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Abstract

Background—Humans are exposed to persistent organic pollutants (POPs) through various 

routes, including consumption of contaminated food and accidental ingestion of settled dust.

Objectives—We aimed to identify key routes of exposure to organochlorine pesticides, 

polychlorinated biphenyls (PCBs), and polybrominated diphenyl ethers (PBDEs) in California 

women of reproductive age.

Methods—Blood was collected from 48 mothers participating in the California Childhood 

Leukemia Study from 2006–2007 and analyzed for POPs using gas chromatography-mass 

spectrometry. Multivariable linear regression models of natural-log transformed serum 

concentrations were used to identify determinants of exposure from available questionnaire 

information on dietary habits, reproductive history, and demographic characteristics, as well as 

vacuum cleaner dust-POP levels.

Results—After adjusting for blood lipid levels, age, body mass index, cumulative lactation, and 

sampling date, serum concentrations of multiple major PCBs were positively associated with fish 

consumption, but not dust-PCB levels. After adjusting for blood lipid levels, Hispanic ethnicity, 
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country of origin, and household annual income, serum concentrations of multiple major PBDEs 

were positively associated with dust-PBDE levels.

Conclusions—Our findings suggest that the relative contribution of specific exposure routes to 

total POP intake varies by chemical class, with dust being a relatively important source of PBDEs 

and diet being a relatively important source of PCBs.
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1. INTRODUCTION

Persistent organic pollutants (POPs) are stable and widespread in the environment, they 

accumulate in fatty tissue of biota, and they are toxic to humans and wildlife. Three 

important classes of POPs are organochlorine (OC) pesticides, polychlorinated biphenyls 

(PCBs), and polybrominated diphenyl ethers (PBDEs). Chemicals from each of these classes 

were produced globally in large volumes, but the time period of peak production varied by 

chemical. For example, DDT [i.e., p-p’-1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane)] has 

been used extensively to control insects on agricultural crops and to control insect-borne 

diseases, with perhaps as much as four million metric tons produced worldwide since 1945; 

however, DDT use peaked circa 1970 and all uses of DDT in the U.S. have been banned 

since 1973 (Li and Macdonald 2005). Likewise, as components of electrical, heat transfer, 

and hydraulic equipment, PCBs had a similar production history to DDT, with over 1 

million metric tons produced worldwide since 1929 and peak production in 1970, followed 

shortly thereafter by a ban of U.S. production and distribution (Breivik, et al. 2004). At the 

same time that DDT and PCBs were being phased out, PBDEs began to be used as chemical 

flame retardants to treat plastics and textiles in consumer products, and an estimated global 

market demand of 67,000 metric tons in 1999 suggests that peak PBDE production was on 

the same order of magnitude as peak PCB production (Breivik, et al. 2004). In the U.S., the 

manufacture and import of the commercial mixtures, Penta-BDE (composed primarily of 

BDEs 47, 99, 100, 153, and 154) and Octa-BDE (composed primarily of BDEs 153, 183, 

196, 197, and 207) were phased out, as of January 1, 2005, and the Deca-BDE mixture 

(composed primarily of BDE-209) was subsequently phased out, as of December 31, 2013 

(U.S. EPA 2014).

Adults are exposed to POPs through various routes, including consumption of contaminated 

food, accidental ingestion of settled dust, dermal contact with settled dust, and inhalation of 

contaminated air. The relative contribution of each exposure route to total POP intake may 

vary by chemical class and by chemicals within the same class. For example, because 

consumer goods that have been treated with PBDEs can still be found readily in U.S. homes 

(Stapleton, et al. 2012b), PBDE levels in settled dust remain high [e.g., median 

concentrations > 1 ppm for BDEs 47, 99, and 209 in 2010 (Whitehead, et al. 2013)]. 

Accordingly, it has been suggested that dust ingestion is a major route of exposure to 

PBDEs for U.S. adults (Lorber 2008) and positive relationships have been observed between 

levels of PBDEs in dust and levels of PBDEs in matched samples of serum (Johnson, et al. 
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2010; Watkins, et al. 2012) and milk (Wu, et al. 2007) in U.S. adults. However, due to small 

sample sizes [i.e., N = 12 (Johnson, et al. 2010; Wu, et al. 2007) and 31 (Watkins, et al. 

2012)], these previous studies had limited capacity to use multivariable regression to adjust 

for other factors, such as diet, that may influence serum PBDE concentrations. As such, the 

true role of dust ingestion in adults’ exposure to PBDEs remains a topic of interest.

In contrast, dust ingestion is hypothesized to be a relatively minor contributor to total PCB 

intake for U.S. adults compared to inhalation or diet (Harrad, et al. 2009). All PCB-

containing consumer products in the U.S. are at least 35 years old and their presence in U.S. 

homes is increasingly rare; as a result, PCB levels in settled dust are relatively low 

compared to PBDE levels [e.g., median concentrations < 5 ppb for PCBs 138 and 153 in 

2010 (Whitehead, et al. 2014)]. However, one study of 20 Wisconsin households did 

observe a relationship between dust-PCB concentrations and serum-PCB concentrations, 

after adjusting for fish consumption (Knobeloch, et al. 2012). To our knowledge, no other 

previous studies have evaluated the relationship between PCB levels in matched dust and 

biological samples in U.S. adults.

Given that women exposed to POPs may experience various adverse reproductive effects, 

including decreased birth weight (Govarts, et al. 2012; Harley, et al. 2011), increased time to 

pregnancy (Chevrier, et al. 2013; Harley, et al. 2010), increased risk of spontaneous abortion 

(Korrick, et al. 2001), and increased risk of leukemia (Bailey, et al. 2014) and other cancers 

(Infante-Rivard and Weichenthal 2007; Vinson, et al. 2011) in their offspring, we sought to 

identify key routes of exposure to OC pesticides, PCBs, and PBDEs in California mothers of 

reproductive age participating in the California Childhood Leukemia Study.

2. MATERIAL AND METHODS

2.1. Study population

The California Childhood Leukemia Study (CCLS) is a case–control study of childhood 

leukemia conducted in the San Francisco Bay area and California Central Valley that seeks 

to identify genetic and environmental risk factors for childhood leukemia. Cases 0–14 years 

of age were ascertained from pediatric clinical centers; controls, matched to cases on date of 

birth, sex, Hispanic ethnicity, and mother’s race were selected from the California birth 

registry. We have employed several strategies to characterize the children’s exposure to 

chemicals, including the measurement of POPs in serum collected from the children’s 

mothers and in dust samples collected from the children’s homes. Mothers of case and 

control participants who were initially interviewed from 2005–2007 were eligible for blood 

collection if the participating child was 0–7 years old. Households of case and control 

participants who were enrolled in the study from December 1999 through November 2007 

were eligible for dust collection if the participating child was 0–7 years old and living in the 

same home occupied at the time of diagnosis (or a similar reference date for controls). 

Among 112 mothers who provided a blood sample and had a vacuum-bag-dust sample 

analyzed for PBDEs, we selected a group of 50 mothers for POP analysis. Because we 

previously observed that Hispanic families, families with annual income below $75,000, and 

families residing in the Sacramento Valley and Sierra Mountains had higher PBDE-dust 

concentrations compared to other CCLS families (Whitehead, et al. 2013), we prioritized 
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samples from these groups for POP analysis. Of the 50 blood samples analyzed for POPs, 

two did not pass quality control and were excluded from further analyses. Figure S1 (see 

Supplementary Materials) shows a complete flow diagram of the 48 mothers comprising the 

study population.

2.2 POPs analysis in serum

Blood samples were collected from the mothers at their homes from January 2006 through 

October 2007 by a physician’s assistant. Blood samples were collected in red-top vacutainer 

tubes without anticoagulant, shipped or hand delivered on ice packs for receipt at the 

laboratory no more than one day after collection, centrifuged, and the separated serum was 

stored at −20°C or colder prior to analysis.

The serum sample preparation protocol (see, Supplementary Materials Figure S2 and Table 

S1) was adapted from Sjodin et al. (Sjodin, et al. 2004b). After thawing, 1-mL serum 

samples were diluted to 2 mL with HPLC-grade water, spiked with internal standards 

(Tetrachloro-m-xylene, PCB-14, PCB-65, PCB-165, and BDE-139), denatured with formic 

acid, and extracted via an automated sample extraction system (RapidTrace, Biotage; 

Uppsala Sweden) that used a 540-mg Oasis HLB solid phase extraction cartridge (Waters 

Corp.; Milford, MA) and 12 mL of 1:1 hexane:methylene chloride for elution. After 

extraction, samples were concentrated to 1 mL using an automated nitrogen evaporation 

system (TurboVap LV, Biotage; Uppsala, Sweden). Subsequently, concentrated extracts 

were cleaned using manually packed acid-silica chromatography columns, followed by a 

further concentration to 80 µL, and a solvent exchange into isooctane. Finally, 13C12-labeled 

PCB-209 was added as an injection standard.

Samples (1-µL injections) were analyzed for 17 PCBs (PCBs 28, 66, 74, 99, 101, 105, 118, 

138, 153, 156, 167, 170, 180, 183, 187, 194, 203), 5 PBDEs (BDEs 47, 99, 100, 153, 154, 

major components of the Penta-BDE commercial mixture), and 7 OC pesticides or 

metabolites thereof, including β-hexachlorocyclohexane (β-HCH, the major metabolite of 

the insecticide HCH), o,p'-DDT (a minor component of the insecticide DDT), p,p'-DDT (the 

major component of DDT), p,p'-Dichlorodiphenyldichloroethylene (p,p'-DDE, the major 

metabolite of DDT), hexachlorobenzene (HCB, a fungicide), trans-nonachlor (a minor 

component of the insecticide chlordane), and oxychlordane (the major metabolite of 

chlordane) using gas chromatography (7890 GC, Agilent Technologies; Sunnyvale, CA)-

triple quadrupole mass spectrometry (7000B Series, Agilent Technologies; Sunnyvale, CA). 

Chromatographic conditions included pulsed splitless injection at 250°C, helium carrier gas 

at 1mL/min, and a 30-m DB-5ms column with 0.25-mm diameter and 0.25-µm film 

thickness (Agilent Technologies; Sunnyvale, CA). The GC temperature program was 

initiated at 90°C, held for 1 min, ramped at 50°C/min to 150°C, held for 1 min, ramped at 

8°C/min to 225°C, held for 6.5 min, ramped at 14°C/min to 310°C, and finally held for 6 

min. The mass spectrometer was operated in electron impact ionization mode using multiple 

ion detection, source temperature of 275°C, ionization energy of 70 eV, and mass resolution 

of 1.2 amu (see, Supplementary Materials Table S2).

Serum samples were analyzed in batches of 20 including 14 field samples, two bovine serum 

(HyClone bovine serum, Thermo Fisher Scientific, Inc; Waltham, MA) blanks as negative 
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laboratory controls, two bovine serum blanks spiked with each target analyte as positive 

laboratory controls, and two standard reference materials (National Institute of Standards 

and Technology SRM 1958; Gaithersburg, MD). Results from 8 SRM samples (see, 

Supplementary Materials Table S3) were suitably accurate (e.g., average percent errors of 

−1%, −9%, and 22% for p,p’-DDE, PCB-153, and BDE-47, respectively) and precise (e.g., 

coefficients of variation of 6%, 3%, and 7%, respectively). The method detection limit 

(MDL) for each analyte was defined as three times the standard deviation of the masses in 

six blanks (see, Supplementary Materials Table S4). In regression analyses, values below the 

MDL were replaced by MDL/√2. POP concentrations were normalized by the percent 

recovery of PCB-165, an internal standard, on a sample-to-sample basis. Two samples had 

PCB-165 recovery below 50% and were not used in statistical analyses. For the remaining 

48 samples, average PCB-165 recovery was 93% (±16%). Total cholesterol and triglyceride 

levels were measured by the Boston Children’s Hospital and used in Phillips’ formula to 

calculate total lipid content [i.e., TL = 2.27×TC + TG + 0.673 (Phillips, et al. 1989)].

2.3. POPs analysis in dust

From June 2005 through October 2007, dust samples were collected from the 48 

participants’ vacuum cleaners, which had been used for day-to-day household cleaning prior 

to the sampling visit. There was no standardized dust sampling protocol and past locations 

of vacuum cleaner use were not known. Dust samples were stored away from heat (≤ 4°C) 

and light before chemical analysis.

The laboratory protocol used to analyze dust samples for PCBs (Whitehead, et al. 2014) and 

PBDEs (Whitehead, et al. 2013) has been described elsewhere. Briefly, dust particles 

smaller than 150 µm were obtained with a 100-mesh sieve and 0.2-g portions were spiked 

with 13C12-labeled internal standards, extracted via accelerated solvent extraction, purified 

by silica-gel column chromatography and gel permeation chromatography, concentrated to 

250 µL, solvent exchanged into tetradecane, and spiked with 13C12-labeled injection 

standards. Samples were analyzed for p,p'-DDT, p,p'-DDE, 15 PCBs (PCBs 28, 52, 101, 

105, 114, 118, 138, 153, 156, 157, 167, 180, 189, 194, and 209) and 22 PBDEs (BDEs 28, 

32, 47, 66, 71, 99, 100, 153, 154, 155, 179, 183, 190, 196, 197, 201, 202, 203, 206, 207, 

208, and 209) by isotope-dilution/gas chromatography-high resolution mass spectrometry.

2.4. Questionnaire information

In this analysis, we used information from three questionnaires administered on separate 

occasions. On average, 10 months (range: 2 to 40 months) after leukemia diagnosis (or a 

corresponding reference date for controls), participating mothers completed a structured in-

home interview designed to ascertain information about a wide variety of topics that are 

potentially relevant to childhood leukemia etiology. Relevant information collected at the 

primary interview included the mother’s age, educational attainment, place of birth, 

Hispanic ethnicity, height, weight prior to the index pregnancy, and number of births prior to 

index pregnancy, as well as the length of time that the index child was breastfed, and the 

household annual income. We estimated cumulative lactation as the product of 

parity*breastfeeding duration for the index child. At the same interview, mothers completed 

a modified version of the Block food frequency questionnaire describing their eating habits 
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during the year before the index pregnancy; this questionnaire has been previously validated 

(Block, et al. 1990). From this information we estimated the daily consumption of fish, fat, 

and meat, as previously described (Kwan, et al. 2009).

During the dust sampling visit, participating mothers completed a second interview designed 

to ascertain information relevant to chemical exposures in the home. Relevant information 

collected at the second interview included the construction date of the residence. At the 

same time, a global positioning device was used to determine the latitude and longitude for 

each residence and each residence was classified as belonging to one of six geographic 

regions. We linked each location to the corresponding U.S. Census block and identified each 

residence as urban, suburban, or rural based on the Census Bureau's delineations. Finally, 

during a subsequent telephone interview, participating mothers answered questions designed 

to identify possible PBDE sources in the home. Relevant information collected during the 

third interview included the presence of upholstered furniture with crumbling or exposed 

foam.

Blood collection and the three interviews were each conducted at separate times (see Figure 

1). The average interval between the date of primary interview and the date of blood 

collection was 7 months (range: <1 to 23 months). The average interval between the date of 

blood collection and the date of dust collection was 5 months (range: <1 to 18 months) and 

blood collection preceded dust collection in 56% of the homes. The average interval 

between the date of blood collection and the date of the third interview was 3.8 years (range: 

2.8 to 4.5 years). As indicated above, some of the questionnaire information used in this 

analysis, including dietary habits, was based on mothers’ recall of their index pregnancy and 

the average interval between the index child’s date of birth and the date of blood collection 

was 6 years (range: <1 to 11 years).

Because some participants did not complete all parts of the questionnaires, missing 

responses were replaced by the population medians from non-missing households in 

regression analyses (e.g., breastfeeding duration was missing for three respondents and was 

replaced by the population median of 24 weeks; see, Supplementary Materials Table S5).

2.5. Statistical analysis

Bivariate relationships between explanatory factors and lipid-normalized POP 

concentrations were evaluated using non-parametric Spearman rank correlation coefficients 

(for continuous and ordinal factors) and Kruskal-Wallis tests (for categorical and 

dichotomous factors). For each POP, we also evaluated a multivariable linear regression 

model of natural-log transformed wet-weight serum concentrations (continuous, ln[ng/mL 

serum]), which included the following explanatory factors: total serum lipids (continuous, 

mg/mL), age at blood collection (continuous, years), ethnicity (Hispanic or not), country of 

origin (U.S. or elsewhere), pre-pregnancy body mass index (BMI, continuous, kg/m2), daily 

fish consumption (continuous, g/day), cumulative lactation (continuous, years), blood 

sampling date (continuous, day), household annual income (ordinal, <$15k, $15–29k, $30–

44k, $45–59k, $60–74k, ≥$75k), and the natural-log transformed dry-weight concentration 

of the same POP in dust (continuous, ln[ng/g]). Other variables were evaluated in bivariate 

analyses, but not included in multivariable models, because they were not related to serum-
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POP concentrations (residence location, residence construction date, urban density, fat 

consumption), they were co-linear with other explanatory factors (education, presence of 

upholstered furniture with crumbling or exposed foam in the residence), or they were 

heavily influenced by one observation (meat consumption). Whereas bivariate relationships 

were evaluated using lipid-normalized POP concentrations, the multivariable regression 

analysis evaluated wet-weight serum concentrations as outcome variables with total serum 

lipids used as an additional explanatory factor, due to the potential for underlying correlation 

between serum lipids and other explanatory factors (e.g., age, ethnicity, BMI) (Wolff, et al. 

2005).

3. RESULTS

Table 1 shows summary statistics for lipid-adjusted concentrations of OC pesticides, PCBs, 

and PBDEs in serum samples from 48 mothers. Among the 29 chemicals analyzed, p,p’-

DDE was found at the highest levels, with a median concentration of 180 ng/g lipid. In 

comparison, we observed lower median concentrations for the two components of the parent 

insecticide (4.1 and 5.3 ng/g lipid for p,p’-DDT and o,p’-DDT, respectively). Median 

concentrations of trans-nonachlor, oxychlordane, HCB, and β- HCH were lower than DDE 

and on the same order of magnitude as the DDT isomers (medians of 8.8, 5.0, 7.8, and 5.9 

ng/g lipid, respectively). Each of 17 PCB congeners was detected in at least 60% of the 

serum samples, with median concentrations of at least 1 ng/g lipid. Of the PCBs analyzed, 

PCBs 118, 138, 153, 170, and 180 had the highest median concentrations (i.e., 4.0, 6.4, 9.7, 

4.4, and 9.3 ng/g lipid, respectively) and each of these congeners was detected in every 

sample. Of the 5 PBDEs analyzed, BDE-47 was found at the highest levels, with a median 

concentration of 35 ng/g lipid. Median concentrations of BDEs 99, 100, and 153 were 

comparable to the median concentrations of the most prevalent PCBs (i.e., 10, 10, and 8.9 

ng/g lipid, respectively) and each of these congeners was detected in at least 96% of 

samples. Additional results and discussion will focus on the major chemicals in each class 

(i.e., p,p’-DDE; trans-nonachlor; PCBs 118, 138, 153, 170, and 180; and BDEs 47, 99, 100, 

and 153).

Table 2 shows Spearman correlation coefficients between lipid-adjusted POP serum 

concentrations and vacuum cleaner-dust POP concentrations. Positive correlation between 

dust and serum levels was observed for BDEs 47 and 99 (rs of 0.45 and 0.39, respectively). 

No significant correlation between dust and serum levels was observed for the major PCBs 

or p,p’-DDE. Dust-serum relationships were not evaluated for trans-nonachlor or PCB-170, 

because dust measurements were not available for these POPs.

Table 3 shows bivariate relationships between lipid-adjusted POP concentrations and 

various explanatory factors. Figure 2 shows the percent change in POP serum concentrations 

associated with a unit increase in each explanatory factor included in the multivariable 

models. Age at blood collection was positively correlated with serum concentrations of p,p’-

DDE and each of five major PCBs in bivariate analyses (Table 3). As shown in Figure 2, in 

multivariable models, a yearly increment of age was associated with a 6–9% increase in 

serum concentrations of p,p’-DDE, each of five major PCBs, and trans-nonachlor (shown as 

green boxes). In bivariate analyses, concentrations of PCBs 170 and 180 differed by race/
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ethnicity, with lower median concentrations in sera from Hispanic women than in sera from 

non-Hispanic White and Asian women (Table 3); however, in multivariable analyses, these 

differences did not reach statistical significance, whereas concentrations of trans-nonachlor 

and BDEs 100 and 153 were significantly lower in sera from Hispanic women than in sera 

from non-Hispanic women (Figure 2). Household annual income was positively correlated 

with serum concentrations of PCBs 138, 153, 170, and 180 and negatively correlated with 

concentrations of BDEs 47, 99, and 100 in bivariate analyses (Table 3); however only the 

income-PBDE relationships remained significant in multivariable models (Figure 2). 

Median concentrations of the four major PBDEs were higher in sera from women born in 

the U.S. than in sera from foreign-born women; while the differences were not statistically 

significant in bivariate analyses (Table 3), they were significant in multivariable models 

(Figure 2). Pre-pregnancy BMI was negatively correlated with serum concentrations of 

PCBs 153 (p=0.09), 170, and 180 (Table 3), and these relationships were marginally 

significant in multivariable models (i.e., p<0.1; Figure 2). Concentrations of major POPs 

were not correlated with cumulative lactation in bivariate analyses (Table 3); however, in 

multivariable models, p,p’-DDE, trans-nonachlor, and PCBs 118, 138, and 153 were 

inversely associated with cumulative lactation (Figure 2). As a group, women who 

consumed more than 10 g of fish per day (N=15) had higher median concentrations of each 

of five major PCBs and trans-nonachlor than women who consumed less than 5 g or 5–10 g 

of fish per day, daily fish consumption was positively correlated with serum concentrations 

of PCB-170 in bivariate analyses (Table 3), and fish consumption was associated with serum 

concentrations of PCBs 118, 138, and 153 in multivariable models (Figure 2). Women who 

had upholstered furniture with crumbling or exposed foam in their homes (N=7) had higher 

serum levels of BDEs 47 and 99 than women without such furniture (Table 3); however, this 

variable was not included in multivariable analyses that contained dust concentrations of 

PBDEs, as dust and foam were considered to represent the same route of exposure to 

PBDEs. Logged dust concentrations of BDEs 47 and 99 were positively associated with 

serum-PBDE concentrations in multivariable models (Figure 2). Concentrations of major 

POPs did not differ by region (Table 3). Sampling date was negatively correlated with serum 

concentrations of each of five major PCBs in bivariate analyses (Table 3), and these 

relationships remained significant in multivariable models of PCBs 118 and 138 (Figure 2). 

Serum lipid content was positively associated with p,p’-DDE, PCBs 118, 138, and 153, and 

BDEs 47, 99, and 100 in multivariable models (Figure 2).

4. DISCUSSION

While numerous studies have tried to identify factors that influence serum concentrations of 

POPs, our analysis is one of the few to combine serum concentrations, dust concentrations, 

and questionnaire information on dietary habits, reproductive history, and demographic 

characteristics in multivariable regression. Our novel graphical approach to presenting 

multivariable regression results (Figure 2) affords a useful opportunity to compare and 

contrast factors that influence serum concentrations of different classes of POPs.

We confirmed established relationships between serum concentrations of the legacy POPs, 

PCBs and OC pesticides, and various factors. Serum lipid content and age were both 

positively related to serum concentrations of PCBs and OC pesticides, as has been noted in 
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previous studies (Agudo, et al. 2009; Bachelet, et al. 2011; Garabrant, et al. 2009; Glynn, et 

al. 2007; Hardell, et al. 2010; Ibarluzea, et al. 2011; Laden, et al. 1999; McGraw and Waller 

2009a; Moysich, et al. 2002; Schade and Heinzow 1998; Weiss, et al. 2006; Wolff, et al. 

2005). In multivariable models, cumulative lactation time was associated with lower levels 

of several major legacy POPs, consistent with the hypothesis that mothers excrete POPs 

during lactation (Hardell, et al. 2010; Ibarluzea, et al. 2011; Laden, et al. 1999; Moysich, et 

al. 2002; Schade and Heinzow 1998; Wolff, et al. 2005). In multivariable models, we found 

that fish consumption was associated with serum-PCB concentrations. Taken together with 

the observation that serum-PCB concentrations were highest in the group of mothers that 

consumed the most fish, our regression results suggest that fish consumption may be an 

important source of exposure to PCBs for mothers participating in the CCLS. Fish 

consumption is known to be an important source of exposure to PCBs in many other 

populations as well (Agudo, et al. 2009; Bachelet, et al. 2011; Garabrant, et al. 2009; Glynn, 

et al. 2007; Ibarluzea, et al. 2011; Knobeloch, et al. 2012; McGraw and Waller 2009a; 

Moysich, et al. 2002; Schade and Heinzow 1998; Uemura, et al. 2010; Weiss, et al. 2006). 

Serum concentrations of p,p’-DDE were not associated with fish consumption, and the 

observed effect of country of origin on p,p’-DDT suggests that early-life exposures may 

have been more influential sources of DDT than recent dietary habits. We did not find any 

relationships between levels of PCBs or OC pesticides in dust and serum, which suggests 

that dust ingestion is not a major source of exposure to these legacy POPs for mothers 

participating in the CCLS.

PCB concentrations in the sera of U.S. adults have decreased since their ban in the 1970s 

(Sjodin, et al. 2004a) and sampling date has been inversely associated with PCB 

concentrations in contemporary biospecimens from several cross-sectional studies that span 

short time intervals (Agudo, et al. 2009; Glynn, et al. 2007; Hardell, et al. 2010; Schade and 

Heinzow 1998). Likewise, in our cross-sectional analysis, serum concentrations of PCBs 

118 and 138 decreased with sampling date during the study period (2006–2007). Moreover, 

when compared to other studies of PCBs in sera from California adults, our results are 

consistent with a decreasing trend over time, for example our median PCB-153 

concentration (9.7 ng/g lipid) is lower than that for samples collected in the 1960s (73 ng/g 

lipid) and 1990s (41 ng/g lipid) (Petreas, et al. 2003) and higher than that for samples 

collected from 2008–2009 (3.8 ng/g lipid) and 2011–2012 (3.1 ng/g lipid) (Zota, et al. 

2013). Wolff et al. (Wolff, et al. 2005) postulated that in populations where POP uptake is 

ongoing, the dilution effect of high adiposity results in an inverse relationship between BMI 

and POP-serum concentrations; whereas, in populations where current POP uptake is 

negligible, POPs trapped in adipose tissues are released more slowly in normal weight 

women than in overweight women, resulting in a positive relationship between BMI and 

POP-serum concentrations. Along with similar findings from other studies conducted in the 

1990s and 2000s (Agudo, et al. 2009; Bachelet, et al. 2011; Glynn, et al. 2007; Ibarluzea, et 

al. 2011), our observation of an inverse relationship between BMI and PCB-180 in serum 

suggests that mothers participating in the CCLS were still being exposed to environmental 

sources of PCBs, presumably via diet.
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In contrast to legacy POPs, longitudinal studies suggest that levels of BDEs 47, 99, and 153 

in blood from U.S. adults increased from the 1970s to the early 2000s (Sjodin, et al. 2004a) 

and plateaued in the mid-2000s (Turyk, et al. 2010) corresponding with the Penta-BDE 

phase out. In the context of other studies of PBDEs in sera from California adults, our 

results suggest a similar time trend, for example our median BDE-47 concentration for 

samples collected from 2006–2007 (35 ng/g lipid) is similar to that for samples collected in 

2003–2004 (36 ng/g lipid) (Zota, et al. 2008) and 2008–2009 (42 ng/g lipid) (Zota, et al. 

2013) and higher than that for samples collected earlier [<10, 10, and 15 ng/g lipid, for the 

1960s (Petreas, et al. 2003), 1997–1999 (Petreas, et al. 2003), and 1999–2000 (Castorina, et 

al. 2011), respectively] or more recently [21.8 ng/g lipid for 2011–2012 (Zota, et al. 2013)]. 

Thus, our blood collection dates correspond to the period of peak exposure to Penta-BDE in 

California.

Given that PCBs, OC pesticides, and PBDEs have different production histories and 

different sources in the environment, adults may be exposed to these chemical classes via 

different routes. In our multivariable analysis, we observed positive associations between 

dust concentrations and serum concentrations of BDEs 47 and 99, suggesting that dust is an 

important source of exposure to PBDEs for mothers participating in the CCLS. In other 

adult populations, similar positive relationships have been observed between dust-PBDE 

concentrations and concentrations of PBDEs in serum (Johnson, et al. 2010; Watkins, et al. 

2012), cord blood (Frederiksen, et al. 2010), breast milk (Bjorklund, et al. 2012; Wu, et al. 

2007), placental tissue (Vorkamp, et al. 2011), and hair (Tang, et al. 2013). When 

relationships between dust and biological levels of PBDEs are evaluated on a congener-

specific basis, a null relationship for BDE-153 is consistently noted (Bjorklund, et al. 2012; 

Frederiksen, et al. 2010; Johnson, et al. 2010; Tang, et al. 2013; Vorkamp, et al. 2011). 

Likewise, in our analysis, we observed positive associations between dust concentrations 

and serum concentrations of BDEs 47 and 99, but not BDE-153. We suggest that the serum 

concentrations of BDE-153 are indicative of cumulative PBDE exposure, whereas serum 

concentrations of BDEs 47 and 99 are more heavily influenced by current PBDE 

environmental exposures, due to the relatively long biological half-life of BDE-153 

compared to BDEs 47 and 99 (Trudel, et al. 2011).

Concentrations of BDEs 47, 99, and 153 in dust and serum, are higher in North America 

than the rest of the world (Frederiksen, et al. 2009), especially in the State of California, due 

to a history of unique flammability standards (Zota, et al. 2008). Consistent with these 

geographic trends, California women born in the U.S. tend to have higher serum 

concentrations of BDEs 47, 99, and 153 than California women born outside of the U.S. 

(Castorina, et al. 2011). Likewise, in our analysis, birth in the U.S. was associated with 

higher levels of each major PBDE.

In the U.S., lower income (Anderson, et al. 2008; Bradman, et al. 2012; Fraser, et al. 2009; 

Herbstman, et al. 2007; Zota, et al. 2008) and educational attainment (Herbstman, et al. 

2007; Rose, et al. 2010; Stapleton, et al. 2012a; Windham, et al. 2010; Zota, et al. 2008) are 

generally associated with higher body burdens of BDE-47. Differences in BDE-47 body 

burdens by socioeconomic status have been attributed to potential differences in building 

materials and furniture quality (Zota, et al. 2008). Indeed, we previously found elevated 
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concentrations of BDEs 28, 47, 99, and 153 in dust from homes that contained upholstered 

furniture with crumbling or exposed foam and from low-income homes (Whitehead, et al. 

2013). However, neither dust-PBDE concentrations (Figure 2) nor furniture quality (data not 

shown) explained the income-based disparity in serum concentrations of BDEs 47, 99, 100, 

and 153 in our multivariable regression analysis.

Studies of NHANES data have suggested that Mexican Americans have higher serum 

concentrations of BDE-47 than non-Hispanic Whites (Fraser, et al. 2009; Sjodin, et al. 

2008), however this relationship is not evident after adjusting for income, geographic 

location, and country of origin (Zota, et al. 2008). Using multivariable models that adjusted 

for income, we previously reported higher dust concentrations of BDEs 28, 47, and 99 in 

samples collected from Hispanic households participating in the CCLS compared to non-

Hispanic households (Whitehead, et al. 2013). Investigations of other U.S. populations have 

reported higher serum concentrations of lower-brominated PBDEs in African American 

children compared to White children, after adjustment for the educational attainment of the 

child’s caretaker (Horton, et al. 2013; Windham, et al. 2010). In our multivariable analysis 

that adjusted for income, we found lower serum-PBDE concentrations in Hispanic mothers 

compared to non-Hispanic mothers. Differences in serum-PBDE concentrations by race/

ethnicity may be due to differences between groups in the magnitude of exposure to PBDEs 

or differences in xenobiotic metabolism by ethnicity (McGraw and Waller 2009b).

Although adults may be exposed to PCBs and OC pesticides via different routes and sources 

than PBDEs, these chemical classes also share some physicochemical similarities. For 

example, like PCBs, PBDEs are lipophilic and associations between PBDE concentrations 

and lipid content in plasma have been reported (Spliethoff, et al. 2008). Likewise, in our 

analysis, we observed associations between PBDE concentrations and lipid content in 

serum. It follows that PBDEs would tend to accumulate in blood with age; however, the 

relationship between serum concentrations of PBDEs and age is also influenced by changes 

in the magnitude of exposure to PBDEs during different life stages. For example, due to 

their tendency to make hand-to-mouth contact and their proximity to the floor, young 

children are exposed to high levels of PBDEs via the accidental ingestion of dust and, 

indeed, cross-sectional (Thomsen, et al. 2002; Toms, et al. 2009) and longitudinal (Eskenazi, 

et al. 2011) studies suggest that serum concentrations of PBDEs peak prior to age 5. Using 

2,062 serum samples collected as part of the National Health and Nutrition Examination 

Survey (NHANES), Sjodin et al. (Sjodin, et al. 2008) demonstrated a U-shaped relationship 

between age and concentrations of BDEs 47 and 153, with the highest levels found in 12–19 

year-olds, the youngest age group. In adult populations, most studies have reported no 

relationship between serum concentrations of PBDEs and age; however, some investigators 

have observed positive relationships (Anderson, et al. 2008; Turyk, et al. 2010; Uemura, et 

al. 2010; Weiss, et al. 2006). In our analysis, there was a non-significant positive 

relationship between serum-PBDE concentrations and age.

The CCLS was not designed to evaluate determinants of serum POP levels in participating 

mothers. The information used to describe explanatory factors in this analysis was collected 

because it was potentially relevant to childhood leukemia. Consequently, the blood, dust, 

and questionnaire information was collected on separate occasions, and this approach to data 
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collection may have weakened observed relationships between explanatory factors and 

serum POP levels. For example, we assessed the presence of upholstered furniture with 

crumbling or exposed foam, on average, four years after blood was collected. Moreover, 

information about parity, breastfeeding, body mass index, and dietary habits was based on a 

mother’s recall of her index pregnancy and was not specific to the time of blood collection. 

Additionally, potentially useful information regarding hand washing, nail biting and finger 

licking, and changes in body mass index was not available for this analysis, nor did we have 

a complete inventory of household items that were potential POP sources. Finally, we did 

not measure POP concentrations directly in food items, but rather inferred the contribution 

of diet to total POP exposure using a food frequency questionnaire, an approach which may 

have limited our ability to recognize the true role of the dietary route of exposure to POPs.

Despite these limitations, we were able to identify two distinct sources of exposure to POPs 

for mothers participating in the CCLS. After adjusting for lipid content, age, BMI, 

cumulative lactation, and sampling date, serum-PCB concentrations were associated with 

fish consumption. In contrast, serum concentrations of BDE-47 were associated with dust 

concentrations, country of origin, income, and Hispanic ethnicity. Our findings are 

consistent with the hypothesis that the relative contribution of specific exposure routes to 

total POP intake varies by chemical, with dust being a relatively important source of PBDEs 

and diet being a relatively important source of PCBs. It is possible that moderating fatty fish 

consumption or dust ingestion may reduce POP exposures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Blood from 48 California mothers (2006–2007) analyzed for POPs

• Serum-PCBs were positively associated with fish consumption

• Serum-PBDEs were positively associated with dust-PBDEs

• Effects of age, ethnicity, income, birthplace, BMI, and lactation differed by POP
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Figure 1. 
Timing of sample collections and interviews for 48 mothers participating in the California 

Childhood Leukemia Study.
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Figure 2. 
Percent change (95% confidence interval) in wet-weight serum concentrations (ng/mL 

serum) of persistent organic pollutants associated with a unit increase in each explanatory 

factor included in the multivariable models. Statistically significant (p<0.05) regression 

coefficients are indicated with green (increase) and red (decrease) fill.
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Table 2

Spearman correlation coefficients between lipid-adjusted serum concentrations (ng/g lipid) and vacuum 

cleaner-dust concentrations (ng/g dust) of selected persistent organic pollutants for 48 mothers participating in 

the California Childhood Leukemia Study.

Chemical rs p-value

Organochlorine pesticide

p,p'-DDE −0.21 0.15

Polychlorinated biphenyls

PCB-118 −0.07 0.62

PCB-138 −0.05 0.72

PCB-153 0.01 0.95

PCB-180 0.04 0.81

Polybrominated diphenyl ethers

BDE-47 0.45 0.001

BDE-99 0.39 0.006

BDE-100 0.17 0.25

BDE-153 0.10 0.50

Note: Dust-serum relationships were not evaluated for trans-nonachlor or PCB-170, because dust measurements were not available for these POPs.
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