyroid hormone levels.”

Page 61: “As discussed below, iodine, thiocyanate, and smoking may be
important susceptibility factors in perchlorate-exposed women.”
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Page 63: “These findings provide evidence that thiocyanate interacts with
perchlorate and low iodine levels to decrease T4 production.”

Page 109: “People with high levels of thiocyanate, which typically comes from
food or tobacco smoking. Data from Steinmaus et al. (2007) suggest that the
magnitude by which perchlorate reduces T4 levels is about two times greater in
people with high thiocyanate levels than in people with average or low
thiocyanate levels (Table 20).”

It is unclear why the draft PHG relies on an analysis of the NHANES 2001-2002
data base to support the assertion that perchlorate shows statistically significant
associations with changes in thyroid hormone levels but rejects similar evidence
from the same data base showing the same effects for nitrate and thiocyanate.

In particular, Blount et al. (2006) and Steinmaus et al. (2007) appear to carry a lot
of weight supporting the selection of an uncertainty factor of 10 for the
perchlorate PHG despite the fact that those studies involved adults, not
newborns, the susceptible group of interest. Meanwhile, Cao et al. (2010)
evaluated the ability of infants’ environmental exposures to perchlorate,
thiocyanate, and nitrate to affect their thyroid hormone levels. Those authors
reported that infants (the susceptible group of concern) with higher urinary
perchlorate, thiocyanate, or nitrate had higher urinary TSH. Unlike the results of
Blount et al. (2006), the results of Cao et al. (2010) were not dependent on iodine
status. The draft PHG interprets the results of Blount et al. (2006) and
Steinmaus et al. (2007) to be causal in the sense of supporting conclusions with
regard to setting the PHG so it is unclear why they would not interpret the results
of Cao et al. (2010) the same way. The results of Cao et al. also appear to show
that the potencies of nitrate and thiocyanate are greater than that of perchlorate.
The results of Cao et al. (2010) would also provide a better basis for choosing an
uncertainty factor than studies of adults.



The draft PHG refers to a number of published articles suggesting that instead of

assessing risks from perchlorate alone, all three goitrogens should be assessed

together:

1.

Braverman LE, He X, Pino S, Cross M, Magnani B, Lamm SH, Kruse MB, Engel A,
Crump KS, Gibbs JP (2005). The effect of perchlorate, thiocyanate, and nitrate on
thyroid function in workers exposed to perchlorate long-term. J Clin Endocrinol
Metab 90(2):700-706.

Charnley G (2008). Perchlorate: overview of risks and regulation. Food Chem
Toxicol.46(7):2307-2315.

De Groef B, Decallonne BR, Van der Geyten S, Darras VM, Bouillon R (2006).
Perchlorate versus other environmental sodium/iodide symporter inhibitors: potential
thyroid-related health effects. Eur J Endocrinol 155:17-25.

Sanchez CA, Crump KS, Krieger RI, Khandaker NR, Gibbs JP (2005b). Perchlorate
and nitrate in leafy vegetables of North America. Environ Sci Technol 39(24):9391-
9397.

Tonacchera M, Pinchera A, Dimida A, et al (2004). Relative potencies and additivity
of perchlorate, thiocyanate, nitrate, and iodide on the inhibition of radioactive iodide
uptake by the human sodium iodide symporter. Thyroid 14:1012-1019.

Van Maanen J, Van Dijk A, Mulder K, De Baets MH, Menheere PCA, Van der Heide

D, Mertens PLJIM, Kleinjans JCS (1994). Consumption of drinking water with high
nitrate levels causes hypertrophy of the thyroid. Toxicol Lett 72:365-374.

Isn’t it likely that failing to assess the goitrogenic risks of perchlorate, nitrate, and

thiocyanate together, especially considering their common mode of action and

ubiquitous exposure, violates the requirement of California’s Safe Drinking Water

Act that “To the extent the information is available, OEHHA shall consider

possible synergistic effects resulting from exposure to two or more

contaminants”?

Addendum 1 is a list of several peer reviewed studies that clearly point to the
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relevance of nitrate to assessing the potential risks from goitrogens. The
citations are readily available on PubMed. (The list is limited to nitrates because
they are found in drinking water together with perchlorate and because

thiocyanate is an even more widely recognized goitrogen.)
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The extent to which perchlorate, which occurs naturally and as an industrial contaminant, should or
should not be regulated has become controversial. This review examines a number of inconsistent con-
clusions that have been drawn based on thyroid hormone serum concentrations, urinary iodine concen-
trations, and perchlorate exposure among women participating in the 2000-2001 National Health and
Nutrition Examination Survey (NHANES) and based on the body of epidemiologic and clinical evidence
reporting no associations between effects on thyroid hormones and similar or much higher levels of per-
chlorate exposure. For example, studies associating perchlorate with thyroid effects at low exposures did
not control for anti-thyroid agents with modes of action that differ from that of perchlorate, such as some
organochlorines. Available evidence does not support a causal relationship between changes in thyroid
hormone levels and current environmental levels of perchlorate exposure but does support the conclu-
sion that the US Environmental Protection Agency'’s reference dose (RfD) for perchlorate is conservatively
health-protective. However, potential perchlorate risks are unlikely to be distinguishable from the ubig-
uitous background of naturally occurring substances present at much higher exposures that can affect the
thyroid via the same biological mode of action as perchlorate, such as nitrate and thiocyanate. Risk man-
agement approaches that account for both aggregate and cumulative exposures and that consider the lar-
ger public health context in which exposures are occurring are desirable.
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1. Introduction

Perchlorate is a substance that has recently been receiving
prominent legislative and regulatory attention in the US by both

Abbreviations: DDE, p,p’-dichlorophenyldichloroethylene; NAS, National Acad-
emy of Sciences; NHANES, National Health and Nutrition Evaluation Survey; PCBs,
polychlorinated biphenyls; PCDDs, polychlorinated dibenzo-p-dioxins; PCDFs,
polychlorinated dibenzofurans; Ts, triiodothyronine; T, thyroxine; TEQ, toxic
equivalent; TSH, thyroid stimulating hormone; RfD, reference dose; US EPA, US
Environmental Protection Agency; US FDA, US Food and Drug Administration.

* Tel.: +1 202 543 2408; fax: +1 202 543 3019.

E-mail address: charnley@healthriskstrategies.com

0278-6915/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/].fct.2008.03.006

federal and state governments. Initially identified as a groundwa-
ter contaminant associated primarily with rocket fuel spillage, per-
chlorate is now found to be ubiquitous. Widespread human
exposure to both anthropogenic and naturally occurring perchlo-
rate occurs primarily via ingestion. Like several other dietary goi-
trogens, perchlorate can interfere with iodine uptake by the
thyroid gland, potentially disrupting thyroid hormone Ilevels


mailto:charnley@healthriskstrategies.com
http://www.sciencedirect.com/science/journal/02786915
http://www.elsevier.com/locate/foodchemtox

2308 G. Charnley /Food and Chemical Toxicology 46 (2008) 2307-2315

responsible for regulating many of the body’s metabolic and devel-
opmental functions. Because thyroid hormones are critical for nor-
mal fetal and neonatal development, perchlorate has the potential
to pose a risk to children although no specific cases have been
identified, even in areas where exposure occurs to high levels of
naturally occurring perchlorate. Because there are incomplete data
on perchlorate’s potential risks, however, the US Environmental
Protection Agency (US EPA) has developed a precautionary limit
on lifetime exposure intended to prevent adverse effects that
might have an impact on the developing child. The adequacy of
that exposure limit is debated, with some stakeholders believing
it is too stringent and others believing it is not stringent enough.

This article provides an overview of the scientific basis for the
controversy, exploring what is known about perchlorate exposure
and effects and describing its risks in the context of potential risks
from other iodine-uptake-inhibiting goitrogens as well as goitro-
gens that do not inhibit iodine uptake. In particular, the apparent
discrepancy between the reported associations between exposure
and effects at current low, background levels of exposure in the
US and the reported absence of effects at much higher levels of
exposure is discussed.

2. Hazard and dose-response assessment

Concern about potential human health risks from perchlorate in
food and drinking water results from the observation that perchlo-
rate has a great affinity for the sodium (Na*)/iodide (I") symporter,
the protein responsible for transporting iodide into the thyroid
gland for the purpose of synthesizing thyroid hormones. As a result
of that affinity, perchlorate can block the transport of iodide into
thyroid follicular cells. When less iodide is available with which
the thyroid can generate the hormones thyroxine (T4) and triiodo-
thyronine (T3), the production of thyroid stimulating hormone
(TSH) by the pituitary is increased. This homeostatic mechanism
in turn stimulates the production of more T3 and T4 so that concen-
trations of thyroid hormones sufficient for the body’s needs are
maintained, even in situations with reduced levels of available io-
dide. According to a National Academy of Sciences (NAS) report
evaluating the effects of perchlorate, “Compensation for iodide
deficiency or other perturbations in thyroid hormone production
... is the rule” (NAS/NRC, 2005).

If the thyroid gland is deprived of adequate iodide over a long
period of time, as occurs in areas where dietary iodide intake is
insufficient, conditions such as goiter (enlarged thyroid) and even
mental retardation may result. In particular, thyroid hormones
are essential for skeletal and neurodevelopment and severe iodide
intake deficiency during pregnancy (<20 pg/day) or during infancy
can result in children with profound neurodevelopmental and
physical deficits. By competing with iodide for the sodium/iodide
symporter, perchlorate can interfere with thyroid function, leading
to increased TSH and decreased T3 and T4, which—if not compen-
sated for—has the potential to interfere with fetal development.
There have been no reports indicating that perchlorate exposure
has harmed public health or interfered with fetal development—
that relationship is inferential—but epidemiologic studies demon-
strating or refuting a causal relationship between perchlorate
exposure and fetal harm are lacking for women with inadequate
dietary iodine.

Nonetheless, a number of epidemiologic studies suggest that, at
current environmental perchlorate levels, exposure is unlikely to
pose developmental or other risks for women with adequate die-
tary iodine. For example, a prospective longitudinal study of drink-
ing water perchlorate exposure and pregnancy outcomes for 307
women in Chile failed to show an effect on thyroid hormone serum
concentrations, milk iodine concentrations, or fetal development at

perchlorate concentrations up to 114 ug/L drinking water (Téllez
Téllez et al., 2005). A study of 313 women from areas in Israel
where well water perchlorate contamination was between 42
and 340 pg/L and mean serum perchlorate concentrations were
about 1-6 ug/L found no effect on serum T4 concentrations in new-
borns compared to 843 women in areas with lower serum perchlo-
rate concentrations (Amitai et al., 2007). An ecological study of
342,257 newborns in California also failed to find an association
between perchlorate concentrations in drinking water and the
prevalence of congenital hypothyroidism or increased serum TSH
concentrations (Buffler et al., 2006). Crump et al. (2000) evaluated
thyroid hormone concentrations and TSH production in 9784 new-
borns and 162 school-age children in three cities in Chile with no,
some (5-7 pg/L), or high (100-120 pg/L) drinking-water perchlo-
rate concentrations and with similar characteristics in terms of
socioeconomic status, ethnicity, and urinary iodine levels. No ef-
fects attributable to perchlorate exposure were observed.

A number of occupational studies have evaluated the effects of
adult perchlorate exposure on thyroid hormone concentrations
and reported no effects, but generally involved small numbers of
subjects with adequate dietary iodine. For example, a study of 29
male workers exposed occupationally to high concentrations of
airborne perchlorate demonstrated average iodide uptake inhibi-
tion of 38% but no effect on thyroid hormones (Braverman,
2005). A similar study evaluated 37 workers in the same plant
and also reported no effect of long-term perchlorate exposure on
a variety of determinants of thyroid health at doses up to about
0.5 mg/kg (Lamm et al., 1999). Intentional dosing studies involving
short-term perchlorate exposure (up to two weeks) have also pro-
duced iodine uptake inhibition with no effect on serum hormone
concentrations. For example, a study involving 21 healthy female
volunteers and 16 healthy male volunteers saw a dose-dependent
decrease in thyroid radioiodide uptake during two weeks of daily
perchlorate administration, but no effect on thyroid hormone ser-
um concentrations, even with a 67% reduction in iodide uptake
(Greer et al., 2002). A no-observed-effect level of 0.007 mg/kg/
day (equivalent to about 240 ug perchlorate/liter drinking water)
based on iodide uptake inhibition was identified from that study.
A more recent prospective, double-blind, randomized trial involv-
ing 17 healthy male and female volunteers saw no effect on thyroid
function, including iodide uptake or serum concentrations of thy-
roid hormones, following six months of perchlorate administration
at doses up to 3 mg/day (Braverman et al., 2006).

Perchlorate has been used therapeutically to treat hyperthy-
roidism, including 12 pregnant women who received doses of
600-1000 mg/day throughout most of their pregnancies. One in-
fant had a slightly enlarged thyroid gland but the effect disap-
peared shortly after birth; no other effects on the infants were
observed (Wenzel and Lente, 1984). Evidence from therapeutic
use of perchlorate for more than a year supports the conclusion
that moderate doses of perchlorate given chronically do not cause
hypothyroidism (NAS/NRC, 2005).

Other ecological, occupational, and clinical studies have also
failed to support an association between perchlorate concentra-
tions in water supplies and adverse thyroid effects in children or
adults. Several more detailed reviews of studies evaluating the po-
tential effects of perchlorate exposure on human health are avail-
able (Braverman, 2007; NAS/NRC, 2005; Soldin et al., 2001). The
National Academy of Sciences perchlorate report concluded, based
on studies involving both clinical and environmental exposures,
that long-term, sustained exposure to more than 30 mg/day (equiv-
alent to about 15,000 pg/L drinking water) would be required to
produce adverse effects in healthy adults (NAS/NRC, 2005).

Until recently no studies have specifically evaluated thyroid
function related to perchlorate exposure in iodine-deficient or
hypothyroid women, the groups that would be expected to be
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most vulnerable (NAS/NRC, 2005). In a recent study, Pearce et al.
(2007a) evaluated 398 European women with lower urinary iodine
concentrations (<100 pg/l) during the first trimester of pregnancy
who were exposed to perchlorate at levels similar to those in the
US and found no effects on maternal thyroid function associated
with perchlorate. That result suggests that urinary iodine concen-
trations <100 pg/L do not confer susceptibility to perchlorate. The
urinary concentration of iodine considered deficient is <50 ug/L
and the most recent NHANES data indicate that about 7% of preg-
nant women in the US have urinary iodine concentrations <50 ug/L
(Caldwell et al., 2005). However, NHANES data also showed no dif-
ferences in thyroid hormone levels when women with urinary io-
dine concentrations <50 ug/L were compared to women with
higher urinary iodine concentrations (based on serum TSH and T4
concentrations, Soldin et al., 2005). That observation is consistent
with the fact that even large reductions in iodine intake are ade-
quately compensated for by the thyroid.

More recent concerns about perchlorate result from a study
suggesting that there might be an interaction between iodine defi-
ciency and the effects of perchlorate. In that study, Blount et al.
(2006a) reported statistical correlations between increasing uri-
nary perchlorate concentrations, increasing serum concentrations
of TSH, and decreasing serum concentrations of T4 in women but
not in men. The authors used multiple regression analysis to eval-
uate data on urinary perchlorate and iodine concentrations and on
serum concentrations of TSH and T4 for 2299 men and women who
participated in the National Health and Nutrition Examination Sur-
vey (NHANES) during 2001-2002.

When Blount et al. (2006a) separated the women into higher
(>100 pg/L) and lower (<100 pg/L, n ~ 350) iodine groups, they
found a significant positive association between perchlorate and
TSH and a significant negative association between perchlorate
and T4 in the low iodine group only, although both hormone con-
centrations remained within the normal range. The directions of
those associations are consistent with perchlorate’s anti-thyroid
activity but are surprising given the low levels of perchlorate in-
volved and the studies described above reporting no effects at
much higher exposure levels. However, statistically significant
associations were also reported between serum hormone concen-
trations and a variety of other independent variables, indicating
that thyroid function is likely to be affected by many important
factors. For example, the R? value reported by Blount et al. for
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the association between T4, perchlorate, and other covariates for
lower-iodine women, 0.240, indicates that of the covariates evalu-
ated showing associations with significance <0.05, perchlorate ac-
counts for only about 3% of the variation seen in T, values for that
population. Significantly, a recent reanalysis of the same data ad-
justed urinary iodine concentrations for creatinine, which better
reflects 24-h urine iodine excretion than do the unadjusted urinary
iodine concentrations used by Blount et al. (2006a). After that
adjustment, the lower-urinary-iodine-status women no longer
showed a negative association between urinary perchlorate con-
centrations and T4 (Lamm et al., 2007).

The positive association of perchlorate with TSH for all women
regardless of iodine status reported by Blount et al. (2006a) is also
surprising and, if causal, is inconsistent with the idea that adequate
iodine intake prevents effects associated with sodium/iodide sym-
porter competitors. The NHANES data also show a positive associ-
ation between perchlorate and iodine (Fig. 1) and between iodine
and TSH (Soldin et al., 2005). The positive association between per-
chlorate and TSH reported by Blount et al. (2006a) is thus to be ex-
pected because natural sources of iodine co-occur with natural
sources of perchlorate (hence the positive association, see expo-
sure discussion below) until synthetic sources of perchlorate pre-
dominate and a plateau is reached. So, because there is a positive
association between urinary iodine and perchlorate at lower levels
because they co-occur naturally, and there happens to be a positive
association between urinary iodine and serum TSH in the NHANES
data, it is logical that there would be a positive association be-
tween urinary perchlorate and serum TSH but no particular reason
to conclude that perchlorate is causally responsible for the increase
in TSH. Furthermore, the R? value of 0.061 reported by Blount et al.
(2006a) for the association between TSH, perchlorate, and other
significant covariates for lower-iodine women indicates that per-
chlorate accounts for only about 1% of the variation seen for TSH
in that population.

Even the lower-iodine women in the NHANES database have
adequate iodine for normal thyroid function. Because adequate io-
dine intake would be expected to ameliorate any potential effects
of perchlorate, even in the lower-iodine women, another possibil-
ity is that an antithyroid agent with a mechanism unrelated to io-
dine uptake inhibition could explain the associations observed by
Blount et al. (2006a). Blount et al. did not control for goitrogens
with non-iodine-related modes of action so it is possible, given
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Fig. 1. Relationship between iodine and perchlorate controlled for T4 and TSH [R? = 0.36]. Source: Drawn from the original NHANES data by the Bio-Statistical Center of the

Catholic University of Leuven.
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the adequate iodine status of the women in the NHANES study,
that the presence of goitrogens with a mode of action unrelated
to iodine uptake inhibition, such as some organochlorines, is
responsible for the effects seen.

A number of widespread contaminants such as bisphenol A,
polychlorinated biphenyls (PCBs), and polybrominated diphenyl
ethers have been characterized as goitrogens and reported to have
anti-thyroid activity via mechanisms unrelated to iodine uptake
(Brucker-Davis, 1998; McLanahan et al., 2007; Tallsness et al.,
2008). Those substances’ anti-thyroid activity have been attrib-
uted to their ability to react with thyroid hormone receptors
and affect thyroid-hormone-regulated gene expression (Zoeller,
2007) or with aryl hydrocarbon hydroxylase receptors and induce
enzymes associated with T, metabolism (Chevrier et al., 2007).
Turyk et al. (2007) used the same NHANES database as Blount
et al. but added the data from 1999 to 2000 and evaluated the
relationships between total PCBs or total toxic equivalents [TEQs;
includes PCBs, polychlorinated dibenzo-p-dioxins (PCDDs), and
polychlorinated dibenzofurans (PCDFs)] with thyroid hormones.
A negative association was reported for PCB/PCDD/PCDF TEQs
with T4, with stronger effects seen in women than in men. A po-
sitive association with TSH was seen in women over 60 only.
Chevrier et al. (2007) measured 34 PCB congeners in the serum
of 285 pregnant women and TSH concentrations in their chil-
dren’s blood shortly after birth. A positive association was ob-
served for neonatal TSH and maternal levels of PCB congeners
grouped by their ability to induce microsomal enzymes, but not
total PCBs or dioxin-like PCB TEQs. Schell et al. (2008) found a po-
sitive association between TSH and persistent PCBs and a negative
association with free T4 and PCBs among adolescents from the Ak-
wesasne Mohawk Nation who had not been breastfed. Despite
higher postnatal PCB exposures, no such relationships were seen
among those who had been breastfed. A positive relationship be-
tween DDE and TSH has been reported in some studies (e.g.,
Rylander et al., 2006) but not others (e.g., Schell et al., 2008).
Fig. 2 compares the NHANES relationships between TSH and
DDE, total dioxin-like compounds (primarily PCBs), and perchlo-
rate. In each case, a positive correlation is seen for women.

The reports of associations between thyroid hormone concen-
trations and PCBs, TEQs, other organochlorines, or perchlorate are
subject to similar limitations. As with perchlorate, earlier studies
of PCBs, PCDDs, and PCDFs generally reported associations with
changes in thyroid hormone concentrations only at exposure lev-
els much higher than those evaluated by Turyk et al. (2007) and
Chevrier et al. (2007), although those reported associations are
inconsistent and involve increasing hormone concentrations
associated with exposure in some studies and decreases in oth-
ers. Blount et al. (2006a) did not control for non-iodine-inhibiting
goitrogens and the PCB/TEQ studies did not control for iodine-
inhibiting goitrogens. None of the studies demonstrate a causal
relationship between PCBs, PCDDs, PCDFs, or perchlorate and
changes in thyroid hormone concentrations because all three
are cross-sectional studies reflecting a single point in time. Such
studies are useful for estimating mean values but lead to overes-
timation of the number of people at the tails of the distribution
(Andersen et al., 2001; Givens et al., 2007), distorting the true
dose-response relationship. All three studies conflict with the
weight of the evidence based on results of a significant number
of studies involving much higher levels of exposure. All three
studies are uncontrolled for the normal fluctuations in hormone
concentrations that occur throughout the day in response to var-
ious stimuli, although that shortcoming may be compensated for
by the large sample sizes. Finally, in all three studies, the
changes reported remained within the normal range for thyroid
hormones so do not constitute adverse effects and are unlikely
to have clinical significance. Nonetheless, those studies are useful

for hypothesis generation and suggest the need for additional
mechanistic and dose-response research.

3. Exposure assessment

Perchlorate occurs both naturally and as an environmental con-
taminant. Most environmental perchlorate has been attributed to
its use as an oxidizer in propellants used by solid fuel rockets
and missiles (US EPA, 2002). Since the 1950s poor disposal prac-
tices have resulted in soil and groundwater contamination. Per-
chlorate is also used in air bag inflators, lubricating oils, leather
finishing, electroplating, rubber manufacture, and other manufac-
turing processes (US EPA, 2002). Massachusetts reported that the
primary contributors of perchlorate to environmental media in
that state were blasting agents, military munitions, fireworks,
and, to a lesser extent, hypochlorite (bleach) solutions (MA DEP,
2005). Traces of perchlorate are found in natural materials used
as fertilizers, such as Chilean saltpeter, kelp, fishmeal, hanksite,
potash ore (sylvinite), and playa crust (Orris et al., 2003).

Detection of perchlorate in groundwater in regions with no his-
torical use of rocket fuels or other potential anthropogenic sources,
its occurrence in parallel with iodate, and its presence in rain and
snow samples led to the suspicion that perchlorate is formed atmo-
spherically. Dasgupta et al. (2005) demonstrated perchlorate for-
mation by a number of atmospheric processes and concluded that
a natural perchlorate background of atmospheric origin must exist.

Whether of natural or anthropogenic origin, human exposure to
perchlorate is thought to occur primarily through ingestion (NAS/
NRC, 2005). Perchlorate has been detected in public water systems
(US EPA, 2005a) and also in groundwater, including groundwater
in areas with no history of industrial or agricultural use (Dasgupta
et al., 2005). Low levels of perchlorate can also be found in drinking
water supplies disinfected with sodium hypochlorite (MA DEP,
2005). Biomonitoring data evaluating the relative contributions
of different sources to perchlorate exposure suggest that the diet
is an important source, however (Blount and Valentin-Blasini,
2007). El Aribi et al. (2006) tested food and water samples from
around the world and found detectable levels of perchlorate in
all foods tested. In the US, perchlorate concentrations in foods sam-
pled ranged from 0.094 to 19.29 pg/kg (mean, 0.252) and tap water
samples ranged from 0.072 to 2.983 pg/L. California-grown lettuce
and spinach have been reported to contain perchlorate at levels
ranging from 0.6 to 6.4 pg/kg (Seyfferth and Parker, 2006). Mean
concentrations of perchlorate in cow’s milk from US supermarkets
in 11 states and human milk samples from 18 states were reported
to be 11 and 92 pg/L, respectively (Kirk et al., 2005). In a sample of
lactating women in Boston, milk perchlorate concentrations ran-
ged from 1.3 to 411 pg/L and no correlation with milk iodine levels
was seen (Pearce et al., 2007b). Groundwater monitoring data from
California show concentrations ranging from below the limit of
detection to 100 pg/L (CA DPH, 2007). A number of other reports
can be found describing perchlorate concentrations in various
foods and beverages, many of which are described in detail in US
EPA (2006).

The 2006 Total Diet Study conducted by the US Food and Drug
Administration (US FDA), which involves analysis of nutrients and
chemical contaminants in 280 different foods, now includes per-
chlorate as one of the analytes, so is expected to provide data sup-
porting comprehensive dietary intake estimates. Based on data
from 27 foods, the US FDA has made a preliminary estimate of
average daily perchlorate intake in the US of 0.053 pg/kg/day (US
FDA, 2007), similar to that estimated on the basis of urinary per-
chlorate measurements, 0.066 ug/kg/day (Blount et al., 2006b),
and 10,000 times less than the daily intake concluded by the Na-
tional Academy of Sciences perchlorate report to be required to
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Fig. 2. Relationship between TSH and DDE (a) [R? = 0.01], total PCBs (b) [R? = 0.009] or perchlorate (c) [R? = 0.006] by gender. Source: Drawn from the original NHANES data
by the Bio-Statistical Center of the Catholic University of Leuven.

produce adverse effects in healthy adults following long-term 4. Risk characterization and regulation

exposure (NAS/NRC, 2005). The extent to which perchlorate intake

can be attributed to natural versus anthropogenic sources is not Due to its biological mode of action, exposure to perchlorate
known. during pregnancy in the absence of adequate iodine nutrition at
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doses high enough to result in insufficient maternal thyroid hor-
mone concentrations could pose a risk of fetal developmental tox-
icity. To prevent such a risk, the 2005 National Academy of
Sciences report evaluating human health risks from perchlorate
recommended an exposure limit considered to be without adverse
effects over a lifetime of oral exposure, or reference dose (RfD), of
0.0007 mg/kg/day (NAS/NRC, 2005). That RfD was adopted by US
EPA in February 2005 (US EPA, 2005b) and was based on the study
of Greer et al. (2002) involving perchlorate-induced inhibition of
radioactive iodide uptake in human volunteers. The no-observed-
effect level in that study, 0.007 mg/kg/day, was divided by an
uncertainty factor of 10 to protect the most vulnerable individuals,
the fetuses of hypothyroid pregnant women. Other uncertainty fac-
tors were considered unnecessary because of the conservative (i.e.,
health-protective) choice of an outcome that does not constitute an
adverse effect. The NAS report reasoned that inhibition of iodide
uptake by the thyroid is the key biochemical event in the contin-
uum of possible effects of perchlorate exposure and would precede
any adverse effects of perchlorate exposure. That reasoning has
been challenged on the basis that because iodide uptake inhibition
is notin itself an adverse effect and that no adverse effect on thyroid
hormones had been seen by Greer et al. (2002), its choice as the ba-
sis of the RfD is inconsistent with established reference dose meth-
odology (M. Dourson, personal communication; Barnes and
Dourson, 1988). A more supportable RfD might be developed using
the data from pregnant women in Chile and Israel, the potentially
susceptible group of interest, which produced a no-observed-ad-
verse-effect level of approximately 0.03 mg/kg/day.

Despite its having adopted an RfD, US EPA has not yet chosen to
regulate perchlorate in drinking water by developing a maximum
contaminant level, explaining that more information on sources
of perchlorate exposure is needed to determine the relative source
contribution of drinking water to total exposure (US EPA, 2006).
The US Congress is considering two pieces of legislation, one that
would compel US EPA to establish a drinking water standard for
perchlorate and one that would compel US EPA to determine
whether perchlorate should be regulated. Meanwhile, the states
of Massachusetts and California have adopted drinking water stan-
dards for perchlorate of 2 pg/L and 6 pg/L, respectively.

Understanding the apparent inconsistencies between the asso-
ciations observed for perchlorate and thyroid hormone levels at
low concentrations reported by Blount et al. (2006a) using the
NHANES data and the absence of effects at much higher perchlo-
rate exposure levels in the epidemiologic and other human studies
is critical to assessing risk for the purpose of establishing regula-
tory limits on perchlorate exposure. Upon closer examination,
however, there apparently are no significant inconsistencies
between those observations. The changes reported by Blount
et al. remained within the normal range of thyroid hormone con-
centrations and are unlikely to be causally related to perchlorate
at those levels of exposure for the reasons discussed above. The ab-
sence of a causal relationship is supported by the results of Lamm
et al. (2007), who found no association between perchlorate and T,
when urinary iodine concentrations were adjusted for creatinine,
by the results of Pearce et al. (2007a), who failed to find associa-
tions between thyroid hormone serum concentrations and urinary
perchlorate in low-iodine-status pregnant women in Europe, and
by the weight of evidence provided by previous epidemiologic
and clinical studies reporting effects only at much higher levels
of exposure, albeit in healthy adults. The women in the NHANES
database do not appear to be representative of hypothyroid or sub-
clinically hypothyroid women, however, as evidenced by the fact
that there are no differences in thyroid hormone concentrations
when women with urinary iodine concentrations <50 ug/L are
compared to women with higher urinary iodine concentrations
(Soldin et al., 2005).

It is also interesting to note that the perchlorate doses derived
from the NHANES data compare favorably with the US EPA RfD;
that is, the majority of perchlorate doses in the general US popu-
lation do not exceed the RfD. Blount et al. (2006b) estimated a to-
tal daily perchlorate dose for each adult in the NHANES database
they evaluated, finding a median dose of 0.066 ug/kg/day (about
one tenth of the US EPA RfD) and a 95th percentile of 0.234 ug/
kg/day (about one-third of the US EPA RfD). Eleven adults
(0.7%) in that study had estimated perchlorate exposures in ex-
cess of the RfD (0.7 ug/kg/day). Of course, exceeding an RfD does
not indicate that a person is “at risk”. Reference doses are not
bright lines or threshold values for adverse effects; they are set
far below exposure levels associated with adverse effects. US
EPA is careful to point out that, while exposure at or below a ref-
erence dose indicates that a health risk is unlikely, people who
are exposed to a substance above its reference dose should not
be considered at risk: “... exceeding the [reference dose] is not a
statement of risk” (US EPA, 2004) and “... It is... important to note
that the [reference dose] does not define a bright line, above
which individuals are at risk of adverse effect” (US EPA, 2005c¢).
In any case, the RfD was derived from a non-adverse effect. Based
on US EPA’s RfD, current environmental exposures to perchlorate
in the US thus do not appear to pose a risk of developmental
toxicity.

Because hypothyroid pregnant women are the sensitive group
of interest in terms of potential perchlorate risk, it is useful to
determine the extent to which hypothyroidism is prevalent. In
the United Kingdom about 1-2% of pregnant women are reported
to be overtly hypothyroid and another 2.5% have subclinical hypo-
thyroidism, defined as raised TSH but normal T4 (Anon., 2006). The
prevalence of subclinical hypothyroidism among US women in the
general population has been reported to be 4-10%, with 2-5% of
those cases progressing to overt hypothyroidism annually (Papi
et al., 2007). Casey et al. (2005) reported that 2.3% of a cohort of
17,298 pregnant women in Texas tested before 20 weeks’ gestation
had subclinical hypothyroidism, while 0.2% of those had overt
hypothyroidism. Between 50% and 80% of hypothyroidism is attrib-
uted to chronic autoimmune thyroiditis (Papi et al., 2007), how-
ever, not iodine insufficiency; because of its mode of action,
perchlorate would not be expected to contribute to risk in such
cases. Of course, hypothyroid pregnant women are already at risk
of effects on the fetus due to the fact of their hypothyroidism
alone; measurable additional risk from normal background intakes
of perchlorate (around 4 pg/day, see previous discussion of expo-
sure) seems unlikely.

Complicating attempts to assess risks from or establish regula-
tory limits for perchlorate is the fact that perchlorate exposure
does not occur in isolation from exposure to other goitrogens, or
anti-thyroid agents, that have the same iodine uptake inhibition
mode of action as perchlorate. In particular, nitrates and thiocya-
nates are ubiquitous in the diet and occur in such quantities and
with such potencies that determining the additional contribution
to risk made by small exposures to environmental perchlorate is
potentially impossible (De Groef et al., 2006).

In vitro studies comparing the relative abilities of perchlorate,
nitrate, and thiocyanate to inhibit cellular iodine uptake show that,
after adjusting for biological half-life, perchlorate is half as potent
as thiocyanate and 240 times as potent as nitrate (De Groef et al.,
2006). Given those relative potency estimates, comparing perchlo-
rate’s RfD to those for nitrates and thiocyanates is instructive.
Nitrate’s RfD is 1.6 mg/kg/day (US EPA, 1991) and cyanide’s (the
active portion of thiocyanates) is 0.02 mg/kg/day (US EPA, 1993).
Taking into account their relative potencies, the RfDs for nitrate
and thiocyanate are 100 times and 50 times higher than the
perchlorate RfD, respectively. Those differences could be
interpreted to imply that perchlorate is 50-100 times safer than
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suggested by its RfD or that nitrate and thiocyanate are 50-100
times more dangerous than implied by their RfDs. On that basis,
for an adult in the US eating a US Department of Agriculture
recommended diet, the average daily intake of nitrates and
thiocyanates combined is equivalent to 0.5 mg/kg/day perchlo-
rate (De Groef et al., 2006), 1000 times greater than the perchlorate
RfD.

Of course, RfDs are determined based on many factors in addi-
tion to the level of exposure anticipated to produce adverse ef-
fects, reflecting the nature and adequacy of the underlying data,
so comparing them can be misleading. Comparing RfDs for per-
chlorate, cyanide, and nitrate highlights an unreasonable regula-
tory inconsistency but is not really the appropriate comparison
for the purposes of drawing conclusions about relative and cumu-
lative risks. The RfDs for the three goitrogens are derived from
different biological effects—reduced iodine uptake by the human
thyroid for perchlorate (not in itself an adverse effect), blue baby
syndrome for nitrate, and a 1955 study in rats that produced no
adverse effects for cyanide. The highest doses of each goitrogen
that failed to produce an effect were divided by different “uncer-
tainty factors”—intended to protect sensitive individuals or to
compensate for the use of animal instead of human data—to
derive their RfDs. As a result, the respective RfDs are not really
comparable. A more appropriate comparison might be based on
the highest doses that fail to produce adverse effects on the
thyroid, which themselves will vary according to iodine status.
Nonetheless, any potential effects of low exposures to perchlorate
are likely to be undetectable against a natural goitrogen back-
ground exposure 1000 times higher than perchlorate’s exposure
limit. As yet, however, human health risk assessment continues
to focus on single chemicals in isolation, with the notable excep-
tions of PCBs, dioxins, some pesticides, and polycyclic aromatic
hydrocarbons. Recent evidence suggests that thiocyanate and
perchlorate can interact in their effects on thyroid hormones
(Steinmaus et al., 2007), a possibility also not accounted for by
standard risk assessment methods.

5. Discussion

It is generally the case that data useful for evaluating a sub-
stance’s human health risks are incomplete. As a result, regula-
tory decisions about limiting risks are based on science to the
extent feasible but, of necessity, also on policy judgments. Regu-
latory limits are thus neither “right” nor “wrong” scientifically,
although some may reflect the weight of the scientific evidence
better than others. The data available on perchlorate risks appear
at first to be inconsistent, with thyroid effects associated with
current low levels of exposure from the NHANES data but no ef-
fects seen in other studies at much higher levels of exposure.
Three explanations for the discrepancy are possible. One expla-
nation is that the effect seen in the NHANES data is attributable
to another substance that co-occurs with perchlorate but affects
the thyroid via a different biological mode of action, perhaps
PCB/PCDD/PCDF TEQs or some other substance as yet to be iden-
tified, for which evaluations of the NHANES data were not con-
trolled. Another explanation is that the reported effects are
statistical artifacts because perchlorate naturally co-occurs with
iodine and there is an association between iodine and TSH in
the NHANES data and because the negative association with T4
cannot be detected when urinary iodine concentrations are ad-
justed for creatinine. Of course, despite numerous indications
to the contrary, a third explanation is that the cross-sectional
NHANES associations are causally related after all and, for as-
yet-to-be-determined reasons, the large and consistent body of
clinical and epidemiologic evidence that failed to detect similar

associations or detected them only at much higher exposures
is wrong. All three explanations are consistent with the conclu-
sion that the US EPA RfD for perchlorate is conservatively
health-protective.

While a conservatively health-protective perchlorate RfD is
desirable as a precautionary matter, considering perchlorate’s
RfD in the context of the other iodine-uptake-inhibiting goitrogens
to which we are exposed ubiquitously, also primarily through the
diet, suggests that it may be unnecessarily stringent. The relative
exposure levels and potencies of nitrate and thiocyanate, in partic-
ular, are likely to swamp any effects potentially attributable to per-
chlorate. That inconsistency illustrates the need for risk
assessment approaches that can account for both aggregate and
cumulative exposures and for risk management approaches that
can consider the larger public health context in which exposures
are occurring.

In its Framework for Cumulative Risk Assessment, US EPA ex-
presses the hope that attempts to focus on the combined effects
of more than one agent or stressor may generate interest in a wider
variety of non-chemical stressors than do traditional risk assess-
ments (US EPA, 2003a). In other words, instead of focusing on
the potential effects of individual chemical exposures in isolation,
we may start looking at public health in terms of the broader def-
inition of environment. The World Health Organization defines
environment as including “both the direct pathological effects of
chemicals, radiation and some biological agents, and the effects
(often indirect) on health and well-being of the broad physical,
psychological, social and aesthetic environment which includes
housing, urban development, land use and transport” (WHO,
1989). The proportion of disease that is attributable to chemical
exposures is thought to be relatively small against the backdrop
of socioeconomic conditions, behavioral factors, psychological fac-
tors, infectious agents, nutrition, and other considerations. Indeed,
US EPA acknowledges that “One of the greatest challenges to elu-
cidating the connection between environmental exposure and dis-
ease is the fact that exposure to an environmental pollutant or
stressor is rarely the sole cause of an adverse health outcome...
Other factors include, for example, diet, exercise, alcohol consump-
tion, heredity, medications, and whether other diseases are pres-
ent... Also, different people have different vulnerabilities... All
these factors make it difficult to establish a causal relationship be-
tween exposure to environmental pollutants and disease out-
come...” (US EPA, 2003Db).

In view of our incomplete knowledge of the complex inter-rela-
tionships among multiple chemical and non-chemical, environ-
mental and non-environmental stressors, a holistic approach to
public health protection is a distant hope, probably dependent on
our eventual understanding of how molecular and cellular path-
ways can be perturbed in ways that lead to toxicity (NAS/NRC,
2007). While we eagerly anticipate that day, we can in the mean-
time evaluate health risks more holistically and with improved
logic in the smaller spheres where it is currently possible to do
so. Assessing and regulating potential risks from substances like
perchlorate within the larger context of simultaneous exposure
to the naturally occurring background of goitrogens with the same
mode of action would be a logical start.
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