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ENVIRONMENTAL PROTECTION
AGENCY
40 CFR Parts 141 and 142

[EPA-HQ-OW-2018-0780; FRL-9994-68-
ow]

RIN 2040-AF28

National Primary Drinking Water
Regulations: Perchlorate

AGENCY: Environmental Protection
Agency (EPA).

ACTION: Proposed rule, request for
public comment.

SUMMARY: The Environmental Protection
Agency (EPA) is proposing a drinking
water regulation for perchlorate and a
health-based Maximum Contaminant
Level Goal (MCLG) in accordance with
the Safe Drinking Water Act (SDWA).
The EPA is proposing to set both the
enforceable Maximum Contaminant
Level (MCL) for the perchlorate
regulation and the perchlorate MCLG at
0.056 mg/L (56 pug/L). The EPA is
proposing requirements for water
systems to conduct monitoring and
reporting for perchlorate and to provide
information about perchlorate to their
consumers through public notification
and consumer confidence reports. This
proposal includes requirements for
primacy agencies that implement the
public water system supervision
program under the SDWA. This
proposal also includes a list of treatment
technologies that would enable water
systems to comply with the MCL,
including affordable compliance
technologies for small systems serving
10,000 persons or less.

DATES: Comments must be received on
or before August 26, 2019. Under the
Paperwork Reduction Act (PRA),
comments on the information collection
provisions are best assured of
consideration if the Office of
Management and Budget (OMB)
receives a copy of your comments on or
before July 26, 2019.

ADDRESSES: Submit your comments,
identified by Docket ID No. EPA-HQ-
OW-2018-0780, at https://
www.regulations.gov. Follow the online
instructions for submitting comments.
Once submitted, comments cannot be
edited or removed from Regulations.gov.
The EPA may publish any comment
received to its public docket. Do not
submit electronically any information
you consider to be Confidential
Business Information (CBI) or other
information whose disclosure is
restricted by statute. Multimedia
submissions (audio, video, etc.) must be
accompanied by a written comment.

The written comment is considered the
official comment and should include
discussion of all points you wish to
make. The EPA will generally not
consider comments or comment
contents located outside of the primary
submission (i.e., on the web, cloud, or
other file sharing system). For
additional submission methods, the full
EPA public comment policy,
information about CBI or multimedia
submissions, and general guidance on
making effective comments, please visit
http://www2.epa.gov/dockets/
commenting-epa-dockets.

FOR FURTHER INFORMATION CONTACT:
Samuel Hernandez, Office of Ground
Water and Drinking Water, Standards
and Risk Management Division (Mail
Code 4607M), Environmental Protection
Agency, 1200 Pennsylvania Avenue
NW, Washington, DC 20460; telephone
number: (202) 564—1735; email address:
hernandez.samuel@epa.gov.
SUPPLEMENTARY INFORMATION: In
addition to the proposed regulation, the
EPA is requesting comment on three
alternatives: (1) Whether the MCL and
MCLG for perchlorate should be set at
0.018 mg/L (18 ug/L), (2) whether the
MCL and MCLG for perchlorate should
be set at 0.090 mg/L (90 pg/L), or (3)
whether instead of issuing a national
primary drinking water regulation, the
EPA should withdraw the Agency’s
February 11, 2011, determination to
regulate perchlorate in drinking water
based on new information that indicates
that perchlorate does not occur in
public water systems with a frequency
and at levels of public health concern
and there may not be a meaningful
opportunity for health risk reduction
through a drinking water regulation.
Under this last alternative, the final
action would be a withdrawal of the
determination to regulate and there
would be no MCLG or national primary
drinking water regulation for
perchlorate. This proposed rule is
organized as follows:

I. General Information
A. What is the EPA proposing?
B. Does this action apply to me?
II. Background
A. What is perchlorate?
B. Statutory Authority
C. Statutory Framework and Regulatory
History
III. Assessment and Modeling of the Health
Effects of Perchlorate
A. 2008 Preliminary Regulatory
Determinations
B. 2009 Supplemental Request for
Comment and 2011 Final Regulatory
Determination
C. Science Advisory Board
Recommendations
D. Perchlorate Model Development and
Peer Reviews

E. Sensitive Population for Deriving MCLG

F. BBDR Model Specification for the
Sensitive Population

G. Epidemiological Literature

H. Identifying a Point of Departure for
Developing the MCLG

L. Translate PODs to RfDs

J. Translate RfD Into an MCLG

IV. Maximum Contaminant Level Goal and

Alternatives
V. Maximum Contaminant Level and
Alternatives

VI. Occurrence

VII. Analytical Methods

VIIL. Monitoring and Compliance

Requirements

A. What are the proposed monitoring
requirements?

B. Can States grant monitoring waivers?

C. How are system MCL violations
determined?

D. When must systems complete initial
monitoring?

E. Can systems use grandfathered data to
satisfy the initial monitoring
requirements?

IX. Safe Drinking Water Act Right to Know

Requirements

A. What are the Consumer Confidence
Report requirements?

B. What are the public notification
requirements?

X. Treatment Technologies
A. What are the best available

technologies?

B. What are the small system compliance
technologies?

XI. Rule Implementation and Enforcement
A. What are the requirements for primacy?
B. What are the State record keeping

requirements?

C. What are the State reporting
requirements?

XII. Health Risk Reduction Cost Analysis
A. Identifying Affected Entities
B. Method for Estimating Costs
C. Method for Estimating Benefits
D. Comparison of Costs and Benefits

XIII. Uncertainty Analysis
A. Uncertainty in the MCLG Derivation
B. Uncertainty in the Economic Analysis

XIV. Request for Comment on Proposed Rule

XV. Request for Comment on Potential

Regulatory Determination Withdrawal

XVI. Statutory and Executive Order Reviews

A. Executive Order 12866: Regulatory
Planning and Review and Executive
Order 13563 Improving Regulation and
Regulatory Review

B. Executive Order 13771: Reducing
Regulations and Controlling Regulatory
Costs

C. Paperwork Reduction Act

D. Regulatory Flexibility Act (RFA)

E. Unfunded Mandates Reform Act

F. Executive Order 13132: Federalism

G. Executive Order 13175: Consultation
and Coordination With Indian Tribal
Governments

H. Executive Order 13045: Protection of
Children From Environmental Health
and Safety Risks

I. Executive Order 13211: Actions That
Significantly Affect Energy Supply,
Distribution, or Use

J. National Technology Transfer and
Advancement Act of 1995


http://www2.epa.gov/dockets/commenting-epa-dockets
http://www2.epa.gov/dockets/commenting-epa-dockets
https://www.regulations.gov
https://www.regulations.gov
mailto:hernandez.samuel@epa.gov

Federal Register/Vol. 84, No. 123/ Wednesday, June 26, 2019/ Proposed Rules

30525

K. Executive Order 12898: Federal Actions
To Address Environmental Justice in
Minority Populations and Low-Income
Populations

XVIIL Consultations with the Science
Advisory Board, National Drinking
Water Advisory Council, and the
Secretary of Health and Human Services

XVIII. References

I. General Information

A. What is the EPA proposing?

This action contains a proposal and
three alternatives for public comment.
First, the EPA proposes to establish a
Maximum Contaminant Level Goal
(MCLG) and National Primary Drinking
Water Regulation (NPDWR) for
perchlorate in public water supplies.
The EPA proposes an MCLG of 56 pg/
L, and to regulate perchlorate in
drinking water at an enforceable
maximum contaminant level (MCL) of
56 ug/L.

The EPA is proposing an NPDWR for
perchlorate in accordance with its
February 11, 2011, (76 FR 7762)
determination to regulate perchlorate
under the SDWA. Based on the best
available peer reviewed science at that
time, the EPA found that perchlorate
met the SDWA'’s three criteria for
regulating a contaminant: (1) The
contaminant may have an adverse effect
on the health of persons, (2) the
contaminant is known to occur or there
is a substantial likelihood that the
contaminant will occur in public water
systems (PWSs) with a frequency and at
levels of public health concern, and (3)
in the sole judgment of the
Administrator, regulation of such
contaminant presents a meaningful
opportunity for health risk reduction for
persons served by PWSs.

Second, as explained in more detail

two alternative MCLG/MCL values of 18
pg/L and 90 ug/L respectively. Third, in
light of new considerations that have
come to the EPA’s attention since it
issued its positive regulatory
determination in 2011, including
information on lower levels of
occurrence of perchlorate than the EPA
had previously believed to exist and
new analysis of the concentration that
represents a level of health concern, this
action also discusses and requests
comment on an alternative action under
which the EPA would withdraw its
2011 determination to regulate
perchlorate. Under this alternative,
there would be no MCLG or NPDWR for
perchlorate.

B. Does this action apply to me?

Entities that could potentially be

below, the EPA is soliciting comment on affected include the following:

Category

Examples of potentially affected entities

Public water systems
State and tribal agencies

Community water systems: Non-transient, non-community water systems.
Agencies responsible for drinking water regulatory development and enforcement.

This table is not intended to be
exhaustive, but rather provides a guide
for readers regarding entities that could
be affected by this action. To determine
whether your facility or activities could
be affected by this action, you should
carefully examine this proposed rule. If
you have questions regarding the
applicability of this action to a
particular entity, consult the person
listed in the FOR FURTHER INFORMATION
CONTACT section.

II. Background

A. What is perchlorate?

Perchlorate is a negatively charged
inorganic ion that is comprised of one
chlorine atom bound to four oxygen
atoms (ClO4_), which is highly stable
and mobile in the aqueous environment.
Perchlorate comes from both natural
and manmade sources. It is formed
naturally via atmospheric processes and
can be found within mineral deposits in
certain geographical areas. It is also
produced in the United States, and the
most common compounds include
ammonium perchlorate and potassium
perchlorate used primarily as oxidizers
in solid fuels to power rockets, missiles,
and fireworks. For the general
population, most perchlorate exposure
is through the ingestion of contaminated
food or drinking water.

B. Statutory Authority

Section 1412(b)(1)(A) of the SDWA
requires the EPA to establish NPDWRs

for contaminants that may have an
adverse effect on the health of persons;
that are known to occur or there is a
substantial likelihood that the
contaminant will occur in public water
systems with a frequency and at levels
of public health concern; and where in
the sole judgment of the Administrator,
regulation of such contaminant presents
a meaningful opportunity for health risk
reduction for persons served by public
water systems.

C. Statutory Framework and Regulatory
History

Section 1412(b)(1)(B)(i) of the SDWA
requires the EPA to publish every five
years a Contaminant Candidate List
(CCL). The CCL is a list of drinking
water contaminants that are known or
anticipated to occur in public water
systems and are not currently subject to
the EPA drinking water regulations. The
EPA uses the CCL to identify priority
contaminants for regulatory decision-
making and information collection.
Contaminants listed on the CCL may
require future regulation under the
SDWA. The EPA included perchlorate
on the first, second, and third CCLs
published in 1998, 2005, and 2009.

Once listed on the CCL, the Agency
continues to collect data on CCL
contaminants to better understand their
potential health effects and to determine
the levels at which they occur in
drinking water. Section 1412(b)(1)(B)(ii)
requires that, every five years, the EPA,

after public comment, issue a
determination whether or not to regulate
at least five contaminants on the CCL.
For any contaminant that the EPA
determines meets the criteria for
regulation, under Section 1412(b)(1)(E),
the EPA must issue a proposed national
primary drinking water regulation
within two years and issue a final
regulation 18 months after the proposal
(which may be extended by 9 months).

As part of its responsibilities under
the SDWA, the EPA implements section
1445(a)(2), “‘Monitoring Program for
Unregulated Contaminants.” This
section requires that once every five
years, the EPA issue a list of no more
than 30 unregulated contaminants to be
monitored by public water system. This
monitoring is implemented through the
Unregulated Contaminant Monitoring
Rule (UCMR), which collects data from
community water systems (CWS) and
non-transient, non-community water
systems (NTNCWS). The UCMR collects
data from a census of large water
systems (serving more than 10,000
people) and from a statistically
representative sample of small water
systems. On September 17, 1999, the
EPA published its first UCMR (64 FR
50556) which required all large systems
and a representative sample of small
systems to monitor for perchlorate and
25 other contaminants (USEPA, 1999,
2000b).

The EPA and other federal agencies
asked the National Research Council
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(NRC) to evaluate the health
implications of perchlorate ingestion.
The NRC concluded that perchlorate
exposure inhibits the transport of
iodide ! into the thyroid by a protein
molecule knows as the sodium/iodide
symporter (NIS), which may lead to
decreases in two hormones, thyroxine
(T3) and triiodothyronine (T4) and
increases in thyroid-stimulating
hormone (TSH) (National Research
Council (NRC), 2005b). Additionally,
the NRC concluded that the most
sensitive population to perchlorate
exposure are “the fetuses of pregnant
women who might have
hypothyroidism or iodide deficiency”
(p. 178). The EPA established a
reference dose (RfD) consistent with the
recommended National Research
Council RfD of 0.7 ug/kg/day for
perchlorate. The reference dose is an
estimate of a daily exposure to humans
that is likely to be without an
appreciable risk of adverse effects. This
RfD was based on a study (Greer,
Goodman, Pleus, & Greer, 2002) of
perchlorate’s inhibition of radioactive
iodine uptake in healthy adults and the
application of an uncertainty factor of
10 for intraspecies variability (USEPA,
2005b).

In October 2008, the EPA published a
preliminary regulatory determination
not to regulate perchlorate in drinking
water and requested public comment
(73 FR 60262). In that preliminary
determination, the EPA tentatively
concluded that perchlorate did not
occur with a frequency and at levels of
public health concern and that
development of a regulation did not
present a meaningful opportunity for
health risk reduction for persons served
by public water systems. The EPA
derived and used a Health Reference
Level (HRL) of 15 ug/L based on the RfD
of 0.7 pg/kg/day in making this
conclusion (USEPA, 2008a). Based
primarily on the UCMR 1 occurrence
data, the EPA estimated that less than
1% of drinking water systems (serving
approximately 1 million people) had
perchlorate levels above the HRL of 15
ug/L. Based on this information the
Agency determined that perchlorate did
not occur frequently at levels of health
concern. The EPA also determined that
there was not a meaningful opportunity
for a NPDWR to reduce health risks.

In January 2009 the EPA published an
interim health advisory for perchlorate
of 15 pg/L, consistent with the HRL
derivation for perchlorate of 15 pg/L

1For the purposes of this FRN, “iodine” will be
used to refer to dietary intake before entering the
body. Once in the body, “iodide” will be used to
refer to the ionic form.

described above. Health Advisories are
non-enforceable and non-regulatory and
provide technical information to state
agencies and other public health
officials on health effects, analytical
methodologies, and treatment
technologies associated with drinking
water contamination. Health Advisories
provide the public, including the most
sensitive populations, with a margin of
protection from a lifetime of exposure.
For perchlorate, the health advisory was
developed for subchronic exposure
(USEPA 2008d).

In August 2009, the EPA published a
supplemental request for comment with
a new analysis that derived potential
alternative HRLs for 14 life stages,
including infants and children. The
analysis used the RfD of 0.7 pg/kg/day
and life stage-specific bodyweight and
exposure information (74 FR 41883;
USEPA, 2009a). After careful
consideration of public comments on
the October 2008 and August 2009
notices, on February 11, 2011, the EPA
published its determination to regulate
perchlorate (76 FR 7762; USEPA,
2011a). The Agency stated then that
when considering the alternative HRL
benchmarks described in the 2009
notice, the likelihood of perchlorate to
occur at levels of concern had
significantly increased in comparison to
the levels described on the 2008
preliminary negative determination. The
EPA concluded that as many as 16
million people could potentially be
exposed to perchlorate at levels of
concern, up from 1 million people
originally described in the 2008 notice.

In its 2011 determination, the Agency
found that perchlorate may have an
adverse effect on the health of persons,
that it is known to occur in public
drinking water systems with a frequency
and at levels that present a public health
concern, and in the judgment of the
Administrator, regulation of perchlorate
presented a meaningful opportunity for
health risk reduction for persons served
by public water systems. As a result of
the determination, and as required by
Section 1412(b)(1)(E), the EPA initiated
the process to develop an MCLG and
NPDWR for perchlorate as described in
this notice.

In September 2012, the U.S. Chamber
of Commerce (the Chamber) submitted
to the EPA a Request for Correction
under the Information Quality Act
regarding the EPA’s regulatory
determination. In the request, the
Chamber claimed that the UCMR 1 data
did not comply with data quality
guidelines and were not representative
of current conditions. In response to this
request, the EPA reassessed the data and
removed certain source water samples

that could be paired with appropriate
follow-up samples located at the entry
point to the distribution system. The
EPA also updated the UCMR 1 data for
systems in California and Massachusetts
using state compliance data to reflect
current occurrence conditions after state
regulatory limits for perchlorate were
implemented.

In response to a lawsuit brought to
enforce the deadlines in Section
1412(b)(1)(E), the U.S. District Court for
the Southern District of New York
entered a consent decree, requiring the
EPA to propose an NPDWR with a
proposed MCLG for perchlorate in
drinking water no later than October 31,
2018, and finalize an NPDWR and
MCLG for perchlorate in drinking water
no later than December 19, 2019. The
deadline for the EPA to propose an
NPDWR with a proposed MCLG for
perchlorate in drinking water was later
extended to May 28, 2019. The consent
decree is available in the docket for
today’s proposed rule.

III. Assessment and Modeling of the
Health Effects of Perchlorate

Perchlorate inhibits uptake of iodide
into the thyroid gland by competitively
binding to the NIS (ATSDR, 2008; Greer
et al., 2002; NRC, 2005; SAB 2013;
Taylor et al., 2013). Iodide is necessary
for the synthesis of thyroid hormones
and decreased iodide uptake into the
thyroid can adversely affect thyroid
hormone production (SAB for the U.S.
EPA, 2013; Blount et al., 2006;
Steinmaus et al., 2007, 2013, 2016,
McMullen et al., 2017; Knight et al.,
2018). These changes in thyroid
hormone levels in a pregnant woman
may be linked to changes in the
neurodevelopment of her offspring (SAB
for the U.S. EPA, 2013; Korevaar et al.,
2016; Fan and Wu, 2016; Wang et al.,
2016; Alexander et al., 2017; Thompson
et al., 2018). In addition, alterations in
thyroid homeostasis may impact other
body systems including the
reproductive (Alexander et al., 2017;
Hou et al., 2016; Maraka et al., 2016)
and cardiovascular systems (Asvold et
al., 2012; Sun et al., 2017).

The mode of action of perchlorate
toxicity has been proposed as follows:
exposure to perchlorate is known to
inhibit the uptake of iodide by the
thyroid gland through the NIS (NRC,
2005; SAB for the U.S. EPA, 2013). A
sufficient inhibition of iodide uptake
results in iodide deficiency within the
thyroid. Given that T3 and T4 require
iodide for production, a decrease in
intra-thyroidal iodide can result in
decreased production of these
hormones. This could in turn result in
increased TSH, the hormone that acts on
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the thyroid gland to stimulate iodide
uptake to increase thyroid hormone
production (Blount, Pirkle, Osterloh,
Valentin-Blasini, & Caldwell, 2006;
National Research Council (NRC), 2005;
Steinmaus, Miller, Cushing, Blount, &
Smith, 2013; Steinmaus et al., 2016). For
populations with developing brains
(e.g., fetuses, neonates, and children),
disruptions in homeostatic thyroid
hormone function can result in adverse
neurodevelopmental effects (Alexander
et al., 2017; Glinoer & Delange, 2000;
Glinoer & Rovet, 2009; SAB for the U.S.
EPA, 2013). Specifically, decreased
maternal thyroid hormone levels during
pregnancy, including in the
hypothyroxinemic range,? have been
linked to decrements in neurocognitive
function in offspring (Alexander et al.,
2017; Thompson et al., 2018; Wang et
al., 2016). There is also limited evidence
to suggest an association with other
adverse neurodevelopmental outcomes
including ADHD, expressive language
delay, reduced school performance,
autism, and delayed cognitive
development (Alexander et al., 2017;
Ghassabian, Bongers-Schokking,
Henrichs, Jaddoe, & Visser, 2011;
Gyllenberg et al., 2016; Henrichs et al.,
2010; Korevaar et al., 2016, Noten et al.,
2015; Pop et al., 2003, 1999; SAB for the
U.S. EPA, 2013; van Mil et al., 2012).

The difficulty in estimating the
likelihood and magnitude of the
potential implications of perchlorate’s
mode of action on expressed
neurodevelopmental health effects in
humans exposed to perchlorate during
development is the lack of robust
epidemiological studies, especially in
sensitive populations. Therefore, based
on the known mode of action of
perchlorate the Agency estimated
potential health risks using a novel
approach suggested by the EPA’s
Science Advisory Board (SAB for the
U.S. EPA, 2013). The EPA’s approach to
estimating perchlorate risks has evolved
over time with improved research and
modeling capabilities. The following
sections describe information sources
the EPA used in its assessment as well
as the regulatory process followed by
the Agency in its decision making.

A. 2008 Preliminary Regulatory
Determinations

In 2005, at the request of the EPA and
other federal agencies, the NRC
evaluated the health implications of

2Maternal hypothyroxinemia is defined as TSH
in the reference range and fT4 in the lower
percentiles. The SAB notes that hypothyroxinemia
has been defined by a “variety of cutoffs . . .
ranging from fT4 below the 10th or 5th percentiles
to below the 2.5th percentile” (SAB, 2013, p.10) in
the population.

perchlorate ingestion. The NRC
concluded that perchlorate exposure
could inhibit the transport of iodide into
the thyroid, leading to thyroid hormone
deficiency (NRC, 2005). A significant
inhibition of iodide uptake results in
intra-thyroid iodide deficiency,
decreased synthesis of T3 and T4, and
increased TSH. The NRC also concluded
that a prolonged decrease of thyroid
hormones is potentially more likely to
have adverse effects in sensitive
populations (e.g., the fetuses of pregnant
women who might have
hypothyroidism or iodide deficiency).
Based on these findings, the NRC
recommended a reference dose of 0.7
ug/kg/day.

Based on NRC'’s analysis, the EPA
established a perchlorate reference dose
(RfD) of 0.7 ug/kg/day in 2005 (USEPA,
2005). This value was based on a no
observed effect level (NOEL) of 7 pg/kg/
day identified from a study (Greer,
Goodman, Pleus, & Greer, 2002) of
perchlorate’s inhibition of radioactive
iodine uptake in healthy adults and the
application of an uncertainty factor of
10 for intraspecies variability.

As discussed above, in 2008, the EPA
derived an HRL of 15 ug/L using the RfD
of 0.7 pg/kg/day, a default bodyweight
of 70 kg, a default drinking water
consumption rate of 2 L/day, and a
perchlorate-specific relative source
contribution (RSC) of 62 percent that
was derived for a pregnant woman
(USEPA, 2008a) (73 FR 60262). The RSC
is the percentage of the RfD remaining
for drinking water after other sources of
exposure to perchlorate (i.e., food) have
been considered. The EPA’s HRL was
calculated to offer a margin of
protection against adverse health effects
to the subpopulation identified by the
NAS as likely the most sensitive to the
effects of perchlorate exposure, fetuses.

B. 2009 Supplemental Request for
Comment and 2011 Final Regulatory
Determination

The EPA received over 33,000
comments in response to its 2008
preliminary determination to not
regulate perchlorate (USEPA, 2011a).
After reviewing the comments, the EPA
developed alternative HRLs for other
sensitive populations in addition to
fetuses of pregnant women. The EPA
developed alternative HRLs for 14 life
stages including infants and children.
The EPA also evaluated the occurrence
of perchlorate at levels above these
alternative HRLs using the UCMR 1
occurrence data.

The analysis used the RfD of 0.7 ug/
kg/day and life stage-specific
bodyweight and exposure information
(i.e., drinking water intake, RSC) for

each of the 14 life stages evaluated. The
resulting HRLs ranged from 1 pg/L to 47
pg/L. In August 2009, the EPA
published a supplemental request for
comment with the new analysis and
HRLs (74 FR 41883; USEPA, 2009a).
After careful consideration of public
comments, on February 11, 2011, the
EPA published its final determination to
regulate perchlorate (76 FR 7762;
USEPA, 2011a).

C. Science Advisory Board
Recommendations

As required by Section 1412(d) of the
SDWA, as part of the NPDWR
development process, the EPA
requested comments from the Science
Advisory Board (SAB) in 2012, seeking
guidance on how best to consider and
interpret the life stage information, the
epidemiologic and biomonitoring data
since the NRC report, physiologically-
based pharmacokinetic (PBPK) analyses,
and the totality of perchlorate health
information to derive an MCLG for
perchlorate. The SAB recommended the
following:

e Derive a perchlorate MCLG that
addresses sensitive life stages through
physiologically based pharmacokinetic/
pharmacodynamic (PBPK/PD) modeling
based upon perchlorate’s mode of action
rather than the default MCLG approach
using the RfD and specific chemical
exposure parameters;

e expand the modeling approach to
account for thyroid hormone
perturbations and potential adverse
neurodevelopmental outcomes from
perchlorate exposure;

e utilize a mode-of-action framework
for developing the MCLG that links the
steps in the proposed mechanism
leading from perchlorate exposure
through iodide uptake inhibition—to
thyroid hormone changes—and finally
to neurodevelopmental impacts; and

¢ “Extend the [BBDR] model
expeditiously to . . . provide a key tool
for linking early events with subsequent
events as reported in the scientific and
clinical literature on iodide deficiency,
changes in thyroid hormone levels, and
their relationship to
neurodevelopmental outcomes during
sensitive early life stages” (SAB for the
U.S. EPA, 2013, p. 19).

This SAB-proposed framework would
incorporate the previous endpoint of
iodide uptake inhibition that was the
basis for the RfD as part of a broader and
more comprehensive framework that
links perchlorate exposure to adverse
neurodevelopmental outcomes. It also
focuses on the smaller changes in
thyroid hormones (specifically free T4
(fT4)) that are associated with maternal
hypothyroxinemia and subsequent
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adverse neurodevelopmental health
effects rather than the significant
changes in thyroid hormones (both fT4
and TSH) that are associated with
hypothyroidism.

D. Perchlorate Model Development and
Peer Reviews

To address the SAB
recommendations, the EPA revised an
existing PBPK/PD model that describes
the dynamics of perchlorate, iodide, and
thyroid hormones in a woman during
the third trimester of pregnancy
(Lumen, Mattie, & Fisher, 2013; USEPA,
2009b). The EPA also created its own
Biologically Based Dose Response
(BBDR) models that included the
additional sensitive life stages identified
by the SAB, i.e., breast- and bottle-fed
neonates and infants (SAB for the U.S.
EPA, 2013, p. 19).

To determine whether the Agency had
implemented the SAB recommendations
for modeling thyroid hormone changes,
the EPA convened an independent peer
review panel to evaluate the BBDR
models in January 2017 (External Peer
Reviewers for USEPA, 2017). In
addition to estimating effects on breast
fed infants, several reviewers
recommended that the EPA shift the
primary focus of its analysis to
modeling the exposure implications to
the fetus during early pregnancy. This
was based on the knowledge that fetuses
lack a functioning thyroid gland until
approximately 16 gestational weeks and
the substantial epidemiological
evidence linking early pregnancy low
fT4 levels with adverse
neurodevelopmental outcomes
(Endendijk et al., 2017, Korevaar et al.,
2016; Morreale de Escobar, Obregon, &
Escobar del Rey, 2004, Pop et al., 1999;
Pop et al., 2003). Specifically, the SAB
recommended that the EPA use specific
sensitive populations to develop the
MCLG for perchlorate: “the fetuses of
hypothyroxinemic pregnant women,
and infants exposed to perchlorate
through either water-based formula
preparations or the breast milk of
lactating women”” (SAB for the U.S.
EPA, 2013, p. 19).

The EPA considered all
recommendations from the 2017 peer
review. The previously developed BBDR
model describing perchlorate’s effects in
the third trimester (Lumen, Mattie, &
Fisher, 2013; USEPA, 2009b) was
calibrated only for that phase of
pregnancy, not for the first trimester,
and lacked a description of TSH
signaling (feedback) that becomes
significant as individuals become
hypothyroxinemic or hypothyroid. In
particular, this signaling was considered
necessary to accurately predict

responses of women with very low
iodine intake, which was also part of the
2017 peer review recommendations.
Therefore, the Lumen et al., (2009b)
model needed to be revised to address
these recommendations and the EPA
implemented those changes needed to
increase the scientific rigor of the model
and modeling results. These
modifications include:

¢ Extending the model to early
pregnancy;

¢ Incorporating biological feedback
control of hormone production via TSH
signaling, such that the model can
describe lower levels of iodide
nutrition;

e Calibrating the model and
evaluating its behavior for upper and
lower percentiles of the population, as
well as the population median; and

e Conducting an uncertainty analysis
for key parameters.

The EPA convened a second
independent peer review panel in
January 2018 to evaluate these updates
to the BBDR model. The EPA also
presented several approaches in the
draft Proposed Approaches to Inform
the Derivation of a Maximum
Contaminant Level Goal for Perchlorate
in Drinking Water (MCLG Approaches
Report) to link the thyroid hormone
changes in a pregnant mother predicted
by the BBDR model to
neurodevelopmental effects using
evidence from the epidemiological
literature (External Peer Review for U.S.
EPA, 2018). The 2018 peer review
identified a variety of strengths and
limitations of the modeling (to be
discussed in more detail later in this
notice). The peer review panel was
largely supportive of the efforts
described in the MCLG Approaches
Report, as evidenced by the following
from the peer review final report:

Overall, the panel agreed that the EPA
and its collaborators have prepared a
highly innovative state-of-the-science set
of quantitative tools to evaluate
neurodevelopmental effects that could
arise from drinking water exposure to
perchlorate. While there is always room
for improvement of the models, with
limited additional work to address the
committee’s comments [in the peer-
reviewed report], the current models are
fit-for-purpose to determine an MCLG
(External Peer Reviewers for U.S. EPA,
2018, p. 2).

The EPA also presented an
alternative, population-based approach
evaluating the shift in the proportion of
the population that would fall below a
hypothyroxinemic cut point, given
exposure to perchlorate (Section 7 of the
MCLG Approaches Report). This
approach does not directly connect the

BBDR output to a neurodevelopmental
endpoint. However, for pregnant women
in early pregnancy, this shift could be
related to avoiding an increase in the
population of offspring’s risk of adverse
neurodevelopmental impacts. The 2018
peer review identified strengths
associated with this approach, including

(1) the central premise, that
hypothyroxinemia is associated with
adverse neurodevelopmental effects is
supported by a large number of studies,
including categorical studies; (2) this
approach encompasses a variety of
adverse neurodevelopmental outcomes,
as indicated by these studies, rather
than focusing on one or a limited
number of adverse outcomes, as with
the two-stage approach; and (3) this
approach avoids all of the uncertainties
associated with determining a
quantitative relationship between a
specific maternal T4 level and the
magnitude an adverse
neurodevelopmental effect. (External
Peer Reviewers for U.S. EPA, 2018, p. 7)

The peer reviewers expressed concern
about hypothyroxinemia being a
precursor effect, rather than an adverse
health outcome, which they argued may
create difficulties in explaining the basis
for an MCLG based on this approach to
some audiences. However, the EPA has
used precursor effects as the basis for
setting regulatory and non-regulatory
limits previously. The peer-review
panel also expressed concern that a
standard definition of
hypothyroxinemia has not yet been
established, as clinicians use varying
fT4 thresholds to define their own
working definition of the condition.
This also could lead to difficulties
communicating the population at risk
for developing this precursor effect as a
result of perchlorate exposure.

Ultimately, the EPA chose to develop
the MCLG using dose-response
functions from the epidemiological
literature to estimate
neurodevelopmental impacts in the
offspring of pregnant women exposed to
perchlorate. The EPA selected this
proposed approach because it is
consistent with the SDWA'’s definition
of an MCLG to avoid adverse health
effects and because it is most consistent
with the SAB recommendations. The
EPA is requesting public comment in
Section XIV on the adequacies and
uncertainties of the methodology to
derive the MCLG including the decision
not to pursue this population-based
approach for setting the MCLG.

Based on the comments of the peer
reviewers, the EPA’s final analysis
informing the derivation of the MCLG
and benefits of avoided perchlorate
exposure is based upon a 2-step
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approach to modeling the
neurodevelopmental effects on offspring
of pregnant women exposed to
perchlorate in drinking water (see
Figure 1). In summary, because of the
known mode of action, the lack of
epidemiological studies particularly in
the sensitive populations and the
direction of the SAB to use a ‘““data-

driven approach [which] represents a
more rigorous way to address
differences in biology and exposure
between adults and sensitive life stages”
(p. 2, SAB 2013 for U.S. EPA), the EPA
uses a combination of the BBDR model
that simulates perchlorate potential
impacts on maternal thyroid hormones
during pregnancy and the epidemiology

Perchlorate Exposure ——————»

Step 1: BBDR Model »

literature that relates incremental
changes in maternal thyroid hormones
to neurodevelopmental outcomes in
children. The following sections
describe the approach in greater detail,
highlighting each step in which
decisions and assumptions were made.

Altered Thyroid
Hormone Levels

Literature

Predicts the effect of perchlorate on the
thyroid gland at different iodine nutrition
levels

Note: Process figure does not imply
the strength of scientific evidence.

E. Sensitive Population for Deriving
MCLG

SDWA 1412(b)(4)(A) requires MCLGs
to be set at a concentration in water “at
which no known or anticipated adverse
effects on the health of persons occur
and which allows an adequate margin of
safety.” SDWA 1412(b)(3)(C)(V) further
requires that the EPA “consider the
effects of the contaminant on the general
population and on groups within the
general population such as infants,
children, pregnant women, the elderly,
individuals with a history of serious
illness, or other subpopulations that are
identified as likely to be at greater risk
of adverse health effects due to exposure
to contaminants in drinking water than
the general population.” The EPA has
interpreted these requirements to
establish MCLGs that avoid adverse
effects within the portions of the
population that are at greater risk of
adverse effects from exposure to the
contaminant. The EPA is proposing an
MCLG that is developed to protect the
fetuses of a first trimester pregnant
mother with low-iodine intake levels
(i.e., 75 ug/kg/day), low fT4 levels (i.e.,
10th percentile of an fT4 distribution for
individuals with 75 ug/day iodine
intake), and weak TSH feedback
strength (i.e., TSH feedback is reduced
to be approximately 60 percent less
effective than for the median
individual). The choice of this
population is consistent with discussion
by the NRC (2005), and the SAB (2013).
The EPA believes that by protecting this
population, the other sensitive
populations (i.e., breast- and bottle-fed
infants) will also be protected. This
conclusion is based on the EPA’s
analysis of predictions of the impact of

Step 2: Peer-Reviewed

Adverse
—— Neurodevelopmental
Effects

Predicts relationship between
altered thyroid hormone
levels and adverse

neurodevelopmental effects

perchlorate on T4 levels from the
original EPA BBDR model (which was
peer reviewed in January of 2017) and
an analysis of the literature on the
connection between altered thyroid
hormones in these life stages, and
neurodevelopmental outcomes.

The EPA’s original BBDR model
demonstrated that perchlorate had
minimal impact on the thyroid hormone
levels for 30-, 60-, and 90-day formula-
fed infants, even at doses as high as 20
ug/kg/day. Specifically, the model
demonstrated that “the range of iodine
levels in formula is sufficient to almost
entirely offset the effects of perchlorate
exposure at 30, 60 and 90 days”
(USEPA, 2017; p. 73). As a result of
these findings the EPA concluded that
any MCLG based on the fetus of the first
trimester hypothyroxinemic pregnant
mother would also protect the formula-
fed infant.

To determine if the same would be
true for the breast-fed infant, the EPA
compared the predicted percent change
in fT4 experienced at given doses of
perchlorate for both the breast-fed infant
and the first trimester pregnant mother
at varying doses of iodine intake 3 (50 to
100 pg/day). Assuming 2 or 4 ug/kg/day
of perchlorate, the first trimester
hypothyroxinemic pregnant mother has
a greater percent change in fT4
compared to the 30 and 60 day breast-
fed infant at all maternal iodine intake
levels evaluated, except for the 30 day
breast-fed infant of a mother consuming
only 50 ug/day iodine. However, given
that the original BBDR model did not
have a TSH feedback loop, T4, fT4, T3
and fT3 predictions for lactating

3 Given that the current version of the BBDR
model contains a TSH feedback loop and the infant
models previously developed did not contain this
feedback loop, this comparison is done with the
feedback loop turned off.

mothers with less than 75 pg/day iodine
intake were considered highly uncertain
because the thyroid hormone levels had
fallen into the hypothyroid range.

The Agency found that there are
reports in the scientific literature
suggesting that minor perturbations in
thyroid hormone levels in the first
trimester mother may adversely impact
her offspring’s neurodevelopment.
Specifically, some studies show that
children exposed gestationally to
maternal hypothyroxinemia (without
hypothyroidism) have a higher risk of
reduced levels of global and specific
cognitive abilities, as well as increased
rates of behavior problems including
greater dysregulation in early infancy
and attentional disorders in childhood
(Kooistra, Crawford, van Baar,
Brouwers, & Pop, 2006; Man, Brown, &
Serunian, 1991; Pop et al., 2003; Pop et
al., 1999). Notably these effects are
correlated with both degree (Henrichs et
al., 2010; Pop et al., 1999) and duration
(Pop et al., 2003) of maternal
hypothyroxinemia (SAB for the U.S.
EPA, 2013, p. 10).

The EPA did not find analogous
evidence linking minor perturbations in
thyroid hormones during infancy to
adverse neurodevelopmental outcomes
in infants. This finding is consistent
with conclusions by the California
Environmental Protection Agency
(CalEPA) in their assessment of a public
health goal for perchlorate (California
Environmental Protection Agency, 2011,

. 90).
P Specifically, two studies evaluated
both the impact of maternal
hypothyroxinemia and infant fT4 levels
on subsequent neurodevelopmental
outcomes. Costeira et al. (2011) found
that children born to mothers with low
fT4 in the first trimester had increased
odds of mild-to-severe delays in
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psychomotor development compared to
children born to mothers with normal
T4 levels. However, the authors found
that neonatal thyroid status (measured
on day 3 after birth) did not influence
development. Additionally, Henrichs et
al. (2010) found in their evaluation that
although maternal hypothyroxinemia
was associated with language delay and
nonverbal cognitive delay, the neonatal
thyroid status (thyroid hormones
measured in cord blood) did not explain
the relationship between maternal
hypothyroxinemia, early pregnancy, and
children’s cognitive impairment.

The SAB pointed to two lines of
evidence supporting their suggestion of
the infant as a potentially sensitive
population to perchlorate: Preterm
infants that experience transient
hypothyroxinemia of prematurity
(THOP) and infants that experience
congenital hypothyroidism (SAB for the
U.S. EPA, 2013). Thus, sufficient
thyroid hormone levels in infancy are
necessary for the infant brain to develop
properly. However, the best evidence
linking perturbations in thyroid
hormone levels to disrupted
neurodevelopment for infants are in
individuals with significant thyroid
deficiencies manifesting as clinical
conditions (e.g., THOP and congenital
hypothyroidism). It is unclear and
unknown if minor perturbations in
thyroid hormones in infants, such as
those that could be caused by
environmental levels of perchlorate,
would result in adverse
neurodevelopmental outcomes similar
to those seen in the literature for the
offspring of first trimester pregnant
mothers with hypothyroxinemia. Given
the lack of evidence demonstrating
minor perturbations in infant fT4 levels
as being associated with
neurodevelopmental outcomes, the EPA
has concluded that it is appropriate to
derive the perchlorate MCLG to protect
the first trimester fetus of a pregnant
mother with low-iodine intake. The EPA
concludes that an MCLG calculated to
offer a margin of protection against
adverse health effects to these fetuses
targets the most sensitive lifestage and
will be protective of other potentially
sensitive life stages as well.

F. BBDR Model Specification for the
Sensitive Population

The BBDR model used to develop the
proposed MCLG has two main
components:

¢ A pharmacokinetic model for
perchlorate and iodide, which describes
chemical absorption, distribution,
metabolism, and excretion of
perchlorate and iodide; and

¢ A pharmacodynamic model, which
describes the joint effect of varying
perchlorate and iodide blood
concentrations on thyroidal uptake of
iodide and subsequent production of
thyroid hormones, including fT4.

The pharmacokinetic model
component contains a physiological
description of a human mother and
fetus during pregnancy (e.g., organ
volumes, blood flows) and chemical-
specific information (e.g., partition
coefficients, volume of distribution, rate
constants for transport, metabolism, and
elimination) that enable a prediction of
perchlorate and iodide internal
concentration at the critical target (i.e.,
thyroidal sodium-iodide symporter of
the mother) in association with a
particular exposure scenario (route of
exposure, age, dose level). This
component of the model is similar to
many other PBPK models. Because
perchlorate does not undergo
metabolism in vivo (Clewell et al.,
2007), potential uncertainty from this
factor of the model is avoided since it
does not need to be described.

The pharmacodynamic component of
the model uses this internal
concentration to simulate how the
chemical will act within a known
mechanism of action to perturb host
systems and lead to a toxic effect.

Thus, the BBDR model estimates
serum thyroid hormone levels in the
mother at specific gestational weeks,
given specific levels of iodine intake,
the TSH feedback loop strength, and
perchlorate doses. As noted above, to be
health protective the EPA chose to
model a sensitive individual (an adult
woman with low iodine through the
first trimester of pregnancy) to derive an
MCLG, thereby protecting both this
target sensitive population with an
adequate margin of safety and those
who are less sensitive with an even
larger margin of safety.

The BBDR model simulates
perchlorate’s impact on thyroid
hormones at each gestational week from
conception to week 16. To derive the
MCLG, the EPA selected outputs for
gestational week 13 to correspond with
the thyroid hormone data reported in
Korevaar et al., (2016), which is the
basis for the Agency’s quantitative
relationship between maternal thyroid
hormone levels and
neurodevelopmental impacts.

Individuals with low iodine intake
have increased sensitivity to
perchlorate’s impact on thyroid
hormone levels because the functional
iodide reserve of the hypothalamic-
pituitary-thyroid (HPT) system is
limited (Blount et al., 2006, Steinmaus
et al., 2007; Leung, Pearce, &

Braverman, 2010). The EPA selected an
iodine intake level of 75 ug/day to
simulate an individual with low-iodine
intake. This value represents an intake
between the 15th and 20th percentile of
the women of child bearing age
population distribution of estimated
iodine intake from the National Health
and Nutrition Examination Survey
(NHANES). The EPA considered using a
lower iodine intake level of 50 ug/day,
which represents approximately the 5th
percentile of the NHANES distribution.
At 50 ug/day of iodine intake, however,
the BBDR model predicts TSH levels
that would be elevated to within the
clinically hypothyroid range before
exposure to any perchlorate ¢ (TSH
ranges between 4.51 and 5.41 milli-
international units per liter (mIU/L) at
zero dose of perchlorate when
evaluating gestational weeks 12 or 13).
In contrast, at 75 pg/day iodine, the
BBDR modeled concentrations of serum
fT4 and TSH are significantly reduced
from the population median but are still
within the euthyroid range. Thus, the
intake of 75 pg/day is a better
approximation of the sensitive
population—the offspring of pregnant
women who have low {T4.

TSH increases in response to
decreases in T4 have been captured in
numerous studies that document the
relationship between these hormones
(Blount et al., 2006; Steinmaus et al.,
2013, 2016). The EPA designed the
BBDR model to depict this feedback
regulation by adjusting a set of three
parameters: The number of sodium-
iodide symporter sites, the T4 synthesis
rate, and the T3 synthesis rate. The
BBDR model allows for variability in the
strength of the TSH feedback by varying
these parameters with a variable called
“pTSH.” For the MCLG analysis, the
EPA used a pTSH value of 0.398, which
is the ratio of a median value for TSH

4 For the purposes of this analysis, the EPA
evaluated the American Thyroid Association’s
(ATA’s) 2017 recommendations for defining
hypothyroidism (Alexander et al., 2017).
Specifically the ATA recommends “in the
pregnancy setting, maternal hypothyroidism is
defined as a TSH concentration elevated beyond the
upper limit of the pregnancy-specific reference
range” (Alexander et al., 2017, p. 332). ATA goes
on to state, in the absence of population- and
trimester-specific reference ranges defined by a
provider’s institute or laboratory, that the TSH
reference ranges should be obtained from similar
patient populations. From their recommended
studies with trimester-specific data on a U.S.
population, Lambert-Meserlian et al. (2008) is the
largest U.S.-based population with a reference range
upper bound of 3.37 mIU/L for the first trimester
(and 3.35 mIU/L for the second trimester).
Therefore, these values were used to compare to
BBDR output TSH values in the first trimester (or
second trimester in cases of gestational weeks 15
and 16) to determine the presence of
hypothyroidism.
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from NHANES (non-pregnant women)
to the 97.5 percentile value from
NHANES (non-pregnant women). This
value represents an assumption that
sensitive individuals with high TSH and
average fT4 levels exist, and this is

because the stimulus strength of TSH is
proportionally weaker. The EPA chose
to use a low TSH feedback coefficient to
ensure the MCLG is protective of the
sensitive population.

Example output from the BBDR model
for gestational week 13 and a low TSH
feedback coefficient is presented in
Table III-1.

TABLE Ill-1—SUMMARY OF BBDR MODEL RESULTS FOR fT4 LEVELS: PREGNANT WOMEN AT GESTATIONAL WEEK 13,
ASSUMING LOW (75 ug/day) IODINE INTAKE AND WITH MUTED TSH FEEDBACK STRENGTH A

Percentile fT4 (pmol/L)®
Perchlorate dose (% decrease from 0 dose)
(ng/kg/day)
2.5th 5th 10th 50th

5.57 6.09 6.70 8.84
5.50 (—1.26%) 6.02 (—1.15%) 6.63 (—1.04%) 8.77 (—0.79%)
5.43 (—2.45%) 5.96 (—2.24%) 6.56 (—2.04%) 8.71 (—1.54%)
5.37 (—3.59%) 5.96 (—3.28%) 6.50 (—2.98%) 8.64 (—2.26%)
5.31 (—4.68%) 5.83 (—4.28%) 6.44 (—3.89%) 8.58 (—2.95%)
5.25 (—5.73%) 5.77 (—5.23%) 6.38 (—4.76%) 8.52 (—3.60%)
5.19 (—6.73%) 5.72 (—6.14%) 6.33 (—5.59%) 8.47 (—4.23%)
5.14 (—7.69%) 5.66 (—7.02%) 6.27 (—6.39%) 8.41 (—4.84%)

apTSH = 0.398; see USEPA, (2018b) for additional information on pTSH.

bThe 50th percentile is direct output from the BBDR model, and additional percentiles are estimated by assuming a normal distribution with a
SD of 1.67. All of the examined study data demonstrated a positive skew, and overall the lognormal function demonstrated a better fit than a nor-
mal distribution. Despite this, the available study data only accounted for variation due to gestation week and did not account for variation in per-
chlorate and iodine intake in the measured populations. Because perchlorate and iodine can affect fT4 levels, and this relationship produced the
estimated median BBDR values, the distribution around values estimated by the model from perchlorate and iodine intake should account for a
small reduction in variation due to the effect of perchlorate and iodine intake. Additionally, as iodine has a demonstrated lognormal distribution

with strong right skew (e.g., Blount et al.,

2007) and is predicted to have a stronger effect on fT4 than perchlorate (see Section 3). The EPA as-

sumed the error around predicted fT4 would likely be closer to normal than lognormal after accounting for perchlorate and iodine intake.

When modeling changes in T4, the
baseline level of fT4 affects the
magnitude of changes seen as a result of
perchlorate exposure. Therefore, to
predict the impact of perchlorate
exposure on the population distribution
of fT4 for the identified sensitive
population, the EPA estimated a
distribution for fT4 plasma
concentrations around the median
modeled values based on fT4 data from
studies that were used to calibrate the
BBDR model (C. Li et al., 2014;
Maénnisto et al., 2011; Zhang et al.,
2016). The EPA assumed the variation
around predicted fT4 concentrations for
women with low fT4 of childbearing age
would likely be close to normal after
accounting for perchlorate and iodine
intake, and thus estimated a combined
standard deviation (SD) using the
distributional information from each of
the studies (C. Li et al., 2014; Méannisto
et al., 2011; Zhang et al., 2016). The EPA
then used the estimated combined SD to
predict a distribution of fT4 around the
median fT4 estimated by the BBDR
model. To protect the most sensitive
population from adverse effects, the
EPA chose to use the 10th percentile
from this distribution of baseline T4 to
conduct its analyses to account for
variability in thyroid hormones in the
population.5

5For a discussion on the details of the BBDR
model, including uncertainties associated with the

G. Epidemiological Literature

The SAB recommended that the EPA
integrate BBDR model results with data
on neurodevelopmental outcomes from
epidemiological studies. There is
substantial epidemiological evidence
that early pregnancy hypothyroxinemia
is a risk factor for a variety of adverse
neurodevelopmental outcomes,
including those related to both
cognition and behavior (Costeira et al.,
2011; Finken, van Eijsden, Loomans,
Vrijkotte, & Rotteveel, 2013; Ghassabian
et al., 2014; Gyllenberg et al., 2016;
Henrichs et al., 2010; Julvez et al., 2013;
Kooistra, Crawford, van Baar, Brouwers,
& Pop, 2006; Korevaar et al., 2016; Y. Li
et al., 2010; Oostenbroek et al., 2017;
Pakkild et al., 2015; Pop et al., 2003,
1999; Roman et al., 2013; van Mil et al.,
2012). These individual studies showing
that maternal hypothyroxinemia is
associated with offspring
neurodevelopment are also supported
by three meta-analyses (including one
full systematic review), all of which
conclude maternal hypothyroxinemia is
associated with increased risk of
cognitive delay, intellectual
impairment, or lower scores on
performance tests when considering the
entire body of evidence on this topic
(Fan & Wu, 2016; Thompson et al.,
2018; Wang et al., 2016). Additionally,

model the reader is directed to section 3.5 of the
MCLG Approaches Report.

the American Thyroid Association
concludes that “overall, available
evidence appears to show an association
between hypothyroxinemia and
cognitive development of the offspring”
(Alexander et al., 2017, p. 337).

The EPA did not conduct a full
systematic review and weight of
evidence evaluation between maternal
thyroid hormones and
neurodevelopmental outcomes given:
(1) The body of scientific literature
regarding this association, and (2) the
SAB recommendation that the EPA
“consider available data on potential
adverse health effects
(neurodevelopmental outcomes) due to
thyroid hormone level perturbations
regardless of the cause of those
perturbations” (p. 25). Instead, the EPA
conducted a “methodologic approach to
reviewing the literature” to evaluate the
body of literature on this topic. This
approach assisted in extrapolating the
relationship modeled by the BBDR
model to neurodevelopmental outcomes
by concentrating on studies that allowed
for evaluation of incremental changes in
fT4 as they relate to incremental
changes in neurodevelopmental
outcomes. More specifically, the EPA
only used studies that had sufficient
data to show a quantitative relationship
between maternal fT4 and a
neurodevelopmental outcome. The EPA
acknowledges that by not giving any
weight to the studies that did not show
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a quantitative relationship between T4
and neurodevelopmental outcomes, the
Agency may be overestimating the dose
of perchlorate that may be associated
with adverse neurodevelopmental
outcomes. This is a health protective
decision that adds to the margin of
safety.

Ultimately, the EPA developed a
dose-response function that estimates
incremental changes in a
neurodevelopmental endpoint based on
a given change in thyroid hormone
concentration (fT4), which could be
linked to a given dose of perchlorate
using the BBDR model.

The specifics of this “methodologic
approach to reviewing the literature”
follow. First, the EPA identified and
screened the available 71
epidemiological studies, which
potentially pertained to altered maternal
thyroid hormone levels and offspring
neurodevelopment to identify
candidates based on the following
criteria:

e Compatible with the sensitive life
stages identified by the NRC and SAB;

e Continuous measure of thyroid
hormone values (versus categorical
values);

e Low risk of bias based on analysis
using the National Toxicology Program’s
Office of Health Assessment and
Translation (OHAT) Risk of Bias (ROB)
tool score; and

e Access to underlying data.

Second, using these screening steps,
the EPA categorized all 71 studies into
three groups. One group consisted of
studies that were not compatible ¢ with
extending the BBDR model (40 studies).
Another group consisted of papers that
were relevant to the pertinent life stages
but did not have data from which a
dose-response analysis could be
conducted (15 studies). This includes
studies that compared differences
between groups, for example studies of
offspring of mothers with
hypothyroxinemia versus offspring of
mothers without hypothyroxinemia.
Consequently, these studies may have
provided insight into the maternal
thyroid hormone and offspring
neurodevelopment relationship but did
not have enough information to develop
a continuous dose-response function.

6 For example, if the study evaluated the impact
of only neonatal thyroid hormones (i.e., at a
potentially sensitive life stage), it cannot be used
because the BBDR model is specific to early
pregnancy. Further, if the study evaluates a
population with an existing disease (i.e.,
hypothyroidism) that may have a different response
to perchlorate compared to the euthyroid
population, it was not considered compatible with
BBDR model results. Additionally, if the study does

The last group of papers had data that
may inform a dose-response function
(16 studies). This last group of papers
included publications that may have
had categorical analyses but also
presented data that assessed fT4 as a
continuous variable and the outcome of
interest. In most instances, the
continuous fT4 variable encompassed
the full range for fT4 and not just the
hypothyroxinemic range. After
excluding one paper due to a high risk
of bias (Kastakina et al., 2006) 15 papers
remained that potentially had dose-
response data between a continuous
measure of fT4 and various
neurodevelopmental outcomes
describing cognition, behavior and other
outcomes. The EPA notes that by
selecting the papers that potentially had
dose response data the Agency is
deviating from the systematic weight of
evidence review approach to identify
those studies that the SAB
recommended we examine to derive the
MCLG.

Third, from these 15 papers five were
selected for dose response assessment—
four related to cognition (Finken et al.,
2013; Korevaar et al., 2016; Pop et al.,
2003, 1999) and one related to behavior
(Endendijk, Wijnen, Pop, & van Baar,
2017). The other ten papers were
excluded for a variety of reasons
including updated analyses being
presented in a different paper for which
dose-response analysis was being
conducted, lack of all the data needed
to complete a dose-response assessment
(e.g., dose-response results were
presented as “‘per standard deviation of
fT4” but the standard deviation needed
to fully interpret the results for a
continuous function was not presented
in the paper, statistical methods
presented in the paper were insufficient
to allow for the derivation of a
concentration response function), or a
lack of a relationship between maternal
fT4 as a continuous variable and the
outcome of interest evaluated in the
paper. For example, Noten et al., (2015)
found a relationship between maternal
hypothyroxinemia and offspring
arithmetic test performance. However,
maternal fT4 as a continuous variable
across the entire fT4 range was not

not include information on T4 or fT4, it does not
assist in understanding the implications of the
BBDR modeling results. Another reason for
exclusion at this stage include that the study does
not have a population with an exposure window
(i.e., when the thyroid hormone measurements are
taken) that overlaps with the outputs for the BBDR
model. Specifically, the study should evaluate
thyroid hormone levels in pregnant mothers
between conception and gestational week 16. The

associated with arithmetic test
performance. Given this null finding, as
well as the lack of published literature
evaluating maternal fT4 as a continuous
variable and arithmetic test
performance, it would be difficult for
the Agency to justify setting an MCLG
based on changes in this endpoint.

As laid out for the peer reviewers, for
each study that met the criteria
identified above for dose-response
modeling, a relationship between
maternal thyroid hormone levels
(specifically fT4) and offspring
neurodevelopment was derived (see
USEPA, 2018b). These relationships
were either presented in the original
published paper or derived by the EPA
through either the digitization of figures
or through re-analysis of data provided
by the study authors. The EPA used the
upper effect estimate (the upper bound
of the 95th percent confidence interval)
from each study to assure consideration
of the populations likely to be at greater
risk from the dose of perchlorate
associated with a given change in fT4.

Table III-2 provides a summary of the
changes in fT4 predicted to produce a
1, 2, and 3 percent decrease in any given
neurodevelopmental effect and
corresponding perchlorate doses. The
choice of 1, 2, and 3% is based on the
analyses for IQ, Mental Development
Index (MDI), and Psychomotor
Development Index (PDI). Specifically, a
1%, 2%, or 3% change from the
standardized mean for each test (i.e.,
100 points) equates to a 1, 2, or 3 point
change, respectively. The analyses for
anxiety/depression score and SD of
reaction time are based on a 1%, 2%, or
3% change from the study mean of each
measure, which for anxiety/depression
is 0.01, 0.02, or 0.03 points,
respectively, and for reaction time is
2.7, 5.4, and 8.1 milliseconds (study
mean SD of reaction time = 270 ms),
respectively (Endendijk et al., 2017;
Finken et al., 2013).

These results provide the potential
impacts of perchlorate on maternal fT4
(as predicted by the BBDR model) and
subsequent neurodevelopmental
impacts (derived from the
epidemiologic literature 7).

neurodevelopmental outcomes could be measured
at any life stage.

7For a more complete description of all the
studies evaluated the reader is directed to Sections
5 and 6 of the MCLG Approaches Report. For a
discussion on the uncertainties related to the
approach the reader is directed specifically to
section 6.5.
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al., (2016) AIQ 17.26
’ -0.21 -0.41 -0.61 )
EPA IQ = (B, X In(fT4,)) (3.77, G1%) | 6.20%) | @20 | 31| 67 | 108
independent — (B X In(fT4y)) 30.75) ' ' '
analysis
Pop etal 6.3 -0.09 -0.19 -0.28
(2003) MDI AMDI = B X AfT4 (11(5?62)’ (1.0%) | 2.8%) | 4.2%) 13| 28 43
Pop etal., _ 8.4 -0.08 -0.16 -0.23
(2003) PDI APDI = B X AfT4 40,128) | (09%) | 24%) | (3.5%) 1.1 ]| 23 35
Pop et al 8.5 -0.06 -0.12 -0.18
(1999) PDI APDI = B X AfT4 (107.901), ©0.6%) | (18%) | (2.6%) 08 | 1.7 | 26
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ms), respectively.
b

fT4 is in units of pmol/L.

* The analyses for IQ, Mental Development Index (MDI), and Psychomotor Development Index (PDI) are based
on a 1%, 2%, or 3% change from the standardized mean for each test (i.e., 100 points), which equatestoa 1, 2, or
3 point change, respectively. The analyses for anxiety/depression score and SD of reaction time are based on a
1%, 2%, or 3% change from the study mean of each measure, which for anxiety/depression is 0.01, 0.02, or 0.03
points, respectively, and for reaction time is 2.7, 5.4, and 8.1 milliseconds (study mean SD of reaction time = 270

. This is based on the regression analysis for the range of T4 data within each study using the upper beta
estimates from the 95% CI. These results are for the low-iodide intake population of 75 pg/day. In all functions,

¢. The BBDR model with a pTSH of 0.398 was used for these analyses.
4 The value which results in a 3% change in the standard deviation of reaction time falls between 16 and 17
ug/kg/day. Because data was not available on the changes of T4 at doses between 16 and 17 pg/kg/day
perchlorate, the EPA took the midpoint of the range of values for the change in fT4 at 16 and 17 ug/kg//day and
assumed the dose of perchlorate associated with this change was the midpoint between 16 and 17 ug/kg/day.

H. Identifying a Point of Departure for
Developing the MCLG

From the seven analyses presented in
Table III-2 above, the EPA chose to use
its independent analysis of the Korevaar
et al., (2016) data (comprising of 3,600
useable mother/child data pairs) as the
basis for calculating the point of
departure (POD) for the MCLG. There
are three reasons for this selection: (1)
There is sufficient quantitative data to
derive a health impact function for the
sensitive population of interest; (2) the
analysis adjusts for an appropriate set of
confounders, and (3) the
neurodevelopmental endpoint—
intelligence quotient (IQ)—is more
straightforward to interpret because
there is more national and cross-
national data available (more on the
selection of this endpoint below). The
other studies presented in Table III-2 do
not provide one or more of these
features (USEPA, 2018b).

The five identified papers evaluated a
variety of endpoints with Korevaar et
al., (2016) evaluating IQ, Pop, Kuijpens,

et al., (1999) and Pop, Brouwers, et al.,
(2003) using the Bayley Scale to
evaluate PDI and MDI, Finken, van
Eijsden, Loomans, Vrijkotte, and
Rotteveel (2013) evaluating the SD of
reaction time, and Endendijk, Wijnen,
Pop, and van Baar (2017) evaluating
anxiety/depression scores using the
Child Behavioral Check List (CBCL).
The SD of reaction time from Finken et
al., (2013) was not well-received by the
peer reviewers (External Peer Review for
U.S. EPA, 2018) because it is difficult to
ascertain the true implications of a
change in the SD of reaction time. The
Endendijk et al., (2017) study was
identified after the peer review so no
feedback was given on the
appropriateness of the endpoint;
however, the anxiety/depression raw
score is not an intuitively interpretable
endpoint. Further, neither the
Endendijk et al., (2017) nor the Finken
et al., (2013) analyses had functions for
the sensitive life stage (i.e., their
analyses were based on the full range of
fT4 levels and did not concentrate on

the impacts of low-end fT4 levels). For
these reasons, the Endendijk et al.,
(2017) and Finken et al., (2013) papers
were not selected for further evaluation.
The Korevaar et al., (2016) original
and independent analyses are preferable
compared to the Pop, Kuijpens, et al.,
(1999) and Pop, Brouwers, et al., (2003)
studies because neither function derived
from the Pop et al., studies was adjusted
for confounders. Additionally, both Pop
et al., papers have an N <50 compared
to the Korevaar et al., analyses, which
have an N of greater than 3,600.8
Although the original Korevaar et al.,
(2016) analysis was the most rigorous
analysis available in the literature to
date, the Korevaar et al., (2016) EPA
reanalysis was chosen over the original
analysis because it included
modifications to the analysis at the
suggestion of the peer review panel. The

8 The original Korevaar et al. (2016) analysis
included 3,839 mother/child pairs. The EPA
reanalysis of the Korevaar et al. (2016) data had a
slightly lower N of 3,609 due to the exclusion of
subjects with imputed values for maternal fT4.
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revised analysis controls for a more
parsimonious set of confounders (e.g.,
previously included variables such as
infant gender, maternal parity,
birthweight, mother’s body mass index
(BMI), and gestational age at blood draw
that are not related to both the exposure
and the outcome were excluded), thus
decreasing the chances of overfitting the
estimation of the association between
maternal fT4 and child IQ. The EPA was
prompted to revisit the original
Korevaar et al., (2016) model because of
the feedback received during the peer
review of the MCLG Approaches Report.
Specifically, a member of the peer-
review panel expressed the following
suggestion:

Korevaar et al., [2016] controlled for
instrumental variables (e.g. gestational
week at fT4 measurement) as well as
variables that are consequences of
altered fT4 (e.g. maternal BMI), which
may have biased estimates. This study
also assumed a log-linear relation
between fT4 and the outcome but it is
unclear whether the data fit this
functional form better than a linear
form. Reanalysis of the data performed
by EPA should not include the variables
noted above, which may have driven
measures of association towards the
null, and should investigate the most
appropriate functional form to inform
decisions about transformation of fT4
values (External Peer Reviewers for U.S.
EPA, 2018, pp. 61-62).

The EPA responded to this suggestion
by developing a causal model for the
effect of maternal fT4 on child IQ to
identify the minimum set of
confounding variables, testing the
proper functional form of the
relationship between maternal fT4 and
child IQ in the Korevaar et al., (2016)
data, and making decisions about data
quality and influential data points in the
analysis. That is, the EPA determined
that there were values of the
independent variable of interest, fT4, in
the original analysis that were imputed
using multiple imputations. This could
have impacted the effect estimate of the
independent variable of interest with
data that were not directly measured.
The EPA reanalysis excludes these non-
measured values. Subsequently, the
EPA selected the Korevaar et al., (2016)
reanalysis as the most appropriate
function from which to assess the
relationship between fT4 and 1QQ.9

As indicated above, the EPA has
utilized a health protective approach to
this analysis consistent with the SDWA

9 A more complete description of the EPA
independent analysis of the Korevaar et al. (2016)
data can be found in Section 6.3.2 of the MCLG
Approaches Report.

definition of the MCLG. The peer
reviewers commented that this
approach was fit-for-purpose. In
particular, the Agency assumed it could
estimate risk reductions based on
evidence of a quantifiable relationship
between thyroid hormone changes and
neurodevelopmental outcomes. The
existence of a quantifiable relationship
between thyroid hormone changes and
neurodevelopmental outcomes has
strong support from the literature on the
subject; however, not every study
identified an association between
maternal fT4 and the specified outcome
of interest, and the state of the science
on this relationship is constantly
evolving. As explained earlier, the
results of the EPA’s dose-response
literature review identified 31 studies
that evaluated the association between
maternal thyroid hormone levels and
offspring neurodevelopment, with
neurodevelopment defined using a
variety of endpoints related to
cognition, behavior, and other outcomes
such as autism. Among these studies,
only 16 were deemed to potentially
possess information that could inform a
dose-response relationship. The other
15 only presented data on categorical
analyses assessing the impact of
maternal hypothyroxinemia on the
neurodevelopmental outcomes of
interest. Therefore, because the data
presented was only a comparison of two
groups, there was not information that
could be used to inform a dose-response
function.

Of the 16 studies that potentially had
data to inform a dose-response function,
10 evaluated cognition using a variety of
tests including various IQ tests (three
papers; Ghassabian et al., 2014;
Korevaar et al., 2016; Moleti et al.,
2016), Bayley Scales of Infant
Development (two papers; Pop et al.,
1999; Pop et al., 2003), and other
validated tests associated with child
cognition such as expressive language
delay or test performance (five papers;
Finken et al., 2013; Henrichs et al.,
2010; Kastakina et al., 2006; Noten et al.,
2015; Oken et al., 2009). Six of these
papers found a statistically significant
relationship between maternal fT4, as a
continuous variable, and offspring
cognitive outcome (Korevaar et al.,
2016; Pop et al., 1999; Pop et al., 2003;
Finken et al., 2013; Henrichs et al.,
2010, Kastakina et al., 2006). However,
there were studies where maternal fT4
as a continuous variable was not
significantly associated with the
outcome of interest. For example, in
Ghassabian et al., (2014) the authors
found maternal hypothyroxinemia to be
associated with an average of a 4.3-point

reduction in IQ in their offspring
compared to offspring of non-
hypothyroxinemic mothers.
Nevertheless, when assessing the
relationship between the continuous
measure of maternal fT4 as a continuous
variable (across the entire range of fT4
levels) and child IQ, the authors did not
find a significant relationship.
Additionally, Moleti et al., (2016) found
the relationship between maternal fT4
and child IQ to be consistently inversely
associated with IQ scores, but their
assessment failed to reach statistical
significance. This study included fewer
than 60 study participants and was
considered by the authors to be a pilot
assessment.

In addition to the cognitive effects
assessed and modeled, the EPA
identified four papers that assessed
maternal fT4 status and behavioral
outcomes (Endendijk et al., 2017;
Ghassabian et al., 2011; Modesto et al.,
2015; Oostenbroek et al., 2017), one
paper that assessed maternal fT4 status
and autism (Roman et al., 2013) and one
paper that evaluated odds of a
schizophrenia diagnosis as associated
with maternal thyroid hormone status
(Gyllenberg et al., 2016). From this
group of papers, the majority of papers
found an association either between
maternal hypothyroxinemia or maternal
fT4 as a continuous variable and the
outcome of interest (Endendijk et al.,
2017; Modesto et al., 2015; Oostenbroek
etal., 2017; Roman et al., 2013;
Gyllenberg et al., 2016). However, this
was not always the case as exemplified
by Ghassabian et al., (2011) and
Gyllenberg et al., (2016). Although
End