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SUMMARY: Regulatory agencies face daunting challenges identifying
emerging chemical hazards because of the large number of chemi-
cals in commerce and limited data on exposure and toxicology.
Evaluating one chemical at a time is inefficient and can lead to replace-
ment with uncharacterized chemicals or chemicals with structural
features already linked to toxicity. The Office of Environmental Health
Hazard Assessment (OEHHA) has developed a process for construct-
ing and assessing chemical groups for potential biomonitoring in
California. We screen for chemicals with significant exposure potential
and propose possible chemical groups, based on structure and function.
To support formal consideration of these groups by Biomonitoring
California’s Scientific Guidance Panel, we conduct a detailed review
of exposure and toxicity data and examine the likelihood of detec-
tion in biological samples. To date, 12 chemical groups have been
constructed and added to the pool of chemicals that can be selected
for Biomonitoring California studies, including p,p’-bisphenols, bro-
minated and chlorinated organic compounds used as flame retardants,
non-halogenated aromatic phosphates, and synthetic polycyclic musks.
Evaluating chemical groups, rather than individual chemicals, is an
efficient way to respond to shifts in chemical use and the emergence
of new chemicals. This strategy can enable earlier identification of
important chemicals for monitoring and intervention.

Introduction

Environmental health researchers and government scientists in the
United States typically encounter a paucity of information on both
toxicity and exposure for most chemicals in commerce (Judson et al.
2009; Egeghy et al. 2012; Neltner et al. 2013; Silbergeld et al. 2015).
Even if data are available, federal and state agencies have limited
capacity for assessing health risks (GAO 2013). The recent legislative
reform to the Toxic Substances Control Act (TSCA) includes provi-
sions that aim to increase data availability for chemicals in commerce
and expand safety reviews by the U.S. Environmental Protection
Agency (EPA) (Frank R. Lautenberg Chemical Safety for the 21st
Century Act 2016; McCarthy 2016).

Many chemicals have been widely used and then later detected
in environmental or biological samples and recognized as hazards
to human health (Soto et al. 1991; Rubin 2011; Grandjean and
Clapp 2015). A well-known example is the discovery of widespread
human exposure and environmental contamination by polybromi-
nated diphenyl ether (PBDE) flame retardants. Swedish researchers
characterized the time trend of PBDEs in analyses of breast milk
samples (Meironyté et al. 1999), prompting investigations across
the globe (Law et al. 2014). PBDE: are structurally similar to poly-
brominated biphenyl (PBB) flame retardants. PBB flame retardants
have been recognized as potentially harmful to human health since
the 1970s, after they were inadvertently added to livestock feed in
Michigan. In the San Francisco Bay Area, PBDE concentrations
approximately 40-fold higher than the Swedish levels were found
in marine mammals and human breast adipose tissue samples (She
et al. 2002). These unexpected findings prompted policy actions on
PBDE: in California and the United States.

In response to the recognition that Californians carried a
significant body burden of PBDEs and other toxicants, and the
concern that additional exposures to as yet unrecognized chemical
hazards were occurring, the California Environmental Contaminant
Biomonitoring Program (CECBP)—referred to in this article as
Biomonitoring California or the Program—was established by
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legislation in 2006 (State of California 2006). Biomonitoring
California was modeled on the National Biomonitoring Program,
which is being implemented by the Centers for Disease Control
and Prevention (CDC; http://www.cdc.gov/biomonitoring/
about.html). CDC has strongly supported state biomonitoring
efforts, providing grants to develop laboratory capability, promote
community involvement, and support other aspects of state
programs (https://www.cdc.gov/biomonitoring/state_grants.html).
Biomonitoring studies at the state level can reveal regional differ-
ences in chemical exposures, driven by factors such as product use,
types of industry, demographics, and geography. The primary goals
of Biomonitoring California are to determine levels of potentially
harmful environmental chemicals in the general state population,
as well as in sensitive subpopulations (e.g., pregnant women and
highly exposed disadvantaged communities); examine time trends in
chemical levels; and help assess the effectiveness of public health and
regulatory efforts to decrease exposures.

Biomonitoring California is implemented by three California
departments: the California Department of Public Health (lead
for the overall Program), the Department of Toxic Substances
Control, and the Office of Environmental Health Hazard Assessment
(OEHHA). The enabling legislation also created the Scientific
Guidance Panel (SGP), a body of experts appointed by the Governor
and the California State Legislature. The expertise of SGP members
encompasses a wide range of disciplines that include epidemiology,
toxicology, biostatistics, exposure assessment, laboratory sciences,
environmental medicine, public health, maternal and child health,
and bioethics. The SGP provides scientific oversight for the design
and implementation of Biomonitoring California and formally
recommends chemicals to biomonitor. OEHHA convenes the SGP
meetings and provides scientific support for the Panel’s chemical
selection activities.

For a chemical to be measured in a Biomonitoring California
study, it must be on the list of designated chemicals. This list
includes all chemicals measured by CDC’s National Biomonitoring
Program, as well as chemicals added by a formal vote of the SGP.
To inform the SGP’s deliberations, OEHHA researches possible
candidate chemicals and develops detailed technical documents
on chemicals chosen for consideration. OEHHA’s documents
summarize information relevant to the legally mandated criteria
for designated chemicals (State of California 2006) that were based
on CDCs selection criteria (CDC 2002) and address the following
areas: exposure or potential exposure; known or suspected health
effects; analytical factors, such as the availability of a biomonitoring
laboratory method; and the need to assess the efficacy of public
health actions to reduce exposure. Lack of data on one or more of
these criteria does not preclude addition of a chemical to the desig-
nated list. The law also specifies criteria that the SGP must follow
in identifying priority chemicals, which are chosen from the list of
designated chemicals, for biomonitoring. The Program determines
which designated or priority chemicals are ultimately biomonitored
in specific studies.

In initial efforts to identify chemicals for biomonitoring, the
Program invited input from the public via workshops (htep://
www.biomonitoring.ca.gov/events/workshop-chemical-selection-
june-2008), teleconferences, and surveys (CECBP 2009a, 2009b).
OEHHA interviewed scientists from a wide range of California
agencies, such as those responsible for occupational and public health
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protection, pesticide regulation, and air and water monitoring,
to identify chemicals of greatest concern to state programs. We
also consulted with scientists from state, federal, and international
biomonitoring programs. Based on this input, an initial pool of
chemicals of possible interest for biomonitoring in California was
created. OEHHA has added to the pool over time, with a particular
focus on chemicals with use patterns likely to increase or decrease
as a result of legislative, regulatory, or market actions. For example,
following the California ban of most PBDEs, which went into effect
in 2006, substitute flame retardants came into much greater use
(Dodson et al. 2012; Stapleton et al. 2012). Tracking changing
exposures to flame retardants was an early priority for Biomonitoring
California, and we have applied this same approach to other
chemicals of interest.

The knowledge that PBDE flame retardants were being replaced
by numerous compounds, with little information on their market
dominance and toxicity, underscored the impracticality of evalu-
ating emerging chemicals individually. In consultation with the
SGP and the public, OEHHA shifted toward evaluating groups of
chemicals defined by structure and/or function for possible inclusion
on Biomonitoring California’s list of designated chemicals. This
type of broader and more flexible science-based decision-making
is endorsed by the National Research Council (NRC 2009). Our
approach has roots in longstanding efforts by other scientists and
government agencies to characterize chemical toxicity linked to
structural elements (see, for example, European Chemicals Agency
2015). Other agencies have applied approaches similar o OEHHA’s
for identifying groups of chemicals, rather than individual chemicals,
for various program purposes: U.S. EPA identified a number of flame
retardant clusters, such as the chlorinated phosphate ester cluster,
for the TSCA Work Plan Chemical Assessment process (https://
www.epa.gov/assessing-and-managing-chemicals-under-tsca/fact-
sheet-assessing-risks-flame-retardants). The U.S. Food and Drug
Administration (FDA 2016) prohibited three perfluoroalkyl ethyl
containing substances as indirect food additives, based on structural
similarities to chemicals of the same class with toxicity concerns.
California’s Safer Consumer Products program employed both func-
tional use categories and structural classes to describe chemicals of
potential concern in various product types (DTSC 2015).

In this article, we describe our methods for constructing and
researching chemical groups defined by structural features and/or
functional uses. We demonstrate the value of our strategy with case
studies and discuss unexpected findings.

Methods
Overview of Chemical Selection Process

To support the SGP’s chemical selection activities, OEHHA has
developed a multi-step process that includes the following: continual
tracking of the scientific literature for relevant candidate chemicals;
construction of candidate chemical groups; development of prelimi-
nary screening information to describe promising candidate chemical
groups, which OEHHA presents to the SGP and the public for early
input; and development of detailed technical documents on candidate
groups chosen for formal consideration. Ultimately, the SGP votes
at a public meeting on whether the chemical groups proposed by
OEHHA should be included on Biomonitoring California’s list of
designated chemicals.
At all stages of this process, OEHHA researches the following
main areas:
Structural and functional characteristics of chemical groups and
identification of chemicals that are members of those groups.
» Exposures or potential exposures, with emphasis on emerging
exposures in California.
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* Dotential for toxicity to humans, particularly at doses relevant
to environmental exposures.
*  Ability to biomonitor the chemicals.
e Relevance to California statutory and regulatory efforts to
reduce chemical exposures.
We carry out our research iteratively, and information uncovered
in one of the above areas often prompts us to re-evaluate and refine
the chemical groups under consideration.

Constructing Chemical Groups for Consideration

OEHHA examines our pool of chemicals for common structures and
similar uses, evaluates the likelihood of exposures to these chemi-
cals in California, and then constructs logical groups of interest for
potential biomonitoring. Some of our guiding principles for defining
chemical groups include:

e Identify key structural features that are of concern and/or
uniquely identify a chemical class. For example:

o p,p’-Bisphenol structure that is linked to toxicity concerns
(Kitamura et al. 2005).

o Carbon-fluorine bonds in perfluoroalkyl and polyfluoroalkyl
substances (PFASs) that make these chemicals extremely
stable and environmentally persistent (OEHHA 2015).

* Aim for specificity in capturing important structural elements,
but at the same time, define the group broadly enough to
avoid excluding important chemicals.

* Combine structural characteristics with functional uses
to appropriately narrow a very broad group. For example,
“brominated compounds” is too broad, but “brominated
organic compounds used as flame retardants” is a more
manageable group.

Once we define a proposed group, we use an iterative, multi-
pronged research strategy to identify chemicals that fall within
the group. We use key structural features of the known chemicals
in the group to search in databases like PubChem, which has an
interface to draw structures. We also search on the various chemical
names for those features. For example, “4,4"-bisphenol” and “bis(4-
hydroxyphenyl)” are synonyms for “p,p’-bisphenol,” and we used
all of those terms to find chemicals in this group. Other resources
we commonly consult to refine our chemical group include the
following databases and documents:

e Scientific literature databases, such as PubMed and TOXNET.

*  Documents by state, federal, and international agencies, such
as the National Toxicology Program (NTP) of the National
Institute of Environmental Health Sciences and the European
Chemicals Agency.

*  Specialized databases, such as the FDA database on indirect
food additives (http://www.fda.gov/Food/IngredientsPackaging
Labeling/PackagingFCS/IndirectAdditives/default.htm) and
the State of Washington’s Children’s Safe Product Act database
(hteps://fortress.wa.gov/ecy/cspareporting/).

*  Manufacturers’ websites. Major U.S. manufacturers can
be identified using U.S. EPA’s Chemical Data Access Tool
(https://java.epa.gov/oppt_chemical_search/).

Figure 1 illustrates an example search strategy, which uses a
p»p’-bisphenol substructure to identify members of this group. The
p.p’-bisphenol substructure shown has a carbon as the bridging
atom; the central atom can also be a sulfur (as in bisphenol S
for example).

Evaluating Exposure or Potential Exposure in California

As one measure of evaluating possible exposure to chemicals in a
group, we compile current and past U.S. production/import volume
from U.S. EPA’s databases (https://java.epa.gov/oppt_chemical
search/). These data also provide some indication of trends over time.
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To locate evidence of current commercial use of chemicals in the
group, we also search chemical manufacturers” websites, including
specific product websites; websites of industry associations; and
patent applications, which can be accessed in Scopus, for example.

We search literature databases, such as PubMed and TOXNET,
using broad terms related to the chemical group (e.g., “brominated
flame retardant”) and combine those with search terms related to
detections in biological samples, indoor or outdoor environments, and
consumer products. These search terms include “exposure”, “biomoni-
toring”, “urine”, “blood”, “sediment”, “wastewater”, “dust”, and
“biota”, and terms for known uses of the chemical (e.g., for bisphenol
A [BPA] analogs, known uses include “thermal paper” or “can linings”).

Researching Known or Suspected Health Effects

In our preliminary screen of chemical groups, we use data from
secondary sources, such as documents from national or international
agencies, and summaries of toxicity data submitted under the
Registration, Evaluation, Authorization, and Restriction of Chemicals
(REACH) program. Subsequently, we conduct a detailed literature
search for toxicology studies.

Information on known or suspected health effects is often limited
for chemical groups of interest. In many cases, we are only able to
locate in vitro data (including data from high-throughput assays) or
in silico information (such as structure-activity analyses) for assessing
potential toxicity. This type of information can be sufficient to flag a
chemical group as posing possible health concerns under our criteria.
We focus on evaluating the potential for low-dose effects, which are
most relevant to environmental exposures. We search for evidence of
subtle biological activity and identify pathways that may be perturbed
by that activity. For example, studies indicating effects on hormonal
activity or activation of various cellular receptors are of particular
interest. We search on key structural features associated with poten-
tial toxicity to help identify additional bioactive chemicals and gain
insight into possible adverse health effects for the chemical group.
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Assessing Ability to Biomonitor
A practical consideration in choosing chemical groups is determining
whether biomarkers for these groups can be detected with sufficient
sensitivity in blood or urine samples, which are the biospecimens
analyzed by Biomonitoring California. Ideally, the biomarkers would
indicate exposure to specific parent compounds versus being common
to many different chemicals (e.g., the non-specific dialkyl phos-
phate metabolites of organophosphate pesticides). We review avail-
able metabolism and pharmacokinetic studies, evaluate whether a
chemical is likely to be absorbed, and investigate the primary routes
of excretion. We also evaluate whether the parent chemicals or their
metabolites are likely to be detected via one-time spot sampling in
blood or urine, which is the typical biomonitoring study design.
Environmentally persistent chemicals and chemicals that bioaccu-
mulate in humans and biota are particularly amenable to one-time
biomonitoring. Exposures to short-lived chemicals are more difficult
to biomonitor; however, those with continuous exposure patterns
(i.e., pseudo-persistent), are good candidates for spot measurements.

As part of our evaluation, we review physical chemical proper-
ties that influence the potential for internal exposure to a chemical,
including water solubility and log octanol-water partition coefficient
(log K,,). We also review experimental bioconcentration factors
(BCFs) or bioaccumulation factors (BAFs), and half-lives in various
environmental media. When experimental values are not available,
we use predictive software, such as EPT Suite™ (https://www.epa.
gov/tsca-screening-tools/epi-suitetm-estimation-program-interface)
to generate values. We use benchmarks from OEHHA’s regula-
tions on Green Chemistry Hazard Traits for California’s Toxics
Information Clearinghouse (2012) to flag potentially bioaccumula-
tive and environmentally persistent chemicals (e.g., log K,,, > 4
indicates the potential for bioaccumulation).

We also search for past biomonitoring studies that detected
chemicals of interest as concrete evidence for the feasibility
of biomonitoring.

HO,

Identify substructure of interest

p.p'-Bisphenol
{or 4,4"-bisphenol; bis(4-hydroxyphenyl)}

OH

Cl Cl

HO. OH

Cl Cl

2,2-Bis(3,5-dichloro-4-hydroxyphenyl)propane
{Tetrachlorobisphenol A}

HO

Draw substructure in PubChem or similar databases to search for related chemicals and
screen results for relevant group members (examples shown below)

1,1-Bis(4-hydroxy-3-methylphenyl)cyclohexane

OH 2,2-Bis(4-hydroxyphenyl)hexafluoropropane
{Bisphenol AF}

Use structures and nomenclature of newly identified group members to search for additional related chemicals

Figure 1. Example search strategy for identifying p,p’-bisphenols.
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Results

OEHHA has applied our strategy, described in the “Methods” section
above, to construct and evaluate a wide range of chemical groups.
As of July 2015, the SGP has formally reviewed 12 chemical groups
proposed by OEHHA and voted to include all of them on the list
of designated chemicals. By listing these groups, the SGP has given
Biomonitoring California the flexibility to measure any member
of these groups in Program studies. After additional research by
OEHHA and formal consideration by the SGP, 7 of the 12 groups
were added to Biomonitoring California’s list of priority chemicals
(Table 1).

The following case studies illustrate our strategy in more detail.
We describe the importance of each chemical group in California,
how the group was constructed, unexpected findings uncovered
through our research, and some challenges in implementing
our strategy.

Flame Retardants

Flame retardants were the first group of chemicals considered as
potential designated chemicals. This group was of particular concern
in California because of the state’s Technical Bulletin 117 (TB117),
a furniture flammability standard that was first put in place in the
1970s by the Bureau of Home Furnishings and Thermal Insulation
(BHFTT 2000). TB117 resulted in the extensive use of chemical
flame retardants, most notably pentaBDE, the PBDE mixture used
in upholstered furniture and other products containing polyurethane
foam. In 2008, when the Program began to consider chemicals for
possible biomonitoring, California had already banned pentaBDE,
but other flame retardants were being used to meet the requirements
of TB117 (U.S. EPA 2005). (Note: TB117 was revised effective
January 2014, eliminating the need for chemical flame retardants in
upholstered furniture purchased in California.)

Constructing the category. Our preliminary screen identified a
large number of flame retardants potentially in use or under pre-
market development. Most flame retardants that were being detected
in the environment and in biota were brominated or chlorinated.

The broad category of “brominated and chlorinated organic
chemical compounds used as flame retardants” was constructed
based on both structural features and function (OEHHA 2008;
2009). All brominated flame retardants (BFRs) and chlorinated
flame retardants (CFRs) that have been adequately studied have
shown the potential for toxicity, persistence, and/or bioaccumula-
tion (Birnbaum and Staskal 2004). Constructing this broad group
ensured we would capture BFRs and CFRs that might emerge in
future market shifts.

Several non-halogenated aromatic phosphate flame retardants
were known to be PBDE replacements (Stapleton et al. 2009).

Table 1. Chemical groups added to Biomonitoring California lists.

Triphenyl phosphate and isopropylated triphenyl phosphate (mixed
isomers) were identified as components of Firemaster®550, a major
PBDE substitute. Because aromatic phosphates are used both as
flame retardants and plasticizers, and exposures could occur from
either use, we created the structural category of “non-halogenated
aromatic phosphates” to encompass all uses (OEHHA 2012a).
Although not well studied for toxicity, several aromatic phosphates
showed potential for endocrine activity and reproductive toxicity
(Honkakoski et al. 2004; Meeker and Stapleton 2010; NTP 1994).
At the time of our 2012 review, NTP had announced planned
testing of six chemicals in this group, based on a recommendation
from the U.S. Consumer Product Safety Commission (NTP 2010).
Recently published studies have added to concerns about non-
halogenated aromatic phosphates (Behl et al. 2015; Jarema et al.
2015; McGee et al. 2013; Morris et al. 2014).

Unexpected findings. In evaluating hexachlorocyclopentadienyl-
dibromocyclooctane (HCDBCO), a flame retardant with no avail-
able toxicity data, we noted a chlorinated norbornene moiety in its
structure. Searching on this structural feature, we identified several
organochlorine pesticides listed as carcinogens or reproductive toxi-
cants under California’s Proposition 65 (Safe Drinking Water and
Toxic Enforcement Act 2013), including dieldrin (cancer), chlor-
dane (cancer), endrin (developmental toxicity), and heptachlor
(cancer and developmental toxicity). This structural comparison
flagged HCDBCO as a potential health concern, in the absence
of toxicity studies. The same norbornene ring is also present in
Dechlorane Plus, another flame retardant in this group (Figure 2).

We identified bisphenol A bis(diphenyl phosphate) on
a flame retardant manufacturer’s website and then searched the
Internet using the CASRN (Chemical Abstracts Service Registry
Number) for this chemical. We learned that the Washington State
Departments of Health and Ecology (2008) had reviewed it along
with another aromatic phosphate, resorcinol bis(diphenyl phos-
phate), as possible decaBDE substitutes in electronic and plastic
consumer products. Searching further, we found that these two
aromatic phosphates were part of mixtures, each with a different
CASRN, that were reported to have much higher production/
import volumes than the individual chemicals (OEHHA 2012a).
Recently, both flame retardants have been detected in electronic
and consumer products in Europe (Ballesteros-Gémez et al. 2014a)
and in dust on electronic equipment at levels up to 1 mg/g dust
(Brandsma et al. 2013). This example illustrates the power of an
iterative search strategy to identify important members of a chemical
group; it also shows how defining a chemical group captures
emerging chemicals of potential public health concern.

Some flame retardants we originally thought were emerging
actually had substantial U.S. production/import volume for many

Chemical group

Biomonitoring California status

Designated chemicals

Priority chemicals Laboratory capability

Brominated and chlorinated organic compounds used as flame retardants
Antimicrobials used in food production
Cyclosiloxanes

Synthetic hormones used in food production
Pyrethroid pesticides

Non-halogenated aromatic phosphates
p,p"-Bisphenols

Diglycidyl ethers of p,p"-bisphenols

Polycyclic synthetic musks

Tetramethy! acetyloctahydronaphthalenes
Perfluoroalkyl and polyfluoroalkyl substances (PFASs)
ortho-Phthalates

December 2008 March 2009 Yes
March 2009 — —
March 2009 July 2009 —
March 2009 — —
July 2009 — Yes
March 2012 April 2013 Yes
November 2012 April 2013 Yes
November 2012 April 2013 Under development
November 2013 — Under development
November 2013 — Under development
March 2015 November 2015 Yes
July 2015 November 2015 Yes

Note: The chemical groups are presented in order of listing date.
“Yes” means laboratory capability for one or more chemicals in the group.
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years (OEHHA 2008, 2009, 2012a). Tris(1,3-dichloro-2-propyl)
phosphate (TDCPP), another major pentaBDE substitute, had a
production/import volume of 10-50 million pounds every reporting
year since 1994, and the structurally related tris(1-chloro-2-propyl)
phosphate (TCPP) had a production/import volume of 10-50
million pounds every reporting year since 1990. Isopropylated
triphenyl phosphate (mixed isomers) had a long history of high use,
with a production/import volume of 10-50 million pounds for every
reporting year since 1986. Triphenyl phosphate had the same high
volume for every reporting year since 1998. Due to a lack of toxicity
and exposure information, these flame retardants had not previously
come to regulatory attention.

Challenges in implementing our strategy. Because chemical
manufacturers can withhold the identity of chemicals as confiden-
tial business information (CBI), we were limited in our ability to
identify key chemicals in these classes. In an assessment of poten-
tial pentaBDE substitutes, U.S. EPA indicated that 12 of the 15
potential substitutes were proprietary, and thus did not provide
the chemical names or CASRNSs in their report (U.S. EPA 2005).
We also found that using U.S. production/import volume as an
indicator of exposure has significant limitations: U.S. EPA collects
this information only every four years, so it is frequently out of date.
Companies can also claim production/import volume as CBI, and
these data are then withheld from U.S. EPA’s public database.

p.p -Bisphenols and Diglycidyl Ethers of
p.p -Bisphenols

The California ban on BPA in baby bottles and sippy cups, which
went into effect in 2013 (Product Safety: Bisphenol A 2011), along
with similar initiatives in other jurisdictions, spurred the develop-
ment of BPA substitutes for plastics. Alternatives to BPA were also
being developed for use in thermal paper and for food and beverage
can linings. Prompted by growing potential health concerns associ-
ated with known BPA substitutes, such as bisphenol S (BPS), the
Program conducted a preliminary screen as the first step in identifying
emerging substitutes to biomonitor (OEHHA 2012b).

Constructing the category. Our preliminary screen reviewed 23
substances that were potential BPA substitutes and/or structural
analogs (OEHHA 2012b). In several experimental systems, the
estrogenicity and/or anti-androgenicity of some p,p’-bisphenol
analogs was of the same order of magnitude or greater than that of
BPA (Kitamura et al. 2005; Matsushima et al. 2010; Zhang et al.
2011). These findings have been confirmed in recent studies (Eladak
et al. 2015; Rochester and Bolden 2015).

Based on the results of our preliminary screen, the SGP advised
OEHHA to focus first on chemicals with the key structural features
of BPA, rather than the structurally diverse category of “BPA substi-
tutes.” We therefore chose the structural groups “p,p’-bisphenols”
and “diglycidyl ethers of p,p’-bisphenols” for in depth research
(OEHHA 2012c). The chemicals in these groups contain either a
p-hydroxy (p-OH) moiety on each aromatic ring (p,p’-bisphenols)
or an epoxypropyl ether moiety in place of the hydroxy group
(diglycidyl ethers).

Unexpected findings. Of the large number of p,p’-bisphenols we
identified, very few were in U.S. EPA’s public database on produc-
tion/import volume. Our search strategy of industry websites proved
particularly effective in verifying the use of certain bisphenols for
which U.S. production/import volume data were not available.
For example, no production/import volume was reported in U.S.
EPA’s database for either bisphenol F (BPF) or bisphenol F digly-
cidyl ether (BFDGE) from 1986 through 2006. However, from
a chemical manufacturer’s website, we identified a BFDGE-based
epoxy resin that was marketed as compliant with FDA regula-
tions for food contact applications (OEHHA 2012c). The resin is
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formed via a reaction between BPF and epichlorohydrin and has
its own CASRN, under which U.S. production/import volume
was reported. We located a second epoxy resin, also with its own
separate CASRN, that is formed from the mixture of BPA and
BPF and epichlorohydrin. Liao et al. (2012) found BPF in more
than 65% of indoor dust samples (z = 38) in Albany, New York,
verifying potential human exposure to this chemical.

Synthetic Musks and Tetramethylacetyl
Octahydronaphthalenes

Synthetic musk fragrance compounds are common ingredients
in a variety of cosmetics and personal care products. Nitromusks
and polycyclic musks have been detected in biomonitoring studies
primarily in Europe and Asia. We initially screened four classes of
synthetic musks: nitromusks, and polycyclic, macrocyclic and alicy-
clic musks. The screen showed that the use of nitromusks has been
declining since the 1980s. Three nitromusks (musk moskene, musk
tibetene, and musk ambrette) had been discontinued or prohibited
because of potential health concerns. Musk xylene, one of two nitro-
musks still in use (musk ketone is the other) has been identified as a
Substance of Very High Concern (SVHC) in the European Union
due to its very persistent and very bioaccumulative (vP/vB) properties
(European Commission 2011).

We found that the decline in the use of nitromusks occurred
in parallel with a marked increase in use of polycyclic musks.
Widespread exposure to polycyclic musks has been demonstrated
via detections in blood, adipose tissue, and breast milk (OEHHA
2013a). More recently, the use of polycyclic musks has been
declining in Europe, but this does not appear to be the case in
North America. At the same time, macrocyclic musks have come
into greater use in Europe and in North America. Low levels of
one macrocyclic musk were found in house dust samples from a
Canadian study (Kubwabo et al. 2012). Alicyclic musks appeared to
be in use at the time we conducted our preliminary screen, but we
found very little information on exposure or toxicity. We also iden-
tified a structurally related fragrance compound commonly referred
to as OTNE 1-(1,2,3,4,5,6,7,8-octahydro-2,3,8,8-tetramethyl-
2-naphthalenyl)ethanone that had been detected in dust (Kubwabo
etal. 2012).

Constructing the categories. Based on our preliminary screen, the
SGP advised OEHHA to conduct a review of all four categories of
musks, as well as OTNE. In further research, OEHHA determined

Cl
Cl Br
JoN
I
CIZA
cl Br
I I I
HCDBCO Dechlorane Plus
Cl Cl
cl cl
C ! C !
|1 Cl 1N
CI’A cI 4
Cl Cl
I | !
Chlordane Heptachlor

Figure 2. Norbornene rings in halogenated flame retardants and organo-
chlorine pesticides.
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that musk xylene had been prohibited by the International
Fragrance Association (IFRA 2009) and that use of musk ketone
had sharply declined in North America. We did not locate adequate
toxicity or exposure information for macrocyclic or alicyclic musks.
Thus, for our in depth review, we focused on synthetic polycyclic
musks and the structurally related compound OTNE.

Synthetic polycyclic musks were still in widespread use, and we
had evidence of exposure and toxicity concerns (OEHHA 2013a).
OTNE was a high production volume chemical with exposure
potential demonstrated by detections in dust. In searching for
various possible chemical names for OTNE, we uncovered three
additional isomers that were also used in fragrances. Based on these
findings, we developed the structural category “tetramethyl acetyl-
octahydronaphthalenes,” which encompassed OTNE and the three
additional isomers (OEHHA 2013b).

Unexpected findings. After constructing our fragrance compound
categories, we found that the four tetramethyl acetyloctahydro-
naphthalenes were each flagged by U.S. EPA (2012) as TSCA
Workplan Chemicals, based on aquatic toxicity and the potential for
human exposure.

Discussion

Determining which chemicals are important to prioritize for biomoni-
toring and other environmental and public health efforts is a continual
topic of research and discussion. Production/import volume is often
relied upon as an indicator of exposure, but these data have been limited
by infrequent reporting and CBI claims. As of 2010, 19% of the
84,000 chemicals in the TSCA Inventory were classified as confidential
(Goodman 2010). U.S. EPA has reserved the right to review and poten-
tially reject claims of confidentiality, though CBI claims were typically
honored as long as procedural requirements were met (https://www.epa.
gov/tsca-cbi/about-confidential-business-information-cbi-claims-and-
their-reviews-under-tsca). Recent legislation has increased the require-
ments for a valid CBI claim (Frank R. Lautenberg Chemical Safety for
the 21st Century Act 2016). As an additional impediment to identifying
chemicals in use, manufacturers are not required to disclose ingredients
of many consumer products. Further, there are no data on the volume
of chemicals that enter the United States as part of finished products
imported from other countries.

Even with the best possible data on use and production/import
volume, this information is not equivalent to exposure data. Detection
in indoor dust, such as house and office dust, can be a good indicator
of current use and exposure for certain types of contaminants. Dust
is simpler to collect than blood or urine, and contaminant levels in
dust are generally much higher than concentrations of biomarkers in
biological samples. Finding chemicals of potential concern in dust
first can confirm the importance of these for human biomonitoring.
However, most dust studies use targeted measurement approaches,
which require that the chemicals are already known and consid-
ered worth measuring. Further, for emerging chemicals, analytical
standards may not be commercially available.

Non-targeted and semi-targeted screening of environmental
media and biological samples for a wide array of contaminants
is a promising way to identify previously undetected chemicals
(Ballesteros-Gémez et al. 2014b; Crimmins et al. 2014; Jamin
et al. 2014; Hilton et al. 2010). This method includes the applica-
tion of specialized mass spectrometry techniques that accurately
measure molecular masses, which are then used to establish plausible
chemical identities. Crimmins et al. (2014) used non-targeted search
strategies to tentatively identify a novel perfluorinated compound
in Lake Ontario trout. Ballesteros-Gémez et al. (2014b) identified
a previously unknown BFR in plastic consumer products using
non-targeted screening and then later targeted and found the same
new BFR in house dust. Our laboratories are currently developing
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non-targeted methods, which have the potential to dramatically
expand the scope and effectiveness of our strategy to identify and
prioritize chemicals for biomonitoring.

The lack of toxicological data for many chemicals remains a
major challenge for prioritization efforts. New high-throughput
toxicity screening projects (e.g., ToxCast™ and Tox21) are beginning
to address this data gap (Attene-Ramos et al. 2013; Kavlock et al.
2012). These innovative toxicity data hold promise for ultimately
identifying structural features that predict toxicity potential.

Conclusion

We construct broad functional and structural chemical groups to
proactively and efficiently capture chemicals of potential concern
for inclusion in Biomonitoring California. These groups encompass
chemicals already in high use, as well as related chemicals that may
later emerge as exposure and health concerns. Listing of broad groups
allows us to keep up with market shifts and respond to other new
information in choosing chemicals to measure. The chemical selection
strategy described in this paper can be applied in other monitoring,
testing, and assessment programs to support early action on emerging
chemicals. Ultimately, taking a more comprehensive approach to iden-
tifying chemicals with potential exposure and toxicity concerns will
improve the protection of public health and the environment.
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