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Abstract:

 In response to concerns over hazardous chemicals in children’s products, Washington State passed the Children’s Safe Product Act (CSPA). CSPA requires manufacturers to report the concentration of 66 chemicals in children’s products. We describe a framework for the toxicological prioritization of the ten chemical groups most frequently reported under CSPA. The framework scores lifestage, exposure duration, primary, secondary and tertiary exposure routes, toxicokinetics and chemical properties to calculate an exposure score. Four toxicological endpoints were assessed based on curated national and international databases: reproductive and developmental toxicity, endocrine disruption, neurotoxicity and carcinogenicity. A total priority index was calculated from the product of the toxicity and exposure scores. The three highest priority chemicals were formaldehyde, dibutyl phthalate and styrene. Elements of the framework were compared to existing prioritization tools, such as the United States Environmental Protection Agency’s (EPA) ExpoCast and Toxicological Prioritization Index (ToxPi). The CSPA framework allowed us to examine toxicity and exposure pathways in a lifestage-specific manner, providing a relatively high throughput approach to prioritizing hazardous chemicals found in children’s products.
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1. Introduction


Children are uniquely susceptible to the myriad of environmental toxicants they are exposed to throughout development [1], many of which have not been fully evaluated for developmental, neurological, and other toxicities [2]. Consumer products represent an important exposure source for many toxicants due to their intended uses, which lead to direct contact with children [2,3,4,5,6]. Examples of chemicals found in children’s products include reports of phthalates in baby bottles [4], and brominated flame-retardants and lead in toys [5,7]. In addition to the extensive array of chemicals found in children’s products, the unique ways in which children interact with their environments and their increased biological susceptibility contribute to concerns about potential health impacts. Hand-to-mouth behavior is common among young children and increases the time a product may be in a child’s mouth, consequently, increasing oral exposure potential [8]. Children also spend more time on or near the floor [8], increasing exposure to inhaled or ingested house dust, which can act as a reservoir for chemicals often derived from consumer products [9,10]. Furthermore, because of their small body size, the dose associated with these exposures is proportionately greater than the dose adults receive [8].



In addition to higher potential exposure, children also lack fully developed organ systems and detoxification pathways, greatly increasing their biological susceptibility to toxicants. Examples of this increased susceptibility include the adverse neurodevelopmental impacts of early life exposure to lead [11] and mercury [12]. It is estimated the 5%–20% of neurobehavioral disorders are attributable to environmental chemical exposures [13]. Many of the effects of developmental exposure to toxicants can persist throughout the lifetime, limiting children’s abilities to reach their full potential. This has significant health and economic impacts. As of 2002, the United States’ annual cost for environmentally attributable neurobehavioral disorders was $9.2 billion [13].



In the United States, the Consumer Product Safety Improvement Act of 2008 (CSPA) limits the use of some hazardous chemicals, including six phthalates, lead and cadmium in children’s products. Lead is not permitted in children’s products in concentrations greater than 100 ppm for total lead and 90 ppm for surface coatings. Three phthalates; diethyl hexyl phthalate, dibutyl phthalate (DBP) and butyl benzyl phthalate concentrations are restricted to no more than 1000 ppm per individual phthalate in children’s toys and product designed to care for children under age three. Diisononyl phthalate, diisodecyl phthalate and di-n-octyl phthalate are restricted in concentrations greater than 1000 ppm per individual phthalate in children’s toys that can be placed in a child’s mouth and in products designed for care of children under age three. While these laws help improve product safety, the permissible limits per phthalate are still relatively high and products may contain multiple restricted phthalates. Additionally, the Consumer Product Safety Improvement Act narrowly defines children’s products, excluding clothing, footwear and cosmetics. These factors have limited the Act’s effectiveness in protecting children.



In response to concerns over children’s exposure to hazardous chemicals found in consumer products, Washington State’s Department of Ecology (Ecology) implemented CSPA. Enacted shortly before the Consumer Product Safety Improvement Act of 2008, CSPA imposes more stringent regulatory limits on the concentrations of lead, cadmium and phthalates in children’s products sold in Washington State. Under CSPA total phthalate concentration in children’s products must be under 1000 ppm. Additionally, CSPA requires that children’s product manufacturers report the concentration range for 66 chemicals of high concern to children in any child’s product sold or manufactured in Washington State. Chemicals reported under CSPA were selected based on toxicity and potential for children’s exposure. Ecology established the 66 chemicals for required reporting based on a multi-phase prioritization process that highlighted carcinogenicity, reproductive and developmental toxicity, and endocrine disruption as toxicity endpoints [14]. Phthalate and cadmium concentrations are reported under CSPA; however, because lead is tightly regulated at the federal level, it was not included as a chemical of concern under CSPA’s mandatory reporting requirement.



As of September 2015 there were over 33,000 reports in the CSPA database [15]. Products reported include toys, children’s cosmetics, children’s jewelry, children’s clothing, child car seats and other products related to childcare. Within the CSPA database, products are classified in a hierarchical system with “segment” being the broadest and “brick” being the narrowest category. Segment examples include arts and crafts, baby care, beauty/personal care and clothing. Chemical concentrations are reported to fit within one of six ranges (<100, 100–500, 500–1000, 1000–5000, 5000–10,000 and >10,000 ppm). Along the concentration range, manufacturers report the function of the chemical in each product from a list including, coloration, pigments and dyes, surfactant, plasticizers and even chemicals found in the product that serve no function and are contaminants. Manufacturers also report whether the product is designed for a child under age three, or age three and above. This information is useful for characterizing how children’s exposures to these products may occur and in what capacity.



However, interpreting the complex, multilayered CSPA database requires an innovative framework that considers the lifestage-specific toxicity of the chemical and potential exposure routes. We have constructed a framework for the incorporation of these important factors into the toxicological prioritization of the CSPA data. The goals of this paper are to develop a framework for the prioritization and identification of high priority chemicals reported under CSPA and compare the results to other prioritization tools, such as the United States Environmental Protection Agency’s (EPA) ExpoCast and Toxicological Priority Index (ToxPi) and make recommendations to improve the collection of data relevant for prioritizing action on children’s products. The results of this work will help focus further efforts to protect children from potentially harmful chemicals found in consumer products.




2. Methods


2.1. Chemicals Considered


This framework was developed from the reports available from August 2012 to September 2015, a total of 33,000 entries [15]. CSPA reports by chemical are shown in Supplemental Table S1. The ten most frequently reported chemical groups included cobalt and cobalt compounds, ethylene glycol, phthalates, methyl ethyl ketone, antimony, octamethylcyclotetrasiloxane, styrene, formaldehyde, molybdenum, and parabens. Reports for the 10 most frequently reported chemical groups covered approximately 88% of the 33,000 records in the CSPA database. Because the chemical properties and toxicities vary between phthalates and parabens, these chemical groups were disaggregated into individual chemicals for framework development. The metal groups could not be disaggregated into specific metal compounds since only total metal mass is reported.




2.2. Framework Development


The framework for the toxicological interpretation of the CSPA data assigns scores to attributes of each product reported in the database and then integrates the scores to identify chemicals of higher concern based on both toxicity and exposure potential. Product and chemicals are scored on a scale of zero to three for the following attributes: lifestage, exposure duration, chemical concentration, chemical properties, toxicokinetics, and systemic toxicity endpoints and potency. Variables with one or fewer priority points are of less concern while those with three present the most urgent concern. Products (1) designed for children under the age of three (2) intended for long-term exposure that have (3) high concentrations of (4) chemicals of high toxicity that are (5) likely to be absorbed orally, dermally or through inhalation get the most priority points. Variable scores are described in detail below. The rationale and relevant references for score assignment are shown in Table 1 and the scores for each chemical are shown in Table 2.



Table 1. Equation variables and basis for calculating the scores. Variables were assigned a score on a 0–3 scale based on reported data in CSPA (lifestage, concentration, exposure duration, exposure routes) or chemical factors (chemical properties, toxicokinetics, toxicity and potency). Variables for the exposure score are in bold and variables for the toxicity score are not in bold.



	
Variable

	
Equation Abbrev.

	
Score

	
Basis

	
Mathematical Role




	
1

	
2

	
3






	
Lifestage

	
LS

	
Ages 3–12

	
NA

	
Under 3

	
As reported in target age [15]

	
Additive to calculate product exposure potential




	
Concentration (ppm) *

	
Con

	
100–500 *

	
1000–5000 *

	
10,000+ *

	
As reported concentration [15]




	
Exposure duration

	
EX

	
Short-term

	

	
Long-term

	
As reported in product segment [15]




	
Applied directly to skin

	
A

	
No

	

	
Yes

	
As Reported in product segment [15]




	
Oral exposure

	
OMF

	
Tertiary

	
Secondary

	
Primary

	
Product segment (primary), Target age (secondary) [15]

	
Modifying factor for toxicokinetics for oral exposure




	
Water solubility (moles/L)

	
S

	
<0.001

	
0.001–0.01

	
>0.1

	
Soluble (3), moderately soluble (2), insoluble (1) [16]

	
Averages with Absoral for oral exposure toxicokinetics




	
Oral absorption

	
Absoral

	
1%–5%

	
Absorbed at unknown rate

	
Above 5%

	
Absorption rate through oral exposure (ATSDR) [17]

	
Averages with solubility for oral exposure toxicokinetics




	
Dermal exposure

	
DMF

	
Tertiary

	
Secondary

	
Primary

	
As reported product segment (primary) [15]

	
Modifying factor for toxicokinetics for dermal exposure




	
Dermal permeability constant

	
Kp

	
<3.39 × 10−3

	
3.4 × 10−3–6.67 × 10−3

	
>6.7 × 10−3

	
Based on the tertiles of the Kp [18,19]

	
Averages with Absdermal for dermal exposure toxicokinetics




	
Dermal exposure absorption

	
Absdermal

	
1%–5%

	
Absorbed at unknown rate

	
Above 5%

	
Absorption rate through dermal exposure (ATSDR) [17]

	
Averages with Kp for dermal exposure toxicokinetics




	
Inhalation exposure

	
IMF

	
Tertiary

	
Secondary

	
Primary

	
As reported product segment [15]

	
Modifying factor for toxicokinetic for inhalation exposure




	
Vapor Pressure mmHg at 25 °C

	
VP

	
<0.075 mmHg

	
0.075–32 mmHg

	
> 32 mmHg

	
VP ranges for volatile compounds (3), semi-volatile compounds (2) and nonvolatile compounds (1)

	
Averages with Absinhalation for inhalation exposure toxicokinetics




	
Inhalation exposure absorption

	
Absinhalation

	
1%–5%

	
Absorbed at unknown rate

	
Above 5%

	
Absorption rate through inhalation exposure (ATSDR) [17]

	
Averages with VP for inhalation exposure toxicokinetics




	
Reproductive and developmental toxicity certainty #

	
RDcertainty

	
Potential RD ^

	
Suspected RD ^

	
Known RD

	
ECHA Existing Substances [20], Prop 65 [21], Global Harmonization Standard [22]

	
Multiplies with RDpotency




	
Reproductive and developmental potency

	
RDpotency

	
NOAEL > 397 mg/kg

	
NOAEL 200–297 mg/kg

	
NOAEL < 200 mg/kg

	
NOAEL from ECHA Existing Substances [20]

	
Modifying factor RDcertainty




	
Carcinogenicity certainty #

	
Ccertianty

	
Potential Carcinogen ^

	
Suspected Carcinogen ^

	
Known Carcinogen ^

	
IARC [23], Prop 65 [21], Global Harmonization Standard [22], EPA IRIS [24]

	
Multiplies with Cpotency




	
Carcinogenicity potency

	
Cpotency

	
TD50 > 465 mg/kg

	
TD50 from 233 to 465 mg/kg

	
TD50 < 233 mg/kg

	
Dose that causes a tumor in 50% of the study population (TD50) from the Carcinogenic Potency Database [25,26]

	
Modifying factor for Ccertainty




	
Endocrine disruption certainty #

	
EDcertianty

	
Potential ED ^

	
Suspected ED ^

	
Known ED

	
ECHA Endocrine Disruptor Substances of Concern [27], Global Harmonization Standard [22]

	
Multiplies with EDpotency




	
Endocrine disruptor potency

	
EDpotency

	
NOAEL > 336 mg/kg

	
NOAEL 336–667 mg/kg

	
NOAEL < 667 mg/kg

	
LOAEL from ECHA Endocrine Disruptor Substances of Concern [27]

	
Modifying factor for EDcertainty




	
Neurotoxicity certainty #

	
NTcertainty

	

	

	
Known NT

	
Grandjean and Landrigan et al. (2014) [28], Global Harmonization Standard [22]

	
Multiplies with NTpotency




	
Neurotoxicity potency

	
NTpotency

	

	
All NTs

	

	
All known neurotoxicants are assigned a score of 2

	
Modifying factor for NTcertainty








* For chemical concentrations under 100 ppm a score of 0.5 was assigned, for chemical concentrations between 500 and 1000 ppm a score of 1.5 was assigned and for chemical concentrations between 5000 and 10,000 ppm a score of 2.5 was assigned. # Chemicals not considered toxic for the endpoints specified in the resources consulted for this study received a certainty score of 0. ^ Chemicals with potential and suspected toxicities did not have associated potency data and received a potency score (modifier) of 1.







Table 2. Scores assigned to each chemical based on the approach described in the text. Chemicals are sorted based on the highest total priority index. Rationale and criteria for the scores are shown in Table 1.



















	Chemical
	Observed Oral Absorption Score
	Observed Dermal Absorption Score
	Observed Inhalation Absorption Score
	Water Solubility Score
	Skin Permeability Constant Score
	Vapor Pressure Score
	RD Certainty Score
	RD Potency Score
	Carcinogenic Certainty Score
	Carcinogen Potency Score
	Neurotoxicity Certainty Score
	Neurotoxicity potency Score
	ED Certainty Score
	ED Potency Score





	Dibutyl phthalate
	3
	2
	2
	1
	3
	1
	3
	3
	0
	NA
	3
	2
	3
	3



	Di-2-ethylhexyl phthalate
	3
	2
	2
	1
	2
	1
	3
	3
	3
	1
	0
	NA
	3
	3



	Formaldehyde
	2
	3
	3
	3
	1
	3
	1
	1
	3
	3
	3
	2
	0
	NA



	Butyl benzyl phthalate
	3
	2
	3
	1
	3
	1
	3
	3
	0
	NA
	0
	NA
	3
	3



	Styrene
	2
	2
	3
	1
	3
	2
	2
	1
	3
	3
	3
	2
	0
	NA



	Diisodecyl phthalate
	3
	NI
	3
	1
	2
	1
	3
	3
	0
	NA
	0
	NA
	2
	1



	Methyl Ethyl Ketone
	2
	NI
	3
	3
	2
	3
	3
	1
	0
	NA
	3
	2
	0
	NA



	Di-n-Hexyl phthalate
	NI
	3
	NI
	1
	2
	1
	3
	3
	0
	NA
	0
	NA
	2
	1



	Butyl Paraben
	NI
	NI
	NI
	1
	3
	1
	0
	NA
	0
	NA
	0
	NA
	3
	3



	Ethylene Glycol
	2
	1
	3
	3
	1
	2
	2
	1
	0
	NA
	3
	2
	0
	NA



	Ethyl Paraben
	NI
	NI
	NI
	1
	3
	1
	0
	NA
	0
	NA
	0
	NA
	3
	1



	Cobalt and Cobalt Compounds
	3
	1
	3
	1
	1
	1
	1
	1
	3
	3
	0
	NA
	0
	NA



	Diethyl phthalate
	2
	1
	NI
	1
	2
	1
	0
	NA
	1
	1
	0
	NA
	3
	3



	Antimony and Antimony Compounds
	2
	2
	2
	1
	
	1
	0
	NA
	3
	1
	0
	NA
	0
	NA



	Diisononyl phthalate
	3
	1
	3
	1
	2
	1
	1
	1
	0
	NA
	0
	NA
	2
	1



	Di-n-octyl phthalate
	2
	NI
	NI
	1
	2
	1
	1
	1
	0
	NA
	0
	NA
	1
	1



	Octamethylcyclotetrasiloxane
	NI
	NI
	NI
	1
	3
	3
	1
	1
	0
	NA
	0
	NA
	0
	NA



	Methyl Paraben
	NI
	NI
	NI
	2
	2
	1
	0
	NA
	0
	NA
	0
	NA
	0
	NA



	Molybdenum and Molybdenum Compounds
	NI
	NI
	NI
	1
	1
	1
	0
	NA
	0
	NA
	0
	NA
	0
	NA



	Phthalic anhydride
	NI
	NI
	NI
	2
	1
	1
	0
	NA
	0
	NA
	0
	NA
	0
	NA



	Propyl paraben
	NI
	NI
	NI
	1
	3
	1
	0
	NA
	0
	NA
	0
	NA
	0
	NA







RD is for reproductive and developmental, ED is for endocrine disruption, NI is for no information and NA is for not applicable. Potency scores were not applicable to chemicals without certainty scores.









2.3. Framework Equations


The framework is composed of three components; the exposure score, the toxicity score and the total priority index. The exposure score is a calculation based on attributes of the product and chemical that increases the likelihood of child exposure (Equation (1)). The toxicity score is a combination of endpoint certainty and potency scores (Equation (2)). The product of the exposure score and toxicity score is the total priority index (Equation (3)). Equation (4) calculates an endocrine disruptor score that can be compared with other prioritization schemes. Each of the components and equations are explained in detail below.



The exposure score is the sum of the individual product variables: Lifestage, exposure duration, applicability and concentration added to the sum of the products of the exposure route likelihood and exposure route absorption for oral, dermal and inhalation exposures. The exposure route absorption score is the average of the score for measured absorption and the score for predicted absorption based on chemical properties. Because measured absorption scores were not available for all chemicals, averaging chemical property scores and measured absorption scores minimized bias induced by lack of data. The exposure absorption score is multiplied by the exposure route likelihood. This means that products likely to have, for example, high oral exposures, such as pacifiers, with chemicals that are highly absorbed through the oral route will have high exposure scores relative to products with chemicals less likely to be absorbed through the expected exposure route.


Exposure Score = (LS + EX + A + Con) + [(OMF(S + Absoral)/2) + (IMF(VP + Absinhalation)/2) + (DMF(Kp + Absdermal)/2]



(1)




where LS is the lifestage score, EX is the exposure duration score A is the applicability score, Con is the concentration score, OMF is the oral exposure route modifying factor, S is water solubility score, Absoral is the oral absorption score, IMF is the inhalation exposure route modifying factor, VP is vapor pressure score, Absinhalation, DMF is the dermal exposure route modifying factor, Kp is the dermal permeability constant score and Absdermal is the dermal absorption score.



The toxicity score is the sum of the products of the certainty and potency scores for endocrine disruption, reproductive and developmental toxicity, carcinogenicity and neurotoxicity. The certainty score reflects the overall confidence of international and national databases in whether the chemical causes the specific toxicity endpoint. This is multiplied by the potency to ensure that known toxicants that are highly potent will have higher toxicity scores.


Toxicity Score = (EDcertainty × EDpotency) + (RDcertainty × RDpotency) + (Ccertainty × Cpotency) + (NTcertainty × NTpotency)



(2)




where ED is endocrine disruption, RD is reproductive and developmental toxicity, C is carcinogenicity and NT is neurotoxicity.



The total priority index is calculated by the product of the exposure score and toxicity score. This score is unique to each report (product and chemical specific) in the CSPA database.


Total Priority Index = Exposure Score × Toxicity Score



(3)







The endocrine disruptor score is a modification of the total priority index that is specific to endocrine disruption. It is the product of the exposure score, endocrine disruption certainty score and endocrine disruption potency score. Similar scores can be calculated for reproductive and developmental toxicity, carcinogenicity and neurotoxicity. Endocrine disruption is highlighted in this example because it can be compared to other prioritization frameworks.


Endocrine Disruptor Score = Exposure Score × EDcertainty × EDpotency



(4)




where EDcertainty is the certainty score for endocrine disruption and EDpotency is the potency modifying factor for endocrine disruption.




2.4. Equation Variables


All variables are described in Table 1 and in detail below.



2.4.1. Lifestage


When manufacturers report data to the CSPA database, they are required to state whether the product is designed for a child under age three or age three to 12. Children under the age of three have unique susceptibility factors that may make them more vulnerable to toxic chemical exposures as well as increased hand-to-mouth behavior. Products designed for children under age three are assigned lifestage score of three and products for children over age 3 are assigned a lifestage score of one (Table 1 and Table 2).




2.4.2. Chemical Concentration


Manufacturers are required to include the concentration range of the chemical when reporting to the CSPA database. There are six chemical concentration ranges (shown in Table 1) that were scored on 0.5 increments from 0.5 to 3.




2.4.3. Exposure Routes


Exposure routes were assigned scores based on whether the relevant route, for example, dermal, is likely to be a primary, secondary or tertiary exposure route. When manufacturers report to the CSPA database, they must also include a product description from a finite list of product segment and brick levels. The primary exposure route was determined by the product segment description. For the categories of clothing, beauty/personal hygiene, footwear, arts and crafts, household, and camping the primary exposure route was considered to be dermal. For kitchen merchandise the primary exposure route was considered to be oral. Fragrances and party blowers were assigned two primary exposures because fragrances are applied to the skin, but also inhaled and because party blowers are inserted into the mouth and blown through. Baby care products were assessed by the product brick description and those that involved feeding support, pacifiers or food preparation were considered to have primary oral exposures. Toys and games were considered to have primarily dermal exposures with the exception of kitchen toys, these were considered to have oral exposures. Products with primary oral exposure were assigned secondary dermal exposures because children usually hold toys that they put in their mouths. Paints were determined to have primary inhalation, secondary dermal and tertiary oral exposures. If the product was intended for a child under the age of three and the primary route was not oral, then the secondary route was oral. For records without oral or inhalation as primary or secondary exposures, two tertiary exposures of oral and inhalation were assigned. This is to account for the fact that products may disintegrate overtime and accumulate in house dust, which children inhale and ingest. Children may inhale chemicals of concern through the vaporization of chemicals or through product disintegration. Primary exposure routes were assigned a modifying factor of three, secondary exposure routes were assigned a modifying factor of two and tertiary exposure routes were assigned a modifying factor of one (Table 1 and Table 2). For example, a shirt for an infant may be associated with primary dermal exposures, but have secondary oral exposures as young children have frequent hand to mouth activities. For this example, the shirt would receive a score of three for dermal exposure route and two for oral exposure route and one for inhalation exposure route. The exposure route score modifies the toxicokinetic score such that products with chemicals highly absorbed through a specific exposure route receive a higher score when that is the primary exposure route rather than when the route is secondary or tertiary.




2.4.4. Exposure Duration


The exposure duration score was determined by the Product Segment Description. For product segments including clothing, footwear, personal care/hygiene, and camping the exposure duration was assumed to be long-term. For product segments such as Toys/Games, Stationery/Office Machinery/Occasion Supplies, and Arts/Crafts/Needlework the exposure was assumed to be short-term. Short-term exposures were assigned a score of 1 and long-term exposures were assigned a score of 3 (Table 1 and Table 2).




2.4.5. Applied Directly to Skin


Products in the personal hygiene product segment are intended for direct application to skin or body, such as lotions and cosmetics, and were therefore assigned a score of three. Those not designed for direct application to skin or body were scored as 1 (Table 1 and Table 2).




2.4.6. Chemical Properties


The chemicals were scored based on properties that avail them to absorption through inhalation, oral or dermal exposures. The vapor pressure was used to assess potential for inhalation exposure. Vapor pressures under 0.075 mmHg at 25 °C were assigned a score of one, as this vapor pressure is associated with nonvolatile chemicals. Chemicals with vapor pressures between 0.075 and 32 mmHg at 25 °C were considered to have the potential inhalation exposures and were therefore assigned a score of 2. This vapor pressure range is associated with semi-volatile compounds. Chemicals with vapor pressures over 32 mmHg were assigned a score of three as this range reflects volatile organic chemicals.



Water solubility was used to assess the potential for oral exposure. Chemicals with lower water solubilities are less likely to be ingested through chewing/sucking on products. Chemicals considered generally insoluble (<0.001 mol/L) were assigned a score of 1. Chemicals with solubilities between 0.001 and 0.01 mol/L were assigned a score of 2 and chemicals considered soluble (>0.01 mol/L) were assigned a score of 3 [16].



The skin permeability rate constant was calculated based on the water-octanol partitioning coefficient and the molecular weight as described in Potts and Guy, 1992, using the National Institute for Occupational Health and Safety’s skin permeability calculator [18,19]. Skin permeability constants (Kp) were assigned scores based on the distribution of those reported for this dataset. The lowest tertile scored one, the middle tertile scored two and the highest tertile scored three. Chemical property rationale and score are described in Table 1 and Table 2.




2.4.7. Observed Absorption


The percent of the chemical that is absorbed through inhalation, dermal or oral exposure was scored on a scale of one to three. For most chemicals, the Agency for Toxic Substances and Disease Registry (ATSDR) chemical profile included the percentage of chemical absorbed through oral, dermal and inhalation exposures. When available, this database was compiled using human data. Animal or in vitro data was used when human data was not available. If the absorption rate was between 1% and 5% the chemical scored 1. If the chemical was reported to be absorbed in humans but at an unknown rate, or if the chemical was absorbed between 5% and 10%, a score of two was assigned. If the absorption rate was above 10% a score of three was assigned. Absorption levels are shown in Table 1 and Table 2.




2.4.8. Toxicity Endpoints


Endocrine disruption, reproductive and developmental toxicity, carcinogenicity and neurotoxicity were selected as relevant health endpoints. In order to remove potential biases, all of these endpoints were assessed based on curated databases. This approach builds on the initial selection process that identified the original 66 chemicals included in the CSPA database [15]. For each endpoint, chemicals were classified based on certainty of toxicity and potency. Scores for certainty and potency are shown in Table 1.



Endocrine disruption certainty was scored based on the European Chemicals Agency (ECHA) Endocrine Disruptor Substances of Concern database [27]. This list was created to prioritize chemicals for further review. Substances are categorized from 1 to 3. Category 1 includes known endocrine disruptors while categories 2 and 3 include suspected endocrine disruptors. In this scoring framework chemicals received a zero if they were not included in the list, a score of one if they were included on the candidate list, but not classified, a score of two if the ECHA assigned them to category 2 or 3 and a score of three if the ECHA assigned them to category 1.



Reproductive and developmental toxicity was assessed based on the Globally Harmonized System (GHS) of Classification and Labeling of Chemicals [22], the European Union’s Existing Substances Regulation [20], and the Proposition 65 List [21]. The GHS classification system was created in 2001 and adopted by the United Nations in 2003 as a method for standardizing international information on toxic substances. The European Union’s Existing Substances Regulation provides detailed risk assessment data for 141 chemicals. The Proposition 65 list is an updated list created by the California Office of Environmental Health Hazard Assessment that contains chemicals that are known or suspected carcinogens and reproductive toxicants [21]. Because none of these individual sources are comprehensive, a score was assigned based on the highest classification in any one of these sources. For example, if a chemical is classified as a known reproductive toxicant by proposition 65, but not included in the GHS or the European Union existing substances regulation, then that chemical would be considered a known reproductive toxicant. Known reproductive toxicants received a score of three, suspected reproductive toxicants scored two, and those that are potentially reproductive toxicants scored one. Those with no data included received a zero.



Carcinogenicity was assessed based on IARC classification [23], The EPA’s Integrated Risk Information System (IRIS) database [24], the GHS, and Proposition 65. Similar methods were used to assign carcinogenicity points: a score of three was assigned to known carcinogens, a score of two was assigned for suspected carcinogens, a score of one was assigned to potential carcinogens and chemicals not included in any of these sources received a zero.



Neurotoxicity was assessed based on Grandjean and Landrigan, 2014 [28] and the GHS. If chemicals are listed as neurotoxicants in Grandjean and Landrigan, 2014, they received a score of three, if not they received a score of zero. Chemicals were also classified as neurotoxicants based on the GHS classification. Toxicity endpoint scores and rationale are shown in Table 1 and Table 2.




2.4.9. Toxicity Potency


Estimating toxicity potency is a complex task that is highly dependent on the endpoints assessed and concentrations administered. Because of this, toxicity potency is assessed within each toxicity endpoint category (carcinogenesis, neurotoxicity, endocrine disruption and reproductive and developmental toxicity).



For endocrine disruption, the lowest observable adverse effect levels (LOAELs) and no observable adverse effects levels (NOAELs) recorded in the European Chemical Agency’s Endocrine Disruptor Substances of Concern Database as of 22 January 2016, were used to calculate the potency. Endpoints included testis impacts (decreased sperm count, degeneration of spermatogenesis, changes in testis weight, leydig cell alterations) and sex hormone secretion impacts (Table S2). The NOAELs for reproductive and developmental toxicants from the European Chemical Agency’s Existing Substances Database (as of 22 January 2016) was used to calculate reproductive and developmental toxicity potency for most chemicals. NOAELs were derived from studies examining testis damage following in utero exposure, embryotoxicity, decreased offspring survival and fetal body weight (Table S2). The reproductive and developmental toxicity potency score for di-N-hexyl-phthalate was based on the LOAEL reported in the NTP monographs [29]. The potency score for reproductive and developmental toxicity for methyl ethyl ketone was based on a reference dose (RfD) reported in the US EPA’s IRIS. The RfD was converted to a NOAEL by multiplying by the reported uncertainty factors. Supplemental Table S2 shows the NOAELs, LOAELS, RfDs and scores for potency for reproductive and developmental toxicity and endocrine disruption. An uncertainty factor of ten was used to convert LOAELs to NOAELs so that the critical doses could be compared across chemicals. For endocrine disruption and reproductive and developmental toxicity, potency scores were assigned a score of one to three based on the tertiles of the range of the NOAELs and LOAELs reported.



Carcinogenic potency was based on the dose that causes tumors in half the population (TD50). This data was derived from the Carcinogen Potency Database [26]. For each known carcinogen, the TD50 for mice and rats was reported. The lower TD50 of the two species was used. TD50s were scored based on the tertiles of the range reported.



For any endpoint categorized as a potential or suspected carcinogen, endocrine disruptor or reproductive and developmental toxicant, a potency score of one was assigned. In most cases, NOAELs and LOAELs are not available for potential and suspected toxicants. Because the potency is multiplied by the certainty score, a score of 1 for suspected and potential toxicants prevents the loss of consideration of the certainty score. For neurotoxicants, there was not a sufficient source of LOAELs or NOAELs for classification of potency. In order for the neurotoxicant effects to not be underweighted in the toxicity score, an artificial potency factor of three was used. Potency is shown in Table 1 and Table 2.





2.5. Framework Assumptions


	
August 2012–September 2015 data is representative of the CSPA data as a whole, once phase in is complete in 2018



	
Products intended for children under age three have the potential for oral exposure



	
All products will disintegrate over time and the chemicals found in these products will accumulate in house dust leading to oral and inhalation exposure



	
Exposures occur only through oral, dermal and inhalation exposure







2.6. Missing Data


In examples where data was available on toxicity endpoints, but not on exposure route absorption, the chemical properties alone were used to estimate potential for each exposure route. For some chemicals, such as molybdenum, methyl paraben, phthalic anhydride and propyl paraben, no data on toxicity endpoints were found in the databases consulted. For these chemicals, it is possible to use the exposure score to understand how they could enter children’s bodies. The lack of toxicity score does not mean these chemicals are safe or unsafe, rather, based on existing data, it is not possible to assign priority points at this time.




2.7. ExpoCast


The US EPA developed ExpoCast as a high throughput system to screen and classify chemicals based on human exposure potential [30,31]. The system is based on fate and transport models of contaminants in environmental sources, such as air, water and soil that can then be used to predict human exposures and correlates with the National Health and Nutrition Examination Survey (NHANES) biomonitoring levels, especially for chemicals found in consumer products [30]. In this study, ExpoCast was accessed through the Interactive Chemical Safety for Sustainability Dashboard in January of 2016 to obtain median exposure predictions for chemicals reported under CSPA. ExpoCast estimates exposure predictions at the population level to almost 8000 compounds [31]. Median predicted exposures in mg/kg/day were available for all CSPA chemicals except formaldehyde. For metals reported in CSPA as groups, all metal compounds available in ExpoCast were included.




2.8. ToxPi


The Toxicological Priority Index (ToxPi) considers the results from 85 in vitro ToxCast assays for potential estrogen, androgen and thyroid disruption as well as chemical properties to prioritize endocrine disruptors [32]. Filer et al. (2014) report ToxPi scores for 1858 chemicals available in phase II of ToxCast [33]. In addition to the original sources of endocrine disruption considered in Reif et al. (2013), Filer et al. (2014) [32,33] also considered assays for glucocorticoid disruption and peroxisome proliferator-activated receptor (PPAR) activation for a total of 85 in vitro assays. The assay results are also compared to 27 ToxCast assays for cytotoxicity to weed out any compounds that may be causing overt cellular toxicity. Of the CSPA chemicals used to develop this framework, 14 also had ToxPi scores. ToxPi scores were accessed via the supplemental material of Filer et al. (2014) [33] and compared to the endocrine disruption score in the CSPA database calculated in equation 4.




2.9. Statistical Software


The framework was constructed and analyzed using Microsoft Excel version 14.5.8. Scatterplots were made using R Studio version 0.99.491. A principal component analysis was conducted using JMP version 12.2.0 from the SAS Institute.





3. Results


The average exposure score across all chemicals was 10.4 with a standard deviation of 2.6 (Table 3). The three highest scoring chemicals for exposure were formaldehyde (average 14.2), octamethylcyclotetrasiloxane (average 13.9) and styrene (average 13.6). These three chemicals’ exposure scores were roughly average for most product characteristics, including lifestage, exposure duration, application to skin or body, and concentration. However, toxicokinetic scores, based on chemical properties and observed absorption rates were above average for all three chemicals for at least one exposure route. Across all records in the CSPA database, the maximum exposure score was 20.5 for formaldehyde in party horns and the minimum exposure score was 5 for molybdenum in drawing supplies. Toxicity scores were calculated by the sum of the products of the individual endpoint toxicities and potencies. The highest toxicity scores were for DBP (24), diethylhexyl phthalate DEHP (21) and formaldehyde (21). Four chemicals, phthalic anhydride, propyl paraben, methyl paraben and molybdenum, were not listed as endocrine disruptors, neurotoxicants, reproductive toxicants or carcinogens in any of the databases used in this study.


Table 3. Exposure scores and total priority indices for the CSPA chemicals considered in this framework. Chemicals are sorted based on total priority index. The three chemicals with the highest exposure scores are in bold. Standard deviations (SD) represent the variability in scores or indices within each chemical or chemical group.








	Chemicals
	Number of Reports
	Exposure Score ± SD
	Total Priority Index ± SD





	Formaldehyde
	533
	14.2 ± 3.3
	297.8 ± 69.1



	Dibutyl phthalate
	778
	12.3 ± 1.7
	294.7 ± 40.1



	Styrene
	2251
	13.6 ± 2.7
	231.2 ± 45.1



	Butyl benzyl phthalate (BBP)
	610
	12.5 ± 1.7
	225.2 ± 30.2



	Di-2-ethylhexyl phthalate
	909
	10.6 ± 1.7
	223.2 ± 34.6



	Diisodecyl phthalate (DIDP)
	235
	11.6 ± 2.1
	127.9 ± 22.8



	Di-n-Hexyl phthalate
	178
	10.2 ± 1.1
	112.0 ± 11.7



	Butyl paraben
	83
	12.0 ± 0.94
	108.0 ± 8.4



	Methyl ethyl ketone
	2378
	10.2 ± 1.9
	91.5 ± 17.1



	Cobalt and cobalt compounds
	6927
	8.5 ± 1.5
	84.5 ± 14.7



	Ethylene glycol monoethyl ester
	31
	10.3 ± 2.4
	82.1 ± 18.9



	Diethyl phthalate
	380
	8.0 ± 0.84
	80.0 ± 8.4



	Ethylene glycol
	6042
	9.8 ± 1.9
	78.5 ± 14.8



	Ethyl paraben
	97
	12.0 ± 1.1
	35.9 ± 3.2



	Antimony and Antimony compounds
	3378
	10.3 ± 1.4
	31.0 ± 4.3



	Diisononyl phthalate (DINP)
	357
	10.3 ± 2.1
	30.8 ± 6.2



	Di-n-octyl phthalate (DnOP)
	279
	9.6 ± 0.9
	19.3 ± 1.8



	Octamethylcyclotetrasiloxane
	2123
	13.9 ± 1.6
	13.9 ± 1.6



	Methyl paraben
	251
	10.2 ± 1.2
	0



	Molybdenum and molybdenum compounds
	1617
	5.8 ± 0.80
	0



	Phthalic anhydride
	137
	7.6 ± 1.3
	0



	Propyl paraben
	207
	11.8 ± 0.95
	0



	Chemical Groups
	
	
	



	Phthalates
	3863
	10.8 ± 2.2
	172.5 ± 102.9



	Parabens
	638
	11.2 ± 1.4
	19.5 ± 36.7



	Ethylene Glycols
	6073
	9.8 ± 1.9
	78.5 ± 14.9









DBP, formaldehyde, DEHP, styrene and butyl benzyl phthalate scored relatively high for both exposure and toxicity scores and are thus found in the upper right-hand quadrant of Figure 1, indicating the most concern. Chemicals not listed as toxicological concerns in any of the resources consulted are found on the Y-axis of Figure 1, see dashed line box. Octamethylcyclotetrasiloxane was assigned an exposure score of 13.9, the second highest. However, the only resource consulted that identified octamethylcyclotetrasiloxane as a toxicological concern was the Global Harmonization System, which classified it as a suspected reproductive and developmental toxicant. Therefore, octamethylcyclotetrasiloxane is found in the upper left-hand quadrant of Figure 1, indicating less concern than those chemicals with high exposure scores and high toxicity scores. Chemicals in the bottom left-hand quadrant are the least concerning because they have relatively low exposure and are not classified as toxicologically concerning by the resources consulted for this study. These chemicals are diethyl phthalate, phthalate anhydride and molybdenum.


Figure 1. Scatterplot showing the relationship between toxicity and average exposure scores for chemicals in the CSPA framework. The scatterplot is divided into quadrants with lines drawn at the median exposure score (horizontal line) and median toxicity score (vertical line) to emphasize that chemicals relatively high for both toxicity an exposure scores (upper right-hand quadrant) are of higher concern than those with relatively lower scores for both toxicity and potency (lower left-hand quadrant). Formaldehyde, styrene, benzyl butyl phthalate (BBP), DBP and DEHP all fall in the highest priority quadrant in this figure. Other phthalates, diisodecyl phthalate (DIDP) and di-n-hexyl phthalate (DnHP) also fall in the high priority quadrant. The dashed box on the far left indicates chemicals such as phthalic anhydride, propyl paraben, molybdenum and methyl paraben which were not identified as known toxicants (NT, RD, ED or carcinogens) in any of the databases consulted.
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The average total priority index is the product of the toxicity scores and the average exposure scores. Across all records, the average total priority index was 93.1 with a standard deviation of 79.4. The three highest total priority indices are attributed to formaldehyde (average 297.8), DBP (average 294.7) and styrene (average 231.2) (Table 3).



In order to identify underlying relationships among the variables potentially driving the framework results, a principal component analysis (PCA) was conducted. The first two components of the PCA together explained ~56% of the variability in the priority index across chemicals (Figure 2A). Principal component 1 (PC1) explained 33.6% of the variability and is associated with elevated toxicity scores for reproductive and developmental toxicity, carcinogenicity and neurotoxicity. Positive scores for PC1 are also indicative of products designed for children under age three with longer exposure durations and potential oral and inhalation exposure routes (Figure 2B). Negative scores in PC1 are associated with concern over higher chemical concentrations, products applied directly to the skin or body, potential dermal exposure and higher scores for endocrine disruption. Principal component 2 (PC2) explained 23.1% of the variability between chemicals. Positive scores for PC2 are associated with higher reproductive and developmental toxicity and endocrine disruption scores. Positive PC2 scores were also associated with products with potential dermal exposures (Figure 2B). As a result, the solvents (ethylene glycol, ethylene glycol monoethyl ester, methyl ethyl ketone) clustered together with formaldehyde and styrene with positive scores for PC1, indicating concern over neurotoxicity, reproductive and developmental toxicity and carcinogenicity and slightly negative scores for PC2 indicating concern over the concentration of chemicals reported and the product’s targeted lifestage. Butyl and ethyl paraben cluster together with negative scores for PC1 and relatively neutral scores for PC2. This indicates higher concern over endocrine disruption, and application directly to the skin or body and potential dermal exposure. Many of the phthalates, such as DEHP, BBP, DnHP, DBP and DIDP cluster together with positive scores for PC2, indicating concern over reproductive and developmental toxicity, endocrine disruption and potential dermal exposure. The phthalates generally cluster away from butyl and ethyl paraben. The separation is due to the presence of both endocrine disruption and reproductive and developmental toxicity for the phthalate cluster and solely endocrine disruption for butyl and ethyl paraben. The lower left-hand quadrant is negative for both PCs and characterized by chemicals that were not recognized as toxic in the sources considered for this study, such as molybdenum, propyl paraben, methyl paraben and phthalic anhydride (Figure 2A). In this quadrant, scores are dominated by lifestage, concentration, and application variables related to exposure characterization.


Figure 2. Principal Components Analysis score plot (A) and eigenvector plot (B) for variables in the CSPA framework. The first two principal components explain ~56% of the variability in total priority index between chemicals. A positive value in the score plot shown in Figure 2A for PC1 is associated with elevated concern over reproductive and developmental toxicity (RD), carcinogenicity (Carc.) and neurotoxicity (NT) and an absence or lesser concern about endocrine disruption (ED) as assessed by toxicity scores for each endpoint (shown in Figure 2B). A positive value in the score plot for PC2 indicates greater concern over reproductive and developmental toxicity, and endocrine effects, as well as an absence or lesser concern over carcinogenicity. Chemicals that cluster together share toxicities. For example, organic solvents such as methyl ethyl ketone and ethylene glycol, cluster with other known neurotoxicants, such as styrene. Phthalates that are well-characterized endocrine disruptors and reproductive and developmental toxicants cluster together as well.
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The total priority index and exposure score can also be used to identify high priority product categories. Table 4 summarizes the exposure scores and total priority indices across the product segments reported in the CSPA database. Kitchen merchandise, stationary/office machinery/occasion supplies and toys/games had the highest total priority indices. In each of these categories, formaldehyde, phthalates (as a group) and styrene had the highest priority indices. Together, kitchen merchandise, stationary/office machinery/occasion supplies and toys/games comprise approximately 16% of all CPSA reports. Almost half (44%) of reports fall under the clothing product segment. The three highest scoring chemicals in this category are formaldehyde (total priority index average of 264.8), styrene (total priority index average of 209.1) and phthalates (as a group, total priority index of 134.1). These results are shown in an expanded version of Table 4 available as Supplemental Table S3.


Table 4. Average total priority indices and exposure scores across product segments. Total number of reports in each product segment are also shown.


	Product Segments
	Total Priority Index
	Exposure Score
	Total Number of Reports





	Kitchen Merchandise
	205.8
	12.2
	72



	Stationery/Office Machinery/Occasion Supplies
	158.6
	10.1
	365



	Toys/Games
	131.9
	13.0
	4910



	Arts/Crafts/Needlework
	105.3
	9.3
	631



	Household/Office Furniture/Furnishings
	105.1
	10.7
	1446



	Baby Care
	103.8
	10.7
	991



	Footwear
	90.5
	10.0
	4940



	Personal Accessories
	82.3
	9.0
	1229



	Clothing
	79.2
	9.3
	14,551



	Camping
	71.1
	8.9
	87



	Beauty/Personal Care/Hygiene
	42.4
	10.2
	559









We compared the CSPA framework exposure and endocrine disruptor scores with ExpoCast and ToxCast, respectively. The CSPA endocrine disruptor score was calculated by the classification and the LOAEL reported in the European Chemical Agency’s Endocrine Disruptor Substances of Concern database (Table S2) as well as the exposure score based on chemical and product properties. Filer et al. (2014) [33] applied ToxPi for the prioritization of endocrine disruptors based on the phase 2 ToxCast in vitro assays and chemical properties that are associated with exposure potential. Eight of the ten chemicals identified as endocrine disruptors in this framework and six chemicals included in this framework but not identified as endocrine disruptors had ToxPi scores calculated by Filer et al. (2014) [33]. Butyl paraben scored high for endocrine disruption in both ToxPi and through the CSPA framework. However, other chemicals, such as DEHP and DBP, scored relatively higher through the CSPA framework than through the ToxPi predictions (Figure 3A). Octamethylcyclotetrasiloxane and propyl paraben score high using ToxPi, but are not identified as endocrine disruptors in the resources consulted for this study.


Figure 3. Comparison of CSPA endocrine disruptor score to ToxPi scores (A) and comparison of CSPA exposure score to ExpoCast score (B). Butyl paraben scores relatively high using both the CSPA endocrine disruptor score and the ToxPi score. DEHP and DBP score higher using the CSPA framework than using ToxPi. Some chemicals, such as octamethylcyclotetrasiloxane and propyl paraben, score relatively high using ToxPi but are not classified as endocrine disruptors using the CSPA framework. Some chemicals, such as octamethylcyclotetrasiloxane, have relatively high ExpoCast predictions and score higher using the CSPA framework for average exposure scores. Other chemicals, such as the phthalates DINP and DEHP, have higher exposure predictions from ExpoCast than exposure scores using the CSPA framework.
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ExpoCast predicts exposure to environmental chemicals at the population level [30]. While many chemicals found in consumer products are have predicted exposure ranges in ExpoCast, other potential exposure routes are also considered. Octamethylcyclotetrasiloxane has one of the highest exposure scores and a higher predicted exposure in ExpoCast, relative to the other chemicals considered (Figure 3B). Other chemicals, like styrene, have higher exposure scores relative to those predicted using ExpoCast. Two phthalates, diisononyl phthalate (DINP) and DEHP have higher median exposure predictions in ExpoCast relative to their exposure scores from the CSPA framework. This may be due to the fact that, in the United States, these chemicals are more tightly regulated in children’s products than in general consumer products.



Table 5 summarizes the top three chemicals according to each prioritization strategy: CSPA reporting frequency, CSPA total priority index, CSPA exposure score, ExpoCast, ToxPi endocrine disruptor score and CSPA endocrine disruptor score. When CSPA chemicals are prioritized based only on frequency of reports, cobalt and cobalt compounds, antimony and antimony compounds and ethylene glycol are prioritized. However, when the toxicity, toxicokinetics and exposure patterns are considered through the CSPA total priority index, formaldehyde, dibutyl phthalate and styrene are prioritized. The total number of reports of these three chemicals combined comprise approximately 15% of total CSPA reports during the time period assessed. Butyl paraben is identified as a high priority endocrine disruptor based on it scoring in the top three chemicals using both the CSPA endocrine disruptor score and the ToxPi score. ExpoCast and CPSA Exposure scores both identify octamethylcyclotetrasiloxane.


Table 5. Summary of prioritization tools, basis and the three highest scoring chemicals.


	Prioritization Tool
	Basis
	Top Three Chemicals





	Total number of reports in CSPA
	Frequency of chemical reports
	Cobalt and cobalt compounds, ethylene glycol and antimony and antimony compounds



	CSPA Total Priority Index
	Exposure potential, chemical properties, neurodevelopment, carcinogenicity, endocrine disruption, reproductive and developmental toxicity.
	Formaldehyde, dibutyl phthalate and styrene



	CSPA Endocrine Disruptor Score
	Exposure potential, chemical properties, endocrine disruption based on databases largely comprised of in vivo studies
	Butyl paraben, dibutyl phthalate and butyl benzyl phthalate



	ToxPi Endocrine Disruption Score
	Chemical properties, endocrine disruption based on in vitro assays
	Butyl paraben, propyl paraben and octamethylcyclotetrasiloxane



	CSPA Exposure Score
	Lifestage, product description, chemical properties, toxicokinetics and potential exposure routes
	Formaldehyde, octamethylcyclotetrasiloxane and styrene



	ExpoCast
	Prediction of exposure from all routes
	Diisononyl phthalate, Di-2-ethylhexyl phthalate and octamethylcyclotetrasiloxane










4. Discussion


The goal of this framework was to identify and prioritize chemicals in the CSPA database for further consideration and to compare the results with other prioritization methods, such as ToxCast and ExpoCast. In order to do this, it was necessary to understand the context surrounding the potential exposure and the toxicity and potency of the chemical. We used the target age group and product segment descriptions to identify potential exposure routes and durations and combined this information with the concentration to provide context surrounding the exposure. Chemical properties and absorption parameters were used to incorporate toxicokinetics. Toxicity and potency were calculated using a wide array of curated databases (Table 1, Table 2 and Table S2). By combining these parameters in a multi-attribute utility function, we were able to calculate a total priority index for each of the ~33K CSPA records related to the most frequently reported chemical groups, about 88% of all CSPA records to date.



Two methods were used to identify priority chemicals in the CSPA database from this framework. Exposure scores and toxicity scores were plotted to identify chemicals notable in both dimensions. This method identified formaldehyde, styrene, DBP, BBP, DEHP, DIDP and butyl paraben as priority chemicals. The second method for identifying priority chemicals was through the calculation of a total priority index, which is the product of the exposure and toxicity scores. This method identified formaldehyde, DBP, styrene, BBP and DEHP as the highest priority chemicals. With the exception of BBP, which is considered a reproductive and developmental toxicant and an endocrine disruptor, the other five highest priority chemicals were considered toxic for three out of the four endpoints considered in this framework. A PCA confirmed the observation that toxicity drives a substantial part of the variability between chemicals. Neurotoxicants, such as formaldehyde, styrene, methyl ethyl ketone and ethylene glycol clustered together while the phthalates known for both endocrine disruption and reproductive and developmental toxicity clustered together, separate from compounds known for endocrine disruption alone. Formaldehyde did not cluster as close to styrene as was expected. Both chemicals are characterized by reproductive and developmental toxicity, neurotoxicity and carcinogenicity, however, they have varying scores related to dermal and oral toxicokinetics. This exemplifies the importance of including exposure routes, toxicokinetics and toxicity in one framework. The other prioritization frameworks examined in this study focused on toxicity (ToxPi) or exposure (ExpoCast), therefore combination of exposure and toxicity is a unique and important feature of this framework.



The CPSA framework can be used to identify individual chemicals or chemical groups of high priority to children’s environmental health. In this analysis, the three chemicals with the highest total priority indices, when phthalates and parabens were grouped were formaldehyde, phthalates and styrene. Individually, formaldehyde, styrene and DBP had the highest total priority indices. While analysis of individual chemicals can help identify potential issues related to regrettable substitutions, consideration of phthalates and parabens as groups may be relevant to regulations that may approach chemicals as groups, taking a more holistic view of toxicity since many phthalates and parabens have similar mechanisms of toxicity.



The chemical groups with the highest average total priority indices were formaldehyde, phthalates and styrene. While the CSPA framework is not weighted by reporting frequency, reports for these chemicals comprised approximately 15% of total reports. Thus, the magnitude of exposure potential from these products is not inconsequential. Formaldehyde, phthalates and styrene were also identified as high priority chemicals when average total priority indices were compared across product segments. Kitchen merchandise, stationary/office machinery/occasion supplies and toy/games were the three product segments with the highest average total priority indices. Within each of these segments, formaldehyde, phthalates and styrene were the highest priority chemicals.



The results of this framework were compared to other prioritization tools such as ExpoCast and ToxPi. While the CSPA framework relies on curated databases for toxicological assessment, ToxPi uses high throughput data from the in vitro assays publicly available through the ToxCast database. The comparison demonstrated the benefits and drawbacks to both approaches. For example, ToxPi was able to calculate scores for more endocrine disrupting chemicals than the curated Existing Substance Endocrine Disruptor Database (ECHA) that was used to calculate the CSPA endocrine disruption score. Octamethylcyclotetrasiloxane is an example of a chemical that was poorly characterized in available databases, but scored high for endocrine disruption using in vitro assays. However, regulatory decisions for future action on CSPA chemicals rely on the presence of a substantial body of evidence. Therefore, the benefit to using the CSPA framework with curated databases, allows for a stronger degree of confidence in the toxicological assessments. As the ToxCast assays continue to be more widely applied and more adverse outcome pathways are created, this high-throughput approach will provide added value.



ExpoCast was the other high throughput prioritization tool included in this analysis. The relationship between the CSPA exposure score and ExpoCast exposure prediction is highly variable. While some chemicals, such as octamethylcyclotetrasiloxane and molybdenum are relatively consistent between the two scores, other chemicals, such as styrene, had vastly different exposure scores between the CSPA framework and ExpoCast. Styrene has a high exposure score from the CSPA framework and a much lower ExpoCast prediction. This is partially due to differences in how the exposure scores are calculated relative to ExpoCast. The exposure score is only based on the potential for exposure from children’s products reported in the CSPA database, while the ExpoCast prediction includes multiple exposure sources. Additionally, while frequency of chemical reporting was not included as a variable in the CSPA exposure score, chemicals were selected for inclusion in the framework based on the number of reports. Therefore, the CSPA exposure score is not explicitly weighted for production volume. ExpoCast, on the other hand, relies on chemical use estimations [30]. DINP and DEHP have moderate CSPA exposure scores and high ExpoCast predictions. This could be related to US consumer product laws, which limit the permissible concentration of some phthalates in children’s products, but not consumer products as a whole.



This is the first framework developed for the toxicological interpretation of the CSPA data. The benefits to using this framework include the relatively high amount of context regarding exposures and the detailed chemical and toxicological properties, including potency considered. Because the CSPA database comprises over 33,000 records as of September 2015, the relatively high throughput capacity of the framework is important. Lifestage, exposure duration, exposure route, application to skin or body and concentration were all derived directly from the fields in the CSPA database. This allowed for the relatively quick processing of the extensive database. Additionally, because all information was derived directly from the CSPA database or based on chemical properties that were widely available, there were no missing data for the exposure score. This allows for the identification of chemicals with high exposure potential and less well characterized toxicity. Some chemicals, such as phthalic anhydride, propyl paraben, methyl paraben and molybdenum, were not classified as toxic for the endpoints considered in this framework in any of the databases and resources consulted. These chemicals were included in the CSPA database but did not receive toxicity scores because they were either (1) toxic to biological systems not considered in this framework; (2) toxicologically characterized by databases not included in either this framework such asREPROTEXT [34]; or (3) were included as part of a larger group of chemicals. This lack of data can lead to lower total priority indices that are not necessarily indicative of safety. However, because the exposure score is complete in all cases, it can be used to identify chemicals, such as octamethylcyclotetrasiloxane, that have high exposure potential from children’s products but may be poorly characterized in the databases considered. Octamethylcyclotetrasiloxane is an example of a chemical in need of further characterization in the curated databases considered for this study. Both ExpoCast and the CSPA exposure score identify octamethylcyclotetrasiloxane as having high potential for exposure. Additionally, its high ToxPi score suggests that octamethylcyclotetrasiloxane could be a potent endocrine disruptor.



Washington State was among the first to require reporting of chemicals of concern in children’s products. Since then, other states have begun to implement similar requirements. While Washington has developed an extensive database to help guide future regulatory action, improvements to the reporting structure of the CSPA database could expand the toxicological interpretation of the data. For example, metals such as molybdenum, cobalt and antimony are reported by total elemental amount. There are significant differences in toxicities and toxicokinetics between metal compounds. Because metal compounds were not specified in the CSPA database, the unique features of specific metal compounds are not reflected in the CSPA framework and may compromise the ability to accurately assess the toxicities and toxicokinetics associated with the presence of antimony, cobalt and molybdenum in children’s products. Additionally, more information regarding when the laboratory tests were performed by the manufacturers would help determine whether volatile chemicals reported as “contaminants” are likely to off-gas by the time the product reaches the consumer. As chemical reporting requirements become more common and more consumer product databases are developed, prioritization of the data based on both exposure potential and toxicity, as can be done using this framework, will be critical. This increase in reporting frequency requirements will also be met with a need for more stakeholder engagement through focus groups and value based decision analytics to ensure that the models are answering the right regulatory questions [35,36,37].



The CSPA framework presented here provides a method for processing large amounts of consumer product data in a relatively high-content manner. However, one limitation of this approach is that it does not calculate a comparable risk between chemicals but, rather, ranks the chemicals in the CSPA database. Thus a total priority index of 100 is not 10 times more concerning than a total priority index of 10. Instead, it indicates a difference in rank. This decision was made to allow the database to be processed in a relatively high throughput manner. The total priority index focuses on exposure potential from product use as well as exposure potential from house-dust as the product disintegrates. While it includes chemical properties to account for absorption, bioaccumulation is not included. No persistent organic pollutants were among the chemicals used in this analysis. However, persistent organic pollutants are included in the CSPA database as a whole. Inclusion of these additional data and bioaccumulation factors, may modify the high priority chemicals identified using this framework. To account for some of the limitations of the CSPA framework, it is recommended that this approach be employed, along with other prioritization tools, such as ToxPi and ExpoCast.




5. Conclusions


Overall, this framework provides one method of prioritizing chemicals and products that may be of concern for children’s health. Based on the results of this framework, formaldehyde, DBP and styrene should be considered for future action to help reduce the potential for children’s exposure through commercial products. When parabens and phthalates are considered as groups, phthalates rise to the top along with formaldehyde and styrene. Other prioritization tools, such as ToxPi, suggest prioritization of parabens and octamethylcyclotetrasiloxane. These recommendations should be taken into account as regulatory agencies plan future strategies to protect children’s health. Because this framework relies on existing data sources, it will continue to grow as more information is added to these sources. Additional data on chemical potency that is both uniform and consistent will strengthen this framework. High-throughput in vitro tests provide consistency across a high volume of chemicals. As these techniques become more widely available and adverse outcome pathways are available for interpretation of molecular changes, it may be possible to assess chemical potency in a uniform and consistent manner across all chemicals. This framework provides a flexible resource chemical prioritization that is capable of growing with the scientific literature and available databases.








Supplementary Materials


The following are available online at www.mdpi.com/www.mdpi.com/1660-4601/13/4/431/s1, Table S1. Total number of reports in the CSPA database from August 2012 to September 2015 by chemical. Chemicals shown in bold are included in the analyses for this paper. These chemicals represent approximately 88% of the database as a whole. Table S2. Potency factor scores and sources for reproductive and developmental toxicants and endocrine disruptors. Table S3. Total priority indices, exposure scores and number of reports by product segment (gray shaded rows) are broken down by chemical groups. The three chemicals with the highest average priority index are shaded in light red. In every case except beauty/personal care/hygiene, formaldehyde, phthalates and styrene had the highest average total priority indices. Methyl ethyl ketone, formaldehyde and styrene had the highest average total priority indices for beauty/personal/care/hygiene products.
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