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Abstract

:

Children’s exposure assessment is a key input into epidemiology studies, risk assessment and source apportionment. The goals of this article are to describe a methodology for children’s exposure assessment that can be used for these purposes and to apply the methodology to source apportionment for the case study chemical, diethylhexylphthalate (DEHP). A key feature is the comparison of total (aggregate) exposure calculated via a pathways approach to that derived from a biomonitoring approach. The 4-step methodology and its results for DEHP are: (1) Prioritization of life stages and exposure pathways, with pregnancy, breast-fed infants, and toddlers the focus of the case study and pathways selected that are relevant to these groups; (2) Estimation of pathway-specific exposures by life stage wherein diet was found to be the largest contributor for pregnant women, breast milk and mouthing behavior for the nursing infant and diet, house dust, and mouthing for toddlers; (3) Comparison of aggregate exposure by pathways vs biomonitoring-based approaches wherein good concordance was found for toddlers and pregnant women providing confidence in the exposure assessment; (4) Source apportionment in which DEHP presence in foods, children’s products, consumer products and the built environment are discussed with respect to early life mouthing, house dust and dietary exposure. A potential fifth step of the method involves the calculation of exposure doses for risk assessment which is described but outside the scope for the current case study. In summary, the methodology has been used to synthesize the available information to identify key sources of early life exposure to DEHP.
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1. Introduction


Exposure assessment is a critical aspect of any chemical evaluation. In some cases, evidence of exposure precedes a complete understanding of chemical effects and so can be the impetus for new toxicology studies or the exploration of exposure sources. For example, the biomonitoring evidence of widespread and increasing human exposure to polybrominated diphenyl ethers (PBDEs) in the 1990s and early 2000s spurred new toxicology and exposure research [1]. This need is especially great when the exposure profile of the chemical intersects with children. Children are a high priority because their toxicokinetic handling and toxicodynamic response to chemicals is often different than the remainder of the population [2,3]. Further, children’s physiological and behavioral factors can make them the most highly exposed sector of the population for chemicals that have widespread distribution. This results from their higher metabolic demands leading to increased food, water and air intake per body weight, as well as behaviors that increase contact with contaminants in soil, house dust and products (e.g., crawling, mouthing behavior) [4,5].



This manuscript’s goals are to [1] describe current concepts in children’s exposure assessment, organizing this information into a broadly applicable methodology; and [2] illustrate the method with a case study for the plasticizer diethylhexylphthalate (DEHP). This chemical was chosen because of its high frequency of detection in children’s environments, as well as having an extensive database that includes biomonitoring, indoor air, house dust, food, and consumer product data [6,7,8,9,10,11]. These exposures may be particularly relevant for early life stages because of the known endocrine disrupting and developmental effects of this plasticizer [12,13]. DEHP’s endocrine disrupting effect has an early life window of heightened vulnerability which can alter male in utero development and have long-term implications for reproductive health [14]. Early life exposures are also associated with an increased tendency for respiratory allergy in children [15]. DEHP exposure assessment is critical to understanding the sources and levels of exposure, as well as the options for decreasing exposure in children [16].




2. Types of Exposure Assessment for Children


Risk assessments have traditionally captured children’s exposure through the use of higher contact rates with soil, water and food for the period of childhood for which these rates are relevant. For example, the standard adjustment for children’s soil ingestion rate over the first six years of life is approximately 10 times greater than that assumed for adults on a kg body weight basis [17,18]. However, the purpose of children’s exposure assessment is more than deriving adjustment factors for risk assessment. The following list presents various uses of a children’s exposure assessment including and in addition to risk assessment. It is important to consider the use and purpose of the exposure information in the scoping stage as this may affect the approach and methodology:



I. Exposure assessment for risk assessment: objective is to develop a dose in mg/kg/day (or equivalent) for a specific exposure scenario that involves one or more types of contaminated media. The dose can be specific to a given lifestage such as children, or can include various age groups and be cumulated across the entire lifespan as the average daily dose [19]. This calculation can involve three different approaches: (a) lifetime average daily dose, typically what is used for carcinogenic risk; (b) lifetime average daily dose cumulated over different lifestages; for mutagenic carcinogens this incorporates age dependent adjustment factors (ADAFs) to modify cancer potency [20] and age-specific exposure rates such that certain periods in early life can make a greater contribution to lifetime risk than other periods; (c) average daily dose cumulated over the exposure period being analyzed (e.g., 6 years of childhood or chronic 30 year period as adults). This latter method is often the way exposure is considered for non-cancer risk assessment.



II. Exposure assessment for source apportionment: in some cases calculation of risk may be uncertain or premature due to questions regarding the toxicology database, but there is still an interest in identifying the highest exposure pathways to consider prudent mitigation options. This type of exposure assessment focuses less on the overall dose but rather on identifying key pathways of exposure and the source of chemical to each pathway.



III. Exposure assessment for epidemiology studies: epidemiology studies typically don’t need a dose to correlate exposure with outcome. They need to place individuals into categories of exposure based upon some type of measure (e.g., exposure survey, environmental measurement, biomonitoring) that indicates whether the individual has received a low, medium or high level of exposure [21]. While an estimate of dose per body weight per day can be helpful, it is not required in epidemiology to the same degree as in risk assessment.



IV. Exposure assessment to capture status and trends: measurement of exposure over time can reveal important temporal trends that can be related back to changes in regulations, manufacturing practices and the consumer marketplace. The classic example is the temporal correlation between removal of lead from gasoline and the decline in childhood blood lead [22]. Measurement across different sectors of the population can identify how lifestage, gender, occupation, ethnicity or behavioral factors may affect exposure, while comparison of exposure across different countries can show geographical differences. These descriptive statistics can point out key exposure vulnerabilities. Status and trends assessments are commonly based upon biomonitoring data as opposed to calculations of exposure dose.



V. Exposure assessment to prioritize chemicals, products, sources. The previous types of exposure assessments can be applied to the prioritization of chemicals based upon such considerations as frequency of detection in biomonitoring studies, media where detections occur and concentrations found, whether dose estimates approach or exceed risk-based targets, and trends in exposure over time. The following state governments have prioritized chemicals of concern to children’s health if they meet their definition of toxicity and have evidence of exposure that can include presence in house dust, indoor air, consumer products or detection in biomonitoring studies: Maine [23], Washington [24], Vermont [25] and California [26].



A further consideration is whether one is primarily interested in a particular exposure pathway or in aggregate exposure, the sum across all pathways possible for a given receptor. Aggregate exposure assessment is valuable to assess the relative importance of various pathways, with the estimate of total daily dose of potential use in a risk assessment or within epidemiology studies. Ideally the estimate of aggregate dose can be corroborated between a biomonitoring-based and a pathways-based analysis. In addition to aggregate exposures considered in this analysis, cumulative exposure can also be considered to include exposures across multiple chemicals (for example similarly-acting chemicals such as dioxin congeners, phthalates and within certain classes of pesticides) and non-chemical stressors (for example, lack of access to health care).




3. Children’s Exposure Assessment Approach


The development of an exposure assessment that can meet the various purposes described above is aided by following a method that ensures that key developmental windows and relevant exposure pathways are considered. The United States Environmental Protection Agency (USEPA) developed a children’s exposure and risk assessment framework in 2006 and has drafted updated human exposure guidelines [27,28]. A simplified 4 step approach that can be used to evaluate the existing exposure information for a well-studied chemical is outlined below and then applied to DEHP as an illustrative case study.



Four Step Approach for Assessing Children’s Exposure to Environmental Chemicals:

	
Prioritize exposure pathways and age groups for quantitative analysis.



	
Estimate pathway-specific and aggregate exposure.



	
Compare estimate of aggregate exposure from pathways analysis to dose estimates from biomonitoring studies to assess whether results from these different approaches are consistent and thus lead to greater confidence in the overall assessment. Estimates of aggregate exposure can also be compared to toxicity values in a risk assessment as mentioned below.



	
Determine which are the quantitatively most significant exposure pathways and explore which sources of chemical are of importance to these pathways.








A 5th phase is added if conducting a risk assessment, that is to aggregate exposures as doses in a manner compatible with calculation of health risk for cancer (multiplied by the cancer slope factor) or non-cancer (divided by the reference dose (RfD)) depending upon the health outcomes of concern. While central tendency estimates of exposure may suffice for phases 1–4, the risk assessment calculations may also consider the full range of exposures possible to understand whether any members of a particular age group may experience an elevated risk. The scenario and toxicity endpoints being analyzed may also dictate that exposures be calculated for short-term peak exposures rather than a long-term average exposure. If long-term exposure is evaluated, the cumulative dose over different early life stages (e.g., at birth from transplacental, breastfeeding, toddler, school-age, adolescent) may need to be estimated.




4. Using the Children’s Exposure Assessment Methodology for DEHP


DEHP is a general purpose high molecular weight phthalate plasticizer used to make polyvinylchloride (PVC) plastic flexible where its content is typically on the order of 30% [29]. PVC polymers have a wide range of uses including in building materials such as wiring and cable coatings, flooring and wall paper, and in consumer products ranging from shoes and shower curtains to vinyl table cloths, carpet backing and furniture upholstery [30,31]. DEHP is also used in a variety of non-PVC applications such as an ingredient in sealants, lacquer and paint. Its use in medical tubing, intravenous bags and similar medical devices has been recognized as an important source of exposure to premature infants and children needing hospitalization, with FDA recommending that alternatives be considered [32,33]. On an acute basis this exposure source can be larger than other pathways analyzed [34,35] and it has been associated with health effects in pediatric patients [32]. However, given that this is a specialized exposure setting that is not widespread across the community, it is not explicitly considered in the current case example.



Of the purposes described above, chemical prioritization, risk assessment, status and trends, and source apportionment, we select the latter, evaluation of pathways and sources, for this case study analysis. DEHP has already been prioritized as having the highest toxicity/exposure rank amongst house dust contaminants assessed in a study focusing on data from France [8]. Biomonitoring studies show that of the phthalate metabolites analyzed those stemming from DEHP were among the highest across the US population including children [36]. An analysis across the Center for Disease Control (CDC) biomonitoring database found that DEHP was one of only a few analytes whose levels indicated a potential exceedance of a health benchmark [37]. In 2014 USEPA prioritized DEHP for further assessment by adding it to its list of Toxic Substances Control Act (TSCA) work plan chemicals [38]. Driving these concerns are the endocrine disruptive effects demonstrated for phthalates in general and DEHP in particular in early life stages [16]. A detailed exposure assessment of DEHP in children is warranted given its widespread detection across the population with indications of higher exposure in young children [6,36], This case example provides an identification of key exposure pathways, an evaluation of aggregate exposure and sources of exposure to children. This information can help inform strategies to mitigate children’s exposures to DEHP if risks are found to be high or if replacement chemicals are identified which have a more favorable toxicology profile.



4.1. Phase 1. Scoping Developmental Life Stages and Exposure Pathways for Inclusion in a Detailed Assessment


The first goal of exposure assessment is to determine the key pathways whereby sensitive early lifestages may contact the subject chemical. This is informed by a series of questions regarding the potential for children to receive DEHP exposure:

	
Is DEHP contained in products designed for children or that children frequently use?

	○

	
For the most part the answer to this question is no, or at least not as much as in the past. DEHP presence in toys and childcare articles was limited in the US by federal legislation [39] to a nominal level <0.1%. Exempt from this limit is children’s footwear and most forms of clothing. It is also possible that toys and articles produced prior to the setting of limits are still found in homes.









	
Is the chemical detected in media children frequently contact?

	○

	
Yes, DEHP is present in consumer products that children can contact such as flooring, shower curtains, upholstery and car interiors. House dust studies routinely find it to be the highest phthalate in this medium with levels also detectable in indoor air; however, indoor air levels of DEHP are typically quite low compared to lower molecular weight phthalates.




	○

	
DEHP is not tightly bound to plastic and so can be released via physical contact (e.g., a child mouthing a DEHP containing object; wear and tear on flooring and shoes). Another important release mechanism is volatilization. In spite of its low volatility, the high surface area of many PVC items around the home leads to offgassing and accumulation in house dust [40]. Because of DEHP’s low volatility, it will tend to partition into house dust rather than be found as a gas in indoor air. Thus, house dust is the primary storage compartment for DEHP that has been released from the built environment and consumer products [40].









	
Is DEHP contained in foods children can be expected to eat? Is it present in breast milk or formula?

	○

	
Yes, DEHP was detected in 70% of the 78 breast milk samples reported in a 2011 study from Germany [41] and in over 80% of samples in a 2015 study in Korea [42]. In the German study, DEHP metabolites were found less frequently than parent compound in breast milk (monoethylhexylphthalate (MEHP) 58%, oxidized metabolites 0%). Similarly, a US study of lactating women found less than 10% of milk samples were positive for DEHP oxidized metabolites but parent compound and MEHP were not analyzed in that study [43]. DEHP has been detected with high frequency in infant formula with overall levels comparable to breast milk [41]. DEHP is a common contaminant of the human diet with analysis of food items in Belgium finding that concentrations of DEHP were typically more than an order of magnitude higher than the other phthalates [11]. DEHP’s contamination of foods may stem from its use in food packaging such as metal cans, plastic wrap and storage containers. DEHP can leach from such packaging and enter the food product itself [44]. Further, certain foods may contact DEHP during production or storage prior to consumer purchase.









	
Is DEHP a common drinking water contaminant?

	○

	
Yes but at low levels. Analysis of drinking water supplies in Portugal found sporadic detection of DEHP with all detections below 1 ug/L [45]. In Mexico City DEHP was among the most commonly detected contaminants with concentrations from groundwater supplies ranging up to 0.23 ug/L and surface waters ranging up to 2.3 ug/L. The higher concentration in surface water is due to DEHP presence in aqueous discharges into rivers which are also used for drinking water [46]. Bottled water was found to contain DEHP up to 1.7 ug/L, with leaching from the plastic bottle possibly contributing to its detection [47]. Data for DEHP in public drinking water in the United States, as summarized by a USEPA six year review of public supply data, found 1.7% of supplies with an exceedance of the DEHP maximum contaminant limit (6 ug/L) and the central tendency of detected concentrations between 1 and 2 ug/L [48]. These detections were in studies that considered artefactual contamination of samples from phthalates present in sampling devices and labware but often these sources can’t be completely ruled out when there are trace detections.









	
Has the contaminant been detected in biomonitoring studies? Is there direct biomonitoring evidence in children?

	○

	
Yes, DEHP is detected in urine as hydrolyzed and oxidized metabolites. These biomarkers have relatively short half-lives and so the detected level reflects recent intake. DEHP is present in food, tap water and a variety of consumer products suggesting its intake may be fairly consistent from one day to the next which would make the urinary biomarker a reasonable indicator of long-term average intake. However, repeat sampling from the same individuals indicates a relatively weak within subject correlation (interclass correlation coefficient (ICC) of 0.1 to 0.3) [49]. This source of variability will tend to weaken associations in epidemiology studies. However, statistics for DEHP urinary metabolites from large population studies such as the CDC biomonitoring dataset are useful to depict the frequency and range of concentrations in the general population. DEHP metabolites are commonly found in urine at a frequency approaching 100% [43]. The CDC dataset indicates that 6–11 years old children consistently have higher DEHP exposure than adults and that over time the trend has been for decreasing exposure (Figure 1). The CDC dataset does not have information for younger children but as summarized in a later section, limited data for younger children are available elsewhere.














The result of this pathways scoping assessment is that children’s exposure to DEHP can occur via multiple routes including diet, drinking water, consumer products and the indoor environment (e.g., house dust, indoor air). Biomonitoring data suggest that concentrations in older children and adults have been decreasing over the past 12 years, with this trend compatible with the replacement of DEHP with other plasticizers during this time. However, DEHP exposure still appears to be common with the relative importance of the various pathways in need of definition. It is important to note that the DEHP case study is very data rich, and that in some cases, the life stage based exposure assessment will be undertaken with less information; this is an acceptable practice as long as the limitations of available data are clearly defined.



4.1.1. Target Life Stages


Age windows for exposure assessment are selected based upon changing patterns of exposure and the potential for toxicokinetic and toxicodynamic windows of vulnerability that may be the basis for evaluation of a certain life stage in a risk assessment. USEPA’s guidance on selecting age windows is a useful resource for scoping the exposure assessment [51]. The document recommends age groups based on an understanding of differences in behavior and physiology that may impact exposures in children of various ages; a consistent set of early-life age groups, supported by an underlying scientific rationale, increases the consistency and comparability across exposure assessments.



DEHP is an endocrine disruptor having a specific effect on male development in utero, being capable of causing testicular dysgenesis syndrome. As demonstrated in rats this syndrome can include reduced anogenital distance in males at birth along with the potential for hypospadias (penile birth defect) and reduced sperm count at sexual maturity [52]. Evidence that this effect occurs in humans is consistent with the animal evidence [12,16]. Other long-term consequences from early life DEHP exposure may include disruption of female traits as well as neurodevelopment from in utero exposure [53,54], and longlasting effects on immune system [55] and reproductive organ development [56] from postnatal exposure. Metabolic immaturities may also play a role in early life vulnerability to DEHP. Its metabolic disposition involves esterase cleavage to MEHP, an active metabolite, in intestines, liver and other organs. The active metabolite is oxidized to a series of metabolites that are more readily excreted in urine and that are substrates for conjugation with glucuronide to further facilitate excretion in vitro studies show that the cytochrome P-450s primarily responsible for MEHP oxidation in human tissues are CYPs 2C9 and 2C19 [57]. At birth human liver is immature with respect to the content of these CYPs but develops rapidly in the first months of life; for CYP2C9 adult levels of activity can be reached by 6 months of age while maturation appears to be slower for CYP2C19. During this period CYP2C9 and 2C19 activities are highly variable across individuals [58]. Glucuronidation is also immature at birth and the first several months of life [59]. Therefore, the metabolic clearance processes of CYP-mediated oxidation and Phase II conjugation may be immature in early life and lead to a metabolism-based vulnerability to DEHP. However, this needs further exploration.




4.1.2. Life Stages Targeted in the Current Exposure Assessment


In Utero Development: Pregnancy is selected because it contains the most sensitive window of exposure to DEHP. A masculinization programming window has been identified as the first trimester, weeks 9–14 of human gestation, with this potentially the most sensitive period for DEHP’s effect on in utero male development [12,60]. This suggests that peak exposures to DEHP of just a week or two duration during this masculization window may be sufficient to affect development. Thus, one needs to consider whether there can be episodic sources of exposure during pregnancy.



The main exposure pathways during pregnancy for the general public are dietary, house dust and indoor air. Drinking water exposures are also evaluated. DEHP is not known to be commonly used in personal care products.



Breast-Fed Infant: DEHP’s frequent detection in breast milk makes this a priority lifestage of analysis. Breast fed infants ingest mother’s milk as the major source of fluid and nutrition for 0–6 months postnatal so that is the exposure period chosen for this age group [18]. As stated above, postnatal DEHP exposures may represent an important window of vulnerability to DEHP endocrine effects, as well as a period of reduced metabolic clearance.



The case study for this lifestage considers breast milk ingestion and exposure to indoor air (inhalation, dermal) as the most important pathways to quantitate. We are not including formula-fed infants in this analysis but a similar approach can be used as described herein. The evidence that breast milk and formula have similar DEHP concentrations and the removal of DEHP from baby bottles suggest that exposures to formula-fed and breast-fed infants will be comparable.



Toddler: This lifestage involves behaviors (crawling, exploratory behavior, mouthing) that lead to greater contact with house dust and contaminants in consumer products; this is also a potentially vulnerable life stage to DEHP’s endocrine disruptive effects.



The case study for this lifestage considers diet, house dust ingestion, indoor air (inhalation and dermal), mouthing of objects, dermal contact with shoes and clothing and water ingestion to be pathways for more detailed consideration.



Adolescence: for brevity this age group is not a focus of the current case study. This is a potentially important window for endocrine disruptors due to important developmental events surrounding puberty. Phthalates are known to be present in personal care products, which can be used at a particularly high rate during this age window. However, the type of phthalates used in cosmetics, fragrance, lotions, nail polish and hair products typically does not involve DEHP. The exposure profile for pregnancy may be a reasonable approximation for this age group as well, although as shown in Figure 1, biomonitoring results amongst 6–11 years old children are consistently higher than in adults.



The behaviors associated with the life stages modeled may have a degree of overlap as exemplified by the fact that children may continue to breast feed into the toddler years and ingestion of non-food items may begin before that time. The calculations presented below illustrate the key exposures for pathways which drive the exposure for a particular life stage without including minor pathways.





4.2. Phase 2. Calculating Exposure Doses via Individual Pathways and Estimation of Aggregate Exposure


The second portion of the children’s exposure methodology is the estimation of exposure doses via well-defined pathways with estimation of aggregate dose across all pathways. This case study focuses on central tendencies, average or median estimates of exposure. This provides a useful survey of the key pathways and sources. However, for risk assessment a probabilistic approach such as Monte Carlo analysis may be more informative to show a more complete distribution of exposure relative to a health benchmark. The exposure estimates shown are either extracted from other studies as for example DEHP dietary intakes (Table 1), or calculated by us as indicated in the text.



4.2.1. Breast-Fed Infant


USEPA’s Exposure Factors Handbook [18] has a recommended rate of breast milk ingestion that ranges from 510 mL/day (150 mg/kg body wt/day) in the first month of life to 770 mL/day (110 mL/kg/day) in the 3–6 month period with further declines from there. One can consider the ingestion rate for 1–3 month old (690 mL/day or 140 mL/kg/day) as an estimate of the average of this period of peak breast milk ingestion. We have combined this ingestion rate with the median concentration of DEHP + active metabolite MEHP detected in breast milk (6.2 ug/L, [41]) to yield an estimate of breastfeeding exposure of 0.87 ug/kg/day (0.14 L/kg/day × 6.2 ug/L) for 1–3 month old infants. An upper bound estimate based upon the 95th percentile of the DEHP and MEHP detections in breast milk is 23.8 µg/L [41] corresponding to 3.3 ug/kg/day. This is similar to the range of DEHP ingestion calculated by Kim et al. [42] based upon sampling of 62 breast milk samples from Korea, 0.9 to 6.5 µg/kg/day.



Exposure to DEHP in indoor air is a potentially important pathway for this lifestage. Indoor air DEHP concentrations have been measured in studies of homes and day care centers as well as been the subject of indoor fate and transport modeling [40,62,63,64]. A central tendency estimate of 0.1 ug/m3 and an upper bound of 1 ug/m3 can be derived from Xu et al. [27] based upon modeling results for indoor air checked against a range of results from indoor air studies. We combine this estimate with exposure parameters available for the 0–6 month old infant [46] to derive an inhaled dose of 0.033 to 0.33 ug/kg/day. This calculation used a respiration rate of 4 m3/day, an absorption rate of 50% via inhalation and a body weight of 6 kg [18]. This DEHP inhalation dose agrees with estimates provided by Xu et al. [27] for inhalation exposure of young children to indoor air DEHP. Dermal exposure to airborne DEHP can also occur by deposition and partitioning of DEHP into skin followed by transdermal uptake. Xu et al. [40] estimated this to be approximately double the daily dose from inhalation of the same DEHP indoor air concentration. Thus, dermal uptake from vapor phase DEHP can be estimated to be 0.07 to 0.7 ug/kg/day.



Other exposures for this age group are less well defined but may contribute to DEHP exposure, including mouthing of objects. This pathway is discussed in detail in the next section for toddlers. Since data presented in USEPA’s Exposure Factors Handbook [18] suggest mouthing of objects in 3–6 month old occurs at a frequency consistent with older children the pathway estimates for toddlers are applied to this lifestage as well. Since this age is prior to the initiation of crawling, house dust ingestion is not considered to be an important pathway but may not be absent.



The estimates of daily exposure over the first 6 months of life for a breastfeeding infant are summarized in Table 2. These results suggest that breastfeeding is not a key driver of exposure as mouthing of objects can be more important at least for the 3–6 month old infant. Overall, breastfeeding infants are expected to have lower DEHP exposure than toddlers.



Formula-fed infants are not included as a separate analysis because of the evidence cited above that formula and breast milk have similar concentrations of DEHP.




4.2.2. Toddler: 1–2 Years of Age


This age group primarily receives dietary exposure to DEHP from solid foods and nutritive liquids rather than from breast milk. Inhalation and dermal uptake from indoor air can be assumed to be similar to the earlier age estimate as both respiratory rate and body mass will be proportionately increased. However, two new exposure routes, mouthing of non-food objects and house dust ingestion are added. The dietary, house dust, mouthing and drinking water exposures are summarized below.



Dietary


DEHP is a common contaminant of the human diet with analysis of 8 phthalates in over 550 different food items in Belgium finding the concentrations of DEHP were typically more than an order of magnitude higher than the other phthalates [11]. This study provided aggregate estimates from all foods for children ranging from 3.4 (50th percentile) to 37.5 ug/kg/day (worst case, highest concentration for each food item) with bread (34% of total), fruits (12.5%) and processed meats (7.4%) being the leading source categories [11]. These calculations involve intake rates per body weight for a variety of food items in children, information that can be obtained from USEPA’s Exposure Factors Handbook [18]. A more detailed analysis of the sources of DEHP in samples of commercial bread found that the packaging material (e.g., plastic vs. paper bag) had less to do with contaminant levels than did factors specific to a particular bakery location [64]. The authors surmise that DEHP contamination of kitchen bakeware and starting ingredients (e.g., flour) are likely to be most important [64]. As shown in Table 1, the Belgium dietary estimates for children are similar to results obtained in studies from Canada, Germany and the US. The Rudel et al. [44] study of San Francisco families was a dietary intervention study in which fresh foods with minimal packaging were replaced for conventional foods over a 3 day trial. The decrease in urinary DEHP metabolite was substantial suggesting that a major portion of dietary intake can come from coatings and packaging used for food items.




Drinking Water


Children’s ingestion of DEHP in drinking water was estimated based upon a central estimate drinking water concentration of 2 µg/L in public supplies [48] combined with parameters for this age group: 95th percentile water ingestion rate of 0.89 liter per day for a 11.4 kg body weight [18].




House Dust


While phthalate release from flooring, wall treatments, shoes and other household items may occur during normal wear and tear, the driving force for their release is vaporization to indoor air [40]. DEHP has a low vapor pressure but it is loosely bound to plastic polymers and given enough surface area (e.g., as in vinyl flooring), there can be a steady release to indoor air. However, the low vapor pressure causes DEHP to adsorb onto particulates and thus partition into house dust. This reservoir can accumulate to relatively high concentrations. A survey of French residential indoor environments found DEHP to be the highest ranked pollutant based upon concentrations found and potential health effects. The mean house dust concentration was 505 µg/g [8] while a similar mean value was found in a survey of German homes [67]. A compilation of recent US studies found a mean of median DEHP concentrations across studies of 383 µg/g with a maximum detected of 6783 µg/g [68]. A phthalates risk assessment set a default house dust ingestion rate for young children at 100 µg/day [9], somewhat less than the assumption for outdoor soil given that children and the objects they encounter will tend to be less dirty indoors than out. This ingestion rate is also consistent with upper bound values suggested by USEPA for indoor dust ingestion [18]. We calculated house dust DEHP dose from this exposure rate combined with the central and upper bound (maximum) for recent US studies to yield 2.6 to 45 µg/kg/day DEHP ingestion from house dust. An estimate for this exposure pathway was provided by CPSC [10] as being 6.6 ug/kg/day for children between 7 months and 4 years of age. In contrast, a study of Danish children at home and in day care environments estimated a dust ingestion dose of only 0.51 µg/kg/day [7].



Another approach to monitoring of indoor dust was an evaluation of the estrogenic potency of the dust collected at Belgium kindergardens [69]. DEHP was detected in every sample and its concentration was correlated with the estrogenic potency of the samples.




Mouthing of Objects


The repetitive placement of nonfood items in the mouth can lead to contaminant exposure both due to the dust/dirt on the object and because of the potential for saliva to dissolve chemicals from the product. DEHP and other phthalates are not tightly bound into the polymer or resin in which they reside and so can be subject to extraction in a child’s mouth. Even though DEHP has been phased out of children’s toys and products, it is still present in a variety of consumer items that children may mouth such as packaging, rainwear, fabric and upholstery. In addition, toys that were sold prior to the phase out my still contain DEHP. Based upon a literature review of mouthing behavior and saliva extraction, Heiland et al. [70] estimated young German children to have on average 3.9 µg/kg/day ingestion of DEHP from mouthing household products with this ranging up to a 95th percentile of 10.8 µg/kg/day [70]. This exposure is expected to be greatest in 0.5–2 years old due to their high degree of exploratory behavior at floor level, although the USEPA Exposure Factors Handbook indicates mouthing behavior frequency in 3–6 month old that is similar to older children [18]. A report by the Consumer Product Safety Commission [10] provided estimates for DEHP mouthing exposure from toys ranging from 10 to 75 µg/kg/day; however, these estimates were from pre-2000 studies and so would not reflect the removal of DEHP from children’s products that has since occurred. These estimates for DEHP are compatible with estimates for DINP, a phthalate plasticizer that has replaced DEHP in many items and for which extensive exposure assessment involving the mouthing pathway has been conducted [71]. The anticipation is that DEHP exposure from mouthing of objects has declined and will continue to do so as a result of the phase-out of DEHP from children’s toys and related products.




Dermal Exposure from Clothing and Footwear


Phthalates are a major ingredient of PVC-based sandals and other footwear, and can also be present in clothing, particularly rainwear. CPSC [10] provided estimates of total phthalate intake from dermal absorption from footwear and rainwear to be 17 (low estimate) up to 420 (high estimate) ug/kg/day for 1–3 years old children. These estimates were not specific to DEHP but show that high phthalate exposure is possible from these sources and could be a significant contributor to this exposure assessment if they contain DEHP. Analyses of children’s footwear from the State of Washington described below found most samples to be low in DEHP (N = 12).




Summary for Toddlers


Figure 2 and Table 2 present the daily dose of DEHP from different sources, showing that diet and mouthing of objects can have the largest contribution followed by house dust ingestion and then the remaining pathways. The aggregate central estimate exposure for these pathways is 12 µg/kg/day.





4.2.3. Pregnant Women


Adult women will receive DEHP exposure via the diet, indoor air and house dust. A variety of phthalates can be present in personal care products (lotions, deodorant, sunscreen, perfume) but for the most part DEHP is not commonly added as an ingredient to these products. Given that a relatively short window of maximal vulnerability to the in utero endocrine disruption effects of DEHP may exist, it is also worth considering whether there could be large seasonal or day-to-day fluctuations in DEHP exposure.



Dietary exposure is considered the main exposure route in adults [72]. Table 1 shows a variety of estimates of adult dietary intake across several European surveys, with a dietary intervention study in the US providing additional information. The results range from <1 to approximately 5 µg/kg/day with the most robust study, involving 550 food items in Belgium estimating a mean of 1.5 µg/kg/day and an upper bound of 19 µg/kg/day [11]. This set of estimates is used for the current exposure assessment, though there is some uncertainty in this because pregnant women may have different consumption rates and patterns than non-pregnant adults [73].



The inadvertent ingestion of house dust by adults is assumed to occur at a rate of 30 mg/day as per the recommendation in the Exposure Factors Handbook [18]. Based upon a central estimate of 383 µg/g DEHP in house dust (see above) and 30 mg dust ingestion per 73 kg body weight, we estimate 0.16 µg/kg/day house dust DEHP ingestion exposure. As described above for toddlers, the inhaled dose from vaporized DEHP and the dermal absorbed dose are expected to be well below the house dust ingestion dose and thus well below 0.1 µg/kg/day.



Drinking water intake of DEHP is expected to be very low (<0.1 µg/kg/day) based upon a water concentration of 2 µg/L as described above with the 95th percentile ingestion rate of 2.59 liters for a 73 kg body weight for mid-pregnancy [18].



The overall DEHP intake estimate for pregnant women (and adults in general) is thus expected to be 1.7 µg/kg/day, composed primarily of dietary intake. In terms of potential short-term peak exposures that may be relevant to a high vulnerability period of pregnancy, time series data within single individuals indicate an ICC of 0.1 to 0.3 for DEHP suggesting large temporal fluctuations [49]. Since adult exposure is driven by dietary intake, one might consider the upper bound estimate of 19 µg/kg/day identified by Sioen et al. [11] as the maximum exposure possible during a critical window of in utero development for consideration of short-term risk to development. However, this is highly uncertain as more detailed dietary intake data are needed in pregnancy to understand the day to day and week to week variability possible in DEHP intake.





4.3. Phase 3. Cross-Check Against Urinary Biomonitoring Estimate of Total Daily Dose


DEHP metabolites have been quantitated across adult populations in Europe and the US with methodologies originally developed by Koch et al. [74] used to convert urinary metabolite data to intake dose. The biomonitoring based quantitation of total exposure provides a useful comparison because it is completely independent of the pathways analysis, relying upon urinary concentrations rather than environmental media concentrations and intake rates. The biomonitoring approach has several uncertainties, such as potential age-related variability in the metabolism and excretion profile of DEHP, whether to use creatinine or urine volume to estimate total DEHP metabolite excretion, and reliability of a single urine sample to be predictive of long-term exposure. However, comparison of aggregate dose estimates via the pathways-based approach and the biomonitoring based approach provides a useful cross-check on the robustness and accuracy of the exposure assessment. If the biomonitoring based approach yields considerably higher dose estimates, then there may be pathways that have been missed or underappreciated. If the pathways-based approach is substantially higher this may reflect different time periods from which the pathways vs. biomonitoring studies were conducted. This is an important consideration for DEHP as exposures have been falling over the past decade (Figure 1); it is also worth considering whether the pathways and biomonitoring based results represent the same percentile of their respective distributions (e.g., comparing medians to medians).



4.3.1. Breastfed Infants


DEHP biomonitoring data for this lifestage were not found and so the pathways-based estimate is the only aggregate dose currently available; thus a Phase 3 comparison between pathways estimate and biomonitoring-based estimate is not possible for this lifestage.




4.3.2. Toddlers


Table 2 provides several biomonitoring-based estimates of total exposure relevant to this age range. The most robust dataset [7] is for somewhat older children but is a useful starting point for this comparison. Beko et al. [7] sampled the urine of 441 3–6 years old Danish children in 2008–2009. This study found that the mean biomonitoring-based dose was 7.4 µg/kg/day (median 4.42, 95th % 16.9). A smaller study of Taiwanese children, aged 2–3 found a similar central tendency 8.1 µg/kg/day [65]. An apparent outlier value is from a small study of children in the US sampled in 2000 which found only 2.8 µg/kg/day (estimate provided in Reference 7). The Beko et al. dataset [7] may provide the best comparison because of its large number of participants and relatively recent sampling period, although the age group is slightly older than what was used for pathways calculations. Comparison of total DEHP exposure by the pathways based (12 µg/kg/day) and biomonitoring-based (7.4 µg/kg/day) approaches yields a close match suggesting a reasonable degree of confidence in the central tendency estimate of DEHP exposure for this age group, especially considering that the slightly younger ages used in the pathways analysis are likely to spend more time mouthing objects as compared to older children [18].




4.3.3. Pregnant Women


Table 2 provides a biomonitoring dataset for adults which converted urinary DEHP metabolites to intake estimates across 209 adults in Belgium [66]. This resulted in an estimate of 1.43 µg/kg/day (50th percentile), ranging up to a maximum of 17.5 µg/kg/day. These estimates closely match the pathways estimates of DEHP exposure in adults (Table 2) suggesting a reasonable degree of confidence in the aggregate and pathways estimates of adult DEHP exposure.





4.4. Phase 4. Identification of Key Pathways and Sources of Exposure


DEHP exposure in children and adults has been declining over the past decade but is still considerable and potentially higher than many other common household contaminants. If opportunities are sought for further reductions, a first step is to use the exposure assessment to look upstream at potential sources. The pathway analysis for toddlers, the lifestage with the highest exposure estimate in the current analysis, is summarized in Figure 2. This assessment suggests three areas of primary importance with respect to DEHP exposure in toddlers: diet, mouthing behavior and house dust. These represent three separate source areas for DEHP entry into the environment of a toddler. Similar analyses can be conducted for pregnant women (diet as leading exposure pathway) and breastfeeding infants (mouthing behavior as leading exposure pathway).



4.4.1. Potential Dietary Sources


Food is the predominant source of DEHP exposure in adults and toddlers. DEHP is fat soluble with evidence of its achieving relatively high concentration (several ppm) in high cream content and other fatty foods [75]. Investigation of dairy production found that DEHP most likely enters in several ways including via trace contaminants in grain fed dairy cows, via the machines used for milking, and at the retail level, via the containers used to ship and package milk and other dairy products [76]. In dietary studies, DEHP exposure tended to be greatest from bread, fruit products and processed meats with many foods making small contributions [11]. Similarly, DEHP intake in Norwegian adults was estimated to come from grains and meat products as the two highest source categories [64]. Examination of the sources of DEHP in bread found that it was not related to the packaging used for the bread but was bakery specific, possibly as a result of contamination of flour and/or baking equipment [64]. The dietary intervention study in US families found that packaged foods can be an important source of DEHP in contrast to fresh and unprocessed foods which involved less DEHP and BPA exposure [44].



Overall, these studies do not indicate a particular consumer strategy for reducing DEHP dietary intake although in theory somewhat less exposure may occur by eating lower fat foods and foods involving less processing and packaging. However, DEHP contamination of foods is widespread and at a generally low level so that it would be difficult to single out specific foods or categories of food for reduction.




4.4.2. Potential Contributors to House Dust


DEHP in house dust comes from the many sources of DEHP around the home. Modeling studies have shown that the surface area of vinyl flooring is a key factor in the volatilization release of DEHP into house dust [40]. Other DEHP sources around the home which can contribute high surface area for volatilization are shower curtains, synthetic Christmas trees, vinyl wall coverings, vinyl table cloths and plastic carpet backing. More data are needed regarding the frequency and concentration range for DEHP in these products and whether over time the trend is for the use of replacement phthalates. The ongoing presence of DEHP in house dust could represent old sources from materials that had been purchased years ago and are still in the home. Alternatively, contributions to house dust DEHP may stem from new materials that were recently purchased. Given that young children are especially exposed to chemicals in house dust, the various sources of DEHP merits further investigation. Irregardless of the sources of DEHP in house dust, a simple preventative measure is the frequent cleaning of floors, toys and children’s high contact surfaces to minimize children’s intake of house dust in general. The less house dust on floors and surfaces, the less it will act as a sink for volatilized DEHP [40] and the less that will be available for children’s ingestion. Objects that are mouthed, as discussed in the next section, are also potential contributors of DEHP to house dust.




4.4.3. Potential Sources of Mouthing Exposure


The greatest potential for DEHP mouthing exposure in toddlers is from products designed for children which contain DEHP. However, recent limits on DEHP and several other high concern phthalates from children’s products across the United States and European Union have likely decreased the exposure potential from this pathway. For example a 2014 report prepared by the State of Washington [77] tested a limited number of children’s products for DEHP content. While we do not have results from earlier years, the Washington report stated that the frequency of detection and levels of detection for DEHP in most children’s products were not high, especially in comparison to the DEHP replacement chemical, DINP. For the category “baby accessories” (e.g., teethers, pacifiers, bottles, bibs) only 2 of 38 samples had detectable DEHP, with these concentrations both below 50 µg/g. Out of 18 “bath accessories” DEHP was detected in 5 samples, with one in particular, a bath book, having a relatively high content (1630 µg/g) but other bath books were non-detect and one rubber ducky was found to contain 58 µg/g. Children’s cosmetics had detections in 8 of 26 products with most at relatively low concentration; however, one of three lip gloss samples contained DEHP at 1030 µg/g. Children’s footwear contained DEHP in 5 of 12 samples with only one sample above 100 µg/g (ballet slippers at 336 µg/g). These results suggest that the routine use and mouthing of products intended for children can still lead to DEHP exposure but it will be sporadic, highly variable and typically not at high concentration. In contrast to children’s products, the packaging of items intended for children can have high concentrations of DEHP. The Washington report shows that the plastic packaging and shrink wrap that children’s cosmetics, art supplies, jewelry and toys can contain over 100,000 µg/g DEHP. While such packaging is meant to be discarded after the product is opened, it is possible that the packaging can be a source of DEHP exposure due to mouthing of the item while packaged or because the DEHP leaves the packaging and enters house dust. A 2012 study by an advocacy group in New York State found high levels of DEHP in children’s movie themed backpacks and lunch boxes, as well as in rain boots [78]. Thus, while DEHP sources in children’s products have decreased there may be opportunities to further reduce DEHP contact and mouthing exposures from products and from the packaging of products that are intended for use by children. Other household products may also be a source of children’s mouthing exposure although data on the levels of DEHP in mouthable household items (e.g., clothing, fabric, plastic pens, food packaging containers) are not available.





4.5. Risk Assessment Calculations


The exposure estimates provided in this manuscript are to assist with source apportionment, the goal of the current analysis. Such estimates need to be in common units across pathways so that comparisons can be made and the most important exposures identified. These exposures have been described in this analysis as the average dose on a given day of exposure without considering averaging over longer exposure periods, a distribution of exposure percentiles, or different time units as may be needed for risk assessment. Dose calculations in risk assessment are endpoint specific (cancer different than non-cancer). Cancer potency values are based upon a lifetime average daily dose: the animals in the cancer bioassay may have gotten less cancer if they were not dosed for their entire lifespan. The fact that the dosing in animal cancer bioassays doesn’t actually begin until the animals are weaned has led to the development of age dependent adjustment factors (ADAFs) that can account for this extra exposure period and early life vulnerability [20]. Thus, the calculation of exposure dose in children (e.g., breastfeeding infant, toddler) has to be considered within the context of what is the dose over the critical window of heightened cancer risk vulnerability (e.g., the first 2 years of life) so that the estimation of early life cancer risk (exposure dose * adult-based cancer slope factor * ADAF) can be separately calculated and added to the cancer risk from other life stages. For non-cancer endpoints, the assumption is that a chronic period of exposure is necessary to compare the exposure rate to the dose associated with chronic non-cancer risk, the reference dose (RfD). Since less than chronic periods of heightened exposure in early life (e.g., breastfeeding infant, toddler) do not match with the chronic period associated with the RfD, a time weight averaging calculation is often used to relate the exposure scenario back to the RfD. Further details on exposure calculations for risk assessment can be found in documentation provided by USEPA [19].





5. Summary and Conclusions


The case study presented for the phthalate plasticizer DEHP provides a 4 step methodology for understanding children’s sources of exposure to a ubiquitous environmental contaminant. DEHP is a good case study because it has sufficient environmental and biomonitoring data to enable comparison of the pathways-based and biomonitoring-based approaches to aggregate exposure assessment in pregnant women and children. A 5th step (calculations for risk assessment) is also described if one is conducting the exposure assessment as part of a DEHP risk assessment. The methodology and its application to DEHP are summarized as follows:



Prioritize exposure pathways and age groups for quantitative analysis: the DEHP analysis identified breastfeeding infants, 1–2 years old toddlers, and pregnant women as key life stages for exposure assessment. Pathways specific to each lifestage were identified for quantitative analysis. Other early life periods may also represent important windows of vulnerability or may be important to add into a cumulative exposure and risk assessment. However, for the purposes of the current case study, the selected age groups illustrate the range of exposure considerations and doses of DEHP for early life periods.



Estimate pathway-specific and aggregate exposure: Table 2 provides exposure estimates for a variety of exposure pathways for the life stages identified in Step 1. The aggregate exposure estimate is greatest for toddlers followed by breastfeeding infants and then pregnant women. The pathways of greatest potential exposure for toddlers are shown in Figure 2 and Table 2 as being diet, mouthing of objects and ingestion of house dust. The other pathways considered, inhalation of vapor phase DEHP, dermal uptake, and drinking water ingestion, were found to make minor contributions. The pathway breakdown for the other lifestages is shown in Table 2 with diet being the dominant pathway for pregnant women and mouthing of objects the dominant pathway for breastfeeding infants.



Compare the estimate of aggregate exposure from pathways analysis to dose estimates from biomonitoring studies: the urinary biomarkers for DEHP exposure have been assessed in a variety of studies with several of these studies converting the biomarker result to total aggregate DEHP intake. These biomonitoring-based estimates of total exposure have been compared to the pathways-based estimates in Table 2 for toddlers and pregnant women. In spite of very different methodologies and a variety of uncertainties in the two approaches, their estimate of total aggregate DEHP exposure was very similar. This provides a reasonable degree of confidence in the exposure estimates for these life stages. These aggregate doses are central tendency estimates; additional analysis would be needed to explore whether the pathways and biomonitoring-based approaches are in agreement for upper bound estimates of exposure, although there is no reason to suspect that they would not. Comparison across different quantitative approaches was not possible for breastfeeding infants due to lack of data.



Determine which are the quantitatively most significant exposure pathways and explore which sources of chemical are important to these pathways: the source apportionment focused upon diet, mouthing of objects and house dust as the most important exposure pathways to early life stages. Source apportionment for these pathways is summarized as follows:



I. Dietary sources are widely varied and require further market basket sampling to evaluate trends and food category contributions to total intake. The suggestion from available data is that DEHP exposure is broadly distributed in the diet with a combination of factors (lipid content of food, processing and packaging of the food) having some influence on DEHP content. No clear consumer strategy for reducing DEHP exposure is evident although further analysis of fresh prepared vs. processed/packaged foods may provide a better indication of the importance of these factors [44].



II. Mouthing of objects, both those intended for children’s use as well as general household objects, can be ongoing sources of early life exposure. In particular, product packaging can have high concentrations of DEHP and can thus be a source of mouthing exposure. High DEHP content is also possible in children’s backpacks and lunch containers. These sources may represent opportunities for reformulating consumer items to decrease children’s contact with DEHP.



III. House dust sources are highly varied and appear to include the products and packaging described above as well as general household items which contain DEHP such as vinyl flooring, wall treatments and consumer items such as shower curtains, tablecloths and plastic Christmas trees. Additional data are needed in these source categories to better determine the most quantitatively important sources. Models developed for DEHP release from flooring need to be adapted to other products to understand the relative importance of different source categories. A simple measure to minimize house dust ingestion exposure is public education surrounding the importance of frequent cleaning of floors and high contact surfaces in homes and day care centers.



The result of this methodology for DEHP is the identification of key pathways of exposure along with opportunities for lowering exposure in early life. It has also identified important data gaps and research needs to improve our understanding of the sources of DEHP exposure to pregnant women and children. When needed this approach can be refined using additional life stages [50] and different percentiles of the exposure distribution to explore the variability in exposure and its implications for risk assessment.



This manuscript focused its case study on a well-studied chemical that has a substantial environmental sampling and biomonitoring database. For less well studied chemicals the approach described above can be used to highlight the data that are available and provide exposure estimates and source apportionment to the extent possible. The approach would also be used to identify critical data gaps that prevent a more comprehensive or higher confidence assessment. It may be possible to make a preliminary determination as to whether children’s exposures are likely to be disproportionate due to the chemical’s presence in breast milk, house dust, foods eaten at higher rate by children, or in consumer products designed for children. Such evidence would further emphasize the need for research into children’s exposure pathways and aggregate exposure to that chemical.







Acknowledgments


This work was performed under a contract between the USEPA, Office of Children’s Health Protection and the Partnership in Pediatric and Environmental Health. The authors thank Michael Firestone for his review of the draft manuscript. This paper does not necessarily reflect the views and policies of the USEPA.




Author Contributions


Gary Ginsberg and Justine Ginsberg outlined the initial concepts, conducted literature searches and drafted sections of the manuscript. Brenda Foos shaped the focus of the review and case study, provided valuable insights, identified key citations and contributed to the writing and editing of the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Birnbaum, L.S.; Cohen Hubal, E.A. Polybrominated diphenyl ethers: A case study for using biomonitoring data to address risk assessment questions. Environ. Health Perspect. 2006, 114, 1770–1775. [Google Scholar] [CrossRef] [PubMed]

	



Ginsberg, G.; Hattis, D.; Sonawane, B. Incorporating pharmacokinetic differences between children and adults in assessing children’s risks to environmental toxicants. Toxicol. Appl. Pharmacol. 2004, 198, 164–83. [Google Scholar] [CrossRef] [PubMed]

	



Faustman, E.M.; Silbernagel, S.M.; Fenske, R.A.; Burbacher, T.M.; Ponce, R.A. Mechanisms underlying Children’s susceptibility to environmental toxicants. Environ. Health Perspect. 2000, 108, 13–21. [Google Scholar] [CrossRef] [PubMed]

	



Moya, J.; Bearer, C.F.; Etzel, R.A. Children’s behavior and physiology and how it affects exposure to environmental contaminants. Pediatrics 2004, 113, 996–1006. [Google Scholar] [PubMed]

	



Brown, M.; Foos, B. Assessing children’s exposures and risks to drinking water contaminants: A manganese case study. Hum. Ecol. Risk Assess 2009, 15, 923–947. [Google Scholar] [CrossRef]

	



Hartmann, C.; Uhl, M.; Weiss, S.; Koch, H.M.; Scharf, S.; König, J. Human biomonitoring of phthalate exposure in Austrian children and adults and cumulative risk assessment. Int. J. Hyg. Environ. Health 2015, 218, 489–499. [Google Scholar] [CrossRef] [PubMed]

	



Bekö, G.; Weschler, C.J.; Langer, S.; Callesen, M.; Toftum, J.; Clausen, G. Children’s phthalate intakes and resultant cumulative exposures estimated from urine compared with estimates from dust ingestion, inhalation and dermal absorption in their homes and daycare centers. PLoS ONE 2013, 8, e62442. [Google Scholar]

	



Bonvallot, N.; Mandin, C.; Mercier, F.; Le Bot, B.; Glorennec, P. Health ranking of ingested semi-volatile organic compounds in house dust: An application to France. Indoor Air 2010, 20, 458–472. [Google Scholar] [CrossRef] [PubMed]

	



Gaspar, F.W.; Castorina, R.; Maddalena, R.L.; Nishioka, M.G.; McKone, T.E.; Bradman, A. Phthalate exposure and risk assessment in California child care facilities. Environ. Sci. Technol. 2014, 48, 7593–7601. [Google Scholar] [CrossRef] [PubMed]

	



Consumer Product Safety Commission. Toxicity Review of Diethylhexylphthalate, 2010. Available online: https://www.cpsc.gov/PageFiles/126533/toxicityDEHP.pdf (accessed on 20 March 2016).

	



Sioen, I.; Fierens, T.; Van Holderbeke, M.; Geerts, L.; Bellemans, M.; De Maeyer, M.; Servaes, K.; Vanermen, G.; Boon, P.E.; De Henauw, S. Phthalates dietary exposure and food sources for Belgian preschool children and adults. Environ. Int. 2012, 48, 102–108. [Google Scholar] [CrossRef] [PubMed]

	



Swan, S.H.; Sathyanarayana, S.; Barrett, E.S.; Janssen, S.; Liu, F.; Nguyen, R.H.; Redmon, J.B. TIDES Study Team. First trimester phthalate exposure and anogenital distance in newborns. Hum. Reprod. 2015, 30, 963–972. [Google Scholar] [CrossRef] [PubMed]

	



National Research Council. Phthalates and Cumulative Risk: The Task Ahead; National Academy Press: Washington, DC, USA, 2008. [Google Scholar]

	



Martinez-Arguelles, D.B.; Campioli, E.; Culty, M.; Zirkin, B.R.; Papadopoulos, V. Fetal origin of endocrine dysfunction in the adult: The phthalate model. J. Steroid. Biochem. Mol. Biol. 2013, 137, 5–17. [Google Scholar] [CrossRef] [PubMed]

	



Braun, J.M.; Sathyanarayana, S.; Hauser, R. Phthalate exposure and children’s health. Curr. Opin. Pediatr. 2013, 25, 247–254. [Google Scholar] [CrossRef] [PubMed]

	



Lioy, P.; Hauser, R.; Gennings, C.; Koch, H.M.; Mirkes, P.E.; Schwetz, B.A.; Kortenkamp, A. Assessment of phthalates/phthalate alternatives in children’s toys and childcare articles: Review of the report including conclusions and recommendation of the Chronic Hazard Advisory Panel of the Consumer Product Safety Commission. J. Exp. Sci. Environ. Epidemiol. 2015, 25, 343–353. [Google Scholar] [CrossRef] [PubMed]

	



United States Environmental Protection Agency (USEPA). Risk Assessment Guidance for Superfund Volume 1 Human Health Evaluation Manual (Part A); USEPA: Atlanta, GA, USA, 1989.

	



United States Environmental Protection Agency (USEPA). Exposure Factors Handbook, 2011. Available online: https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=236252 (accessed on 23 March 2016).

	



United States Environmental Protection Agency (USEPA). A Review of the Reference Dose and Reference Concentration Processes; USEPA: Atlanta, GA, USA, 2002.

	



Barton, H.A.; Cogliano, V.J.; Flowers, L.; Valcovic, L.; Setzer, R.W.; Woodruff, T.J. Assessing susceptibility from early-life exposure to carcinogens. Environ. Health Perspect. 2005, 113, 1125–1133. [Google Scholar] [CrossRef] [PubMed]

	



National Academy Press. Environmental Epidemiology. In Use of the Gray Literature and Other Data in Environmental Epidemiology; National Academy Press: Washington, DC, USA, 1997; Volume 2, pp. 154–163. [Google Scholar]

	



Lanphear, B.P.; Dietrich, K.N.; Berger, O. Prevention of lead toxicity in US children. Ambul. Pediatr. 2003, 3, 27–36. [Google Scholar] [CrossRef]

	



Maine Department of Environmental Protection. Chemicals of Concern, 2012. Available online: http://www.maine.gov/dep/safechem/highconcern/ (accessed on 20 March 2016).

	



Washington Department of Ecology. Children’s Safe Products Act, 2013. Available online: http://www.ecy.wa.gov/programs/hwtr/RTT/cspa/chcc.html (accessed on 20 March 2016).

	



Vermont Department of Health. Chemical Disclosure Program for Children’s Products, 2015. Available online: http://healthvermont.gov/enviro/chemical/cdp.aspx (accessed on 20 March 2016).

	



California Department of Toxic Substances Control. Safer Consumer Products, 2008. Available online: https://dtsc.ca.gov/SCP/index.cfm (accessed on 20 March 2016).

	



United States Environmental Protection Agency (USEPA). A Framework for Assessing Health Risks from Environmental Exposures in Children; USEPA: Atlanta, GA, USA, 2006.

	



United States Environmental Protection Agency (USEPA). Guidelines for Human Exposure Assessment, Janurary 2016 Draft. Available online: https://www.epa.gov/osa/guidelines-human-exposure-assessment (accessed on 15 April 2016).

	



Kroschwitz, J.I. Kirk-Othmer Encyclopedia of Chemical Technology, 4th ed.; John Wiley and Sons: New York, NY, USA, 1998. [Google Scholar]

	



European Union. Risk Assessment Report on DEHP, 2008. Available online: http://www.plasticisers.org/uploads/Risk%20assessments/DEHP%20RA%20report%20full.pdf (accessed on 20 March 2016).

	



California Office of Environmenal Health Hazard Assessment. Tocological Profile for DEHP, 2009. Available online: http://www.opc.ca.gov/webmaster/ftp/project_pages/MarineDebris_OEHHA_ToxProfiles/DEHP%20Final.pdf (accessed on 21 April 2016).

	



Verstraete, S.; Vanhorebeek, I.; Covaci, A.; Güiza, F.; Malarvannan, G.; Jorens, P.G.; Van den Berghe, G. Circulating phthalates during critical illness in children are associated with long-term attention deficit: A study of a development and a validation cohort. Intensive Care Med. 2016, 42, 379–392. [Google Scholar] [CrossRef] [PubMed]

	



US Food and Drug Administration. Public Health Notification—PVC Devices Containing DEHP, 2009. Available online: http://www.fda.gov/MedicalDevices/Safety/AlertsandNotices/PublicHealthNotifications/ucm062182.htm (accessed on 20 March 2016).

	



Mallow, E.B.; Fox, M.A. Phthalates and critically ill neonates: Device-related exposures and non-endocrine toxic risks. J. Perinatol. 2014, 34, 892–897. [Google Scholar] [CrossRef] [PubMed]

	



Weuve, J.; Sánchez, B.N.; Calafat, A.M.; Schettler, T.; Green, R.A.; Hu, H.; Hauser, R. Exposure to phthalates in neonatal intensive care unit infants: Urinary concentrations of monoesters and oxidative metabolites. Environ. Health Perspect. 2006, 114, 1424–1431. [Google Scholar] [CrossRef] [PubMed]

	



Zota, A.R.; Calafat, A.M.; Woodruff, T.J. Temporal trends in phthalate exposures: Findings from the National Health and Nutrition Examination Survey, 2001–2010. Environ. Health Perspect. 2014, 122, 235–241. [Google Scholar] [CrossRef] [PubMed]

	



Aylward, L.L.; Kirman, C.R.; Schoeny, R.; Portier, C.J.; Hays, S.M. Evaluation of biomonitoring data from the CDC National Exposure Report in a risk assessment context: Perspectives across chemicals. Environ. Health Perspect. 2013, 121, 287–294. [Google Scholar] [CrossRef] [PubMed]

	



United States Environmental Protection Agency (USEPA). TSCA Workplan for Chemical Assessments: 2014 Update. Available online: https://www.epa.gov/sites/production/files/2015-01/documents/tsca_work_plan_chemicals_2014_update-final.pdf (accessed on 15 April 2016).

	



Consumer Product Safety Commission. Prohibition on Sale of Certain Products Containing Specified Phthalates. Available online: https://www.law.cornell.edu/uscode/text/15/2057c (accessed on 21 March 2016).

	



Xu, Y.; Hubal, E.A.; Clausen, P.A.; Little, J.C. Predicting residential exposure to phthalate plasticizer emitted from vinyl flooring: A mechanistic analysis. Environ. Sci. Technol. 2009, 43, 2374–2380. [Google Scholar] [CrossRef] [PubMed]

	



Fromme, H.; Gruber, L.; Seckin, E.; Raab, U.; Zimmermann, S.; Kiranoglu, M.; Schlummer, M.; Schwegler, U.; Smolic, S.; Völkel, W.; et al. Phthalates and their metabolites in breast milk—Results from the Bavarian Monitoring of Breast Milk (BAMBI). Environ. Int. 2011, 37, 715–722. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.; Lee, J.; Park, J.; Kim, H.J.; Cho, G.; Kim, G.H.; Eun, S.H.; Lee, J.J.; Choi, G.; Suh, E.; et al. Concentrations of phthalate metabolites in breast milk in Korea: Estimating exposure to phthalates and potential risks among breast-fed infants. Sci. Total Environ. 2015, 508, 13–19. [Google Scholar] [CrossRef] [PubMed]

	



Hines, E.P.; Calafat, A.M.; Silva, M.J.; Mendola, P.; Fenton, S.E. Concentrations of phthalate metabolites in milk, urine, saliva, and Serum of lactating North Carolina women. Environ. Health Perspect. 2009, 117, 86–92. [Google Scholar] [CrossRef] [PubMed]

	



Rudel, R.A.; Gray, J.M.; Engel, C.L.; Rawsthorne, T.W.; Dodson, R.E.; Ackerman, J.M.; Rizzo, J.; Nudelman, J.L.; Brody, J.G. Food packaging and bisphenol A and bis(2-ethyhexyl) phthalate exposure: Findings from a dietary intervention. Environ. Health Perspect. 2011, 119, 914–920. [Google Scholar] [CrossRef] [PubMed]

	



Santana, J.; Giraudi, C.; Marengo, E.; Robotti, E.; Pires, S.; Nunes, I.; Gaspar, E.M. Preliminary toxicological assessment of phthalate esters from drinking water consumed in Portugal. Environ. Sci. Pollut. Res. Int. 2014, 21, 1380–1390. [Google Scholar] [CrossRef] [PubMed]

	



Félix-Cañedo, T.E.; Durán-Álvarez, J.C.; Jiménez-Cisneros, B. The occurrence and distribution of a group of organic micropollutants in Mexico City’s water sources. Sci. Total Environ. 2013, 454, 109–118. [Google Scholar] [CrossRef] [PubMed]

	



Keresztes, S.; Tatár, E.; Czégény, Z.; Záray, G.; Mihucz, V.G. Study on the leaching of phthalates from polyethylene terephthalate bottles into mineral water. Sci. Total Environ. 2013, 458–460, 451–458. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



United States Environmental Protection Agency (USEPA). Six Year Review 2 Contaminant Occurrence Data (1998–2005). Available online: https://www.epa.gov/dwsixyearreview/six-year-review-2-contaminant-occurrence-data-1998-2005 (accessed on 15 April 2016).

	



Johns, L.E.; Cooper, G.S.; Galizia, A.; Meeker, J.D. Exposure assessment issues in epidemiology studies of phthalates. Environ. Int. 2015, 85, 27–39. [Google Scholar] [CrossRef] [PubMed]

	



Centers for Disease Control. National Report on Human Exposure to Environmental Chemicals: 2015 Updated Tables. Available online: http://www.cdc.gov/exposurereport/ (accessed on 28 March 2016).

	



United States Environmental Protection Agency (USEPA). Guidance on Selecting Age Groups for Monitoring and Assessing Childhood Exposures to Environmental Contaminants. Available online: https://www.epa.gov/sites/production/files/2013-09/documents/agegroups.pdf (accessed on 22 March 2016).

	



Foster, P.M. Disruption of reproductive development in male rat offspring following in utero exposure to phthalate esters. Int. J. Androl. 2006, 29, 140–147. [Google Scholar] [CrossRef] [PubMed]

	



Meltzer, D.; Martinez-Arguelles, D.B.; Campioli, E.; Lee, S.; Papadopoulos, V. In utero exposure to the endocrine disruptor di(2-ethylhexyl) phthalate targets ovarian theca cells and steroidogenesis in the adult female rat. Reprod. Toxicol. 2015, 51, 47–56. [Google Scholar] [CrossRef] [PubMed]

	



Lien, Y.J.; Ku, H.Y.; Su, P.H.; Chen, S.J.; Chen, H.Y.; Liao, P.C.; Chen, W.J.; Wang, S.L. Prenatal exposure to phthalate esters and behavioral syndromes in children at 8 years of age: Taiwan Maternal and Infant Cohort Study. Environ. Health Perspect. 2015, 123, 95–100. [Google Scholar] [CrossRef] [PubMed]

	



Tonk, E.C.; Verhoef, A.; Gremmer, E.R.; van Loveren, H.; Piersma, A.H. Relative sensitivity of developmental and immune parameters in juvenile versus adult male rats after exposure to di(2-ethylhexyl) phthalate. Toxicol. Appl. Pharmacol. 2012, 260, 48–57. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Liu, J.C.; Lai, F.N.; Liu, H.Q.; Zhang, X.F.; Dyce, P.W.; Shen, W.; Chen, H. Di (2-ethylhexyl) Phthalate Exposure Impairs Growth of Antral Follicle in Mice. PLoS ONE 2016, 11, e0148350. [Google Scholar] [CrossRef] [PubMed]

	



Choi, K.; Joo, H.; Campbell, J.L., Jr.; Clewell, R.A.; Andersen, M.E.; Clewell, H.J. In vitro metabolism of di(2-ethylhexyl) phthalate (DEHP) by various tissues and cytochrome P450s of human and rat. Toxicol. In Vitro 2012, 26, 15–22. [Google Scholar] [CrossRef] [PubMed]

	



Koukouritaki, S.B.; Manro, J.R.; Marsh, S.A.; Stevens, J.C.; Rettie, A.E.; McCarver, D.G.; Hines, R.N. Developmental expression of human hepatic CYP2C9 and CYP2C19. J. Pharmacol. Exp. Ther. 2004, 308, 965–974. [Google Scholar] [CrossRef] [PubMed]

	



Coughtrie, M.W. Ontogeny of Human Conjugating Enzymes. Drug Metab. Lett. 2015, 9, 99–108. [Google Scholar] [CrossRef] [PubMed]

	



Welsh, M.; Suzuki, H.; Yamada, G. The masculinization programming window. Endocr. Dev. 2014, 27, 17–27. [Google Scholar] [PubMed]

	



Sakhi, A.K.; Lillegaard, I.T.; Voorspoels, S.; Carlsen, M.H.; Løken, E.B.; Brantsæter, A.L.; Haugen, M.; Meltzer, H.M.; Thomsen, C. Concentrations of phthalates and bisphenol A in Norwegian foods and beverages and estimated dietary exposure in adults. Environ. Int. 2014, 73, 259–269. [Google Scholar] [CrossRef] [PubMed]

	



Rudel, R.A.; Camann, D.E.; Spengler, J.D.; Korn, L.R.; Brody, J.G. Phthalates, alkylphenols, pesticides, polybrominated diphenyl ethers, and other endocrine-disrupting compounds in indoor air and dust. Environ. Sci. Technol. 2003, 37, 4543–4553. [Google Scholar] [CrossRef] [PubMed]

	



Fromme, H.; Lahrz, T.; Piloty, M.; Gebhart, H.; Oddoy, A.; Rüden, H. Occurrence of phthalates and musk fragrances in indoor air and dust from apartments and kindergartens in Berlin (Germany). Indoor Air 2004, 14, 188–195. [Google Scholar] [CrossRef] [PubMed]

	



Van Holderbeke, M.; Geerts, L.; Vanermen, G.; Servaes, K.; Sioen, I.; De Henauw, S.; Fierens, T. Determination of contamination pathways of phthalates in food products sold on the Belgian market. Environ. Res. 2014, 134, 345–352. [Google Scholar] [CrossRef] [PubMed]

	



Lin, S.; Ku, H.Y.; Su, P.H.; Chen, J.W.; Huang, P.C.; Angerer, J.; Wang, S.L. Phthalate exposure in pregnant women and their children in central Taiwan. Chemosphere 2011, 82, 947–955. [Google Scholar] [CrossRef] [PubMed]

	



Dewalque, L.; Charlier, C.; Pirard, C. Estimated daily intake and cumulative risk assessment of phthalate diesters in a Belgian general population. Toxicol. Lett. 2014, 231, 161–168. [Google Scholar] [CrossRef] [PubMed]

	



Becker, K.; Seiwert, M.; Angerer, J.; Heger, W.; Koch, H.M.; Nagorka, R.; Rosskamp, E.; Schlüter, C.; Seifert, B.; Ullrich, D. DEHP metabolites in urine of children and DEHP in house dust. Int. J. Hyg. Environ. Health 2004, 207, 409–417. [Google Scholar] [CrossRef] [PubMed]

	



Ginsberg, G.; Toal, B.; Belleggia, G. Monte carlo analysis of children’s risks from chemicals in house dust: Focus on phthalates and flame retardants. In Proceedings of the Society of Toxicology Meeting, New Orleans, LA, USA, 13–17 March 2016.

	



Vandermarken, T.; De Galan, S.; Croes, K.; Van Langenhove, K.; Vercammen, J.; Sanctorum, H.; Denison, M.S.; Goeyens, L.; Elskens, M.; Baeyens, W. Characterisation and implementation of the ERE-CALUX bioassay on indoor dust samples of kindergartens to assess estrogenic potencies. J. Steroid Biochem. Mol. Biol. 2016, 155, 182–189. [Google Scholar] [CrossRef] [PubMed]

	



Heiland, A.; Heinemeyer, G.; Sommerfeld, C. Estimating and Evaluating the Total Exposure of German Children to di(2-ethylhexyl) phthalate (DEHP) and Di-isononyl phthalate (DINP). Int. Soc. Environ. Epidem 2013, 9, 5064. [Google Scholar]

	



Babich, M.A.; Chen, S.B.; Greene, M.A.; Kiss, C.T.; Porter, W.K.; Smith, T.P.; Wind, M.L.; Zamula, W.W. Risk assessment of oral exposure to diisononyl phthalate from children’s products. Regul. Toxicol. Pharmacol. 2004, 40, 151–167. [Google Scholar] [CrossRef] [PubMed]

	



Koch, H.M.; Lorber, M.; Christensen, K.L.; Pälmke, C.; Koslitz, S.; Brüning, T. Identifying sources of phthalate exposure with human biomonitoring: Results of a 48 h fasting study with urine collection and personal activity patterns. Int. J. Hyg. Environ. Health 2013, 216, 672–681. [Google Scholar] [CrossRef] [PubMed]

	



Moya, J.; Phillips, L.; Sanford, A.; Wooton, M.; Gregg, A.; Shuda, A. A review of physiological and behavioral changes during pregnancy and lactation: Potential exposure factors and data gaps. J. Expo. Sci. Environ. Epidemiol. 2014, 24, 449–458. [Google Scholar] [CrossRef] [PubMed]

	



Koch, H.M.; Drexler, H.; Angerer, J. An estimation of the daily intake of di(2-ethylhexyl)phthalate (DEHP) and other phthalates in the general population. Int. J. Hyg. Environ. Health 2003, 206, 77–83. [Google Scholar] [CrossRef] [PubMed]

	



Sharman, M.; Read, W.A.; Castle, L.; Gilbert, J. Levels of di-(2-ethylhexyl)phthalate and total phthalate esters in milk, cream, butter and cheese. Food Addit. Contam. 1994, 11, 375–385. [Google Scholar] [CrossRef] [PubMed]

	



Fierens, T.; Van Holderbeke, M.; Willems, H.; De Henauw, S.; Sioen, I. Transfer of eight phthalates through the milk chain—A case study. Environ. Int. 2013, 51, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



State of Washingtion, Department of Ecology. Phthalates in Children’s Products and Consumer and Children’s Packaging. Available online: https://fortress.wa.gov/ecy/publications/documents/1404017.pdf (accessed on 27 March 2016).

	



Center for Health, Environment and Justice. Hidden Hazards: Toxic Chemicals inside Children’s Vinyl Back-to-School Supplies, 2012. Available online: http://chej.org/wp-content/uploads/HiddenHazardsReportFINAL.pdf (accessed on 27 March 2016).








[image: Ijerph 13 00670 g001 1024] 





Figure 1. Temporal Trend in MEHP Urinary Concentrations in Children and Adults. Data from CDC Biomontoring Report [50]. 
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Figure 2. DEHP Exposure Pathways in Toddlers Based Upon Central Estimates of Daily Exposure. Unit: ug/kg/d. Numbers are estimates of dose for each pathway. 
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Table 1. Dietary Exposure Estimates for diethylhexylphthalate (DEHP) from Various Studies.
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Study

	
Population

	
Foods Considered

	
Estimation Method

	
Exposure Estimate (ug/kg/d)






	
Sioen et al. 2012 [11]

	
Preschool children in Belgium

	
Market basket survey of DEHP content of 550 food items

	
DEHP content × ingestion rate of food

	
P50: 3.7

P99 (worst case a): 37




	
Beko et al. 2013 [7]

	
3–6 years old German children

	
No dietary analysis

	
total intake from urinary biomarker—indoor pathways

	
Average: 6.8




	
Rudel et al. 2011 [44]

	
5 San Francisco families, 20 individuals, broad age range

	
Dietary intervention for 3 days, avoiding packaged foods

	
Drop in urinary biomarker during intervention converted to intake dose

	
3.0




	
Sioen et al. 2012 [11]

	
Adults in Belgium

	
Market basket survey of DEHP content of 550 food items

	
DEHP content × ingestion rate of food

	
P50: 1.5

P99 (worst case a): 19




	
CPSC 2010 [10]

	
6 month to 4 years old children

	
Canadian market basket survey of 98 foods, Chan and Meek 1994

	
DEHP content × ingestion rate of food

	
5.0




	
CPSC 2010 [10]

	
Adults

	
7 day sampling of diet from 50 adult Germans

	
DEHP content of food × ingestion rate of food

	
3.95




	
Sakhi et al. 2014 [61]

	
Adults

	
Norwegian market basket survey of 10 food categories

	
DEHP content of food × ingestion rate of food

	
Average: 0.4

95th %: 0.8








a DEHP concentration was maximum detect for each food item.
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Table 2. Summary of DEHP Exposure Estimates (µg/kg/d) Across Pathways in Comparison to Biomonitoring-Based Exposure Estimates a.
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Exposure Pathway

	
Pregnancy

	
Breastfeeding

	
Toddler






	
Diet

	
1.5

	
Not applicable

	
5.0




	
Breastfeeding

	
Not applicable

	
0.9

	
Not applicable




	
Inhalation indoor air

	
<0.1

	
0.1

	
0.1




	
Dermal indoor air

	
<0.1

	
0.25

	
0.25




	
House dust ingestion

	
0.16

	
Not applicable

	
2.6




	
Mouthing objects

	
Not applicable

	
3.9

	
3.9




	
Drinking water

	
<0.1

	
Not applicable

	
0.13




	
Pathways Total

	
1.7

	
5.15

	
12.0




	
Biomarker-based Estimates of Total DEHP Exposure

	
50th % = 1.43 e

Max = 17.5 e

	
Not available

	
7.4 b

8.1 c

2.8 d








a All data are central tendency estimates (means, medians) rather than upper percentiles. See text for derivation and sources of estimates for pathways approach; b Estimate is for a slightly older age group, 3–6 years old, Beko et al. 2013 [7]; c Estimate for 30 children in Taiwan, 2–3 years of age, samples from 2002 to 2003, Lin et al. 2011 [65]; d Estimate for 19 children in USA, age range 12 to 18 months, sampled in 2000, based upon calculations provided in Beko et al. 2013 [7]. e Estimate from urinary metabolites in 209 adults of both genders in Belgium, Dewalque et al. 2014 [66].
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