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ABSTRACT 
 

Exposure assessment of polybrominated diphenyl 

ethers (PBDE) in early life stage using 

biomonitoring data 
 

Mi-Yeon Shin 

Major in Environmental Health 

Graduate School of Public Health 

Seoul National University 

Polybrominated diphenyl ethers (PBDEs), a group of synthetic organic 

chemicals with 209 congeners, have been widely used as chemical flame retardants 

for several decades. Owing to the stable chemical structure and strong tendency for 

bio-accumulation of PBDEs, they have been found in many biota specimens as 

persistent pollutants, and are regarded as endocrine disruptors. Endocrine disruption 

during critical developmental periods may result in irreversible effects on 

differentiating tissue, including the brain. It imply that exposure to PBDEs in early 

life stage should be focused on. 

Many researches have reported the exposure distribution of PBDEs in early life 

stage as analyzed umbilical cord serum, and the levels were considerable compared 
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to the levels in maternal serum. It support that the fetus is exposed to PBDEs through 

the mother. The exposure amounts from placenta transfer would be retained in young 

children after birth, which could be supported that the estimated half-lives of PBDEs 

in human body are long enough. However, this part has not been considered to 

estimate exposure amounts in young children. If the ignored amounts can be estimated, 

knowledge gaps will be filled to better understand the total exposure to PBDEs in 

young children. 

The prenatal exposure of PBDEs influence on fetus through placental transfer 

and young children through lactational transfer. In other words, prenatal exposure 

closely related to the exposure levels across early life stage. Through the previous 

studies, positive associations between prenatal exposure from predominant exposure 

sources and fetus exposure were reported. Among the predominant sources, food 

intake was closely associated with the fetus exposure but dust ingestion was different 

by countries. However, the observed associations were drawn from the studies with 

small sample size or were not approved through experimentally. Therefore, the 

relationships between environmental sources and the levels in human tissues should 

be assessed through epidemiology study and verified to generalize for the results.  

In order to address these issues, we analyzed PBDEs in multiple media, 

estimated total body burden of neonates using biomonitoring data, established the 

association among PBDEs detected in multiple media and approved the results that 
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revealed in the present study. For this purpose, pregnant women –neonate pairs were 

recruited before delivery from five university hospitals, located in Ansa, Jeju, 

Pyungchon, and Seoul in South Korea, from February 2011 to December 2011. We 

only included healthy subjects without histories of thyroid disease. Maternal and 

umbilical cord serum were collected at delivery, and breast milk samples were 

collected three times within a month postpartum. House dust (domestic vacuum 

cleaner bags) were collected during gestation. Meanwhile, sixteen pregnant Sprague-

Dawley rats on gestation day (GD) 0 were purchased and were randomly assigned to 

one control and three exposed groups. Rats in the exposed groups were gavaged every 

day with a mixture of BDE 209 and radiolabeled BDE 47. The rats were serially 

sacrificed at prenatal day 14, birth, and postnatal day 4, respectively. Four control rats 

were sacrificed at the end of the exposure period. Rat dam blood and their offspring 

were collected at each sacrifice day. PBDE congeners were measured in maternal 

serum, cord serum breast milk, house dust, rat dam serum, offspring whole body.  

  In Chapter II, the total body burden in neonates was estimated using body 

burden model (BBM) with human biomonitoring data (umbilical cord serum). And 

then physiologically based pharmacokinetic (PBPK) model was applied to reflect the 

elimination of the initial body burden in young children. The initial body burden was 

1.15 μg and the amount was decreased to 0.22 μg in the 12-month-old infants. The 

body burden was conversed to estimated daily intake (EDI; ng/kg bw/day) for 

comparison to the EDI from conventional exposure assessment. Because each EDI 
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represents prenatal and postnatal exposure, respectively, the EDIs had to be summed 

to investigate total daily intake in young children. The contribution of prenatal and 

postnatal exposure to the total exposure in 24 month children were 26% and 74%, 

respectively. Our results imply that prenatal exposure amounts should be involved 

when assess total exposure in young children. The approach of our study could be 

applied to the other congeners that have long half-lives and helpful to understand the 

entire exposure on early life stages.  

In Chapter III, the relationships between exposure to house dust (as 

predominant source) and predominant PBDE congeners in mother-neonate tissues 

were investigated using various statistical analysis. The predominant congener were 

BDE 209 and 47 for house dust and human tissues, respectively. While house dust 

exposure was not associated with the levels in maternal serum, significantly 

associated with cord serum. That is, house dust would be transferred into the fetus and 

metabolized from BDE 209 to BDE 47.  

However, there was unexplained part, considering the exposure continuum 

(exposure source-pregnant women-fetus). In other words, the association was not 

observed in the first link. It could be explained that the source of BDE 47 detected in 

maternal serum was not house dust or dilution effect from food which has abundant 

BDE 47. Although the results have meaningful information that prenatal exposure to 

house dust may contribute to fetus, the results should be approved experimentally.  

In Chapter IV, to verify the results from our epidemiology study, animal model 
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was used. BDE 209 and BDE 47 was mixed and daily administered to pregnant rats. 

BDE 209 and BDE 47 represent exposure of house dust and food, respectively. While 

placental transfer was driven by house dust exposure compared to food exposure, 

lactational transfer was led mainly by food exposure. That is, BDE 209 tends to more 

transferred into fetus compare to BDE 47. The results can support to the result of 

association between house dust and pregnant women-fetus. Meanwhile two congeners 

were both transferred to breast milk with considerable levels. Breast feeding of pups 

in high exposure group should be reconsider.     

Overall, the relationship between prenatal exposure and levels in fetus was 

approved through human epidemiology study with experimental study. And the 

knowledge gaps were filled to better understand the total exposure to PBDEs in young 

children as estimate total body burden in neonates. Although the total exposure 

amounts was lower than the threshold values proposed by the U.S EPA, continuous 

surveillance of PBDEs exposure and finding additional exposure sources deserves 

further investigation considering vulnerable characteristics of infants.  

 

Keywords: Polybrominated diphenyl ethers (PBDEs), BDE 209, BDE 47, maternal 

transfer, reverse dosimetry, physiologically based pharmacokinetic (PBPK) model 

 

Student number: 2009-31145 
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Chapter 1. Introduction 

 

1.1 Backgrounds 

 

Polybrominated diphenyl ethers (PBDEs) are a group of flame retardant 

chemicals that have been added to numerous consumer products, such as textiles, 

home electronics and items containing polyurethane foam to meet fire safety standards 

and to slow burning in case of fire. There are 10 different homologue groups of PBDEs 

that consist of 209 possible congeners, or combinations of the number and position of 

bromine atoms on the diphenyl ether backbone. These different compounds have 

different chemical, exposure, and toxicological properties ATSDR (2004). 

Commercial formulations of PBDEs consist of a mixture of congeners and are mainly 

described as penta-, octa-, and deca-BDE. Due to concerns over the persistence of 

PBDEs in the environment and bioaccmulation in wildlife and particularly in human 

milk, the European Union and the U.S banned the use of penta-and octa-BDEs in 2004 

(Guo et al., 2016). However, the use of deca-BDEs and the recycling of PBDE 

products are still allowed in those countries including South Korea (Lee et al., 2013b). 

BDE 209, which is the major component of the deca commercial mixture still in use, 

has the shortest half-life in the body, as it is more readily transformed or eliminated 

than the lower-brominated congeners (Thuresson et al., 2006). However, BDE 209 in 



- 13 - 

 

the environment can break down into the lower-brominated congeners that are more 

bioaccumulative (Stapleton et al., 2004b). Although penta- and octa-BDEs, once in 

mass production, are now banned in Europe and discontinued in the United States, the 

general population continues to be exposed to these compounds due to their 

persistence and continued release into home environments from older products. 

Importation of products from countries that continue to use certain PBDEs is another 

potential source of PBDEs in the indoor environment (Betts, 2008). PBDEs are 

additive, or not chemically bound, and can leach out or physically degrade into 

particles and thus may end up in indoor air and house dust (Jones-Otazo et al., 2005). 

In addition to the characteristics of widespread distribution and environmental 

persistence, similar PBDE structures containing organic halogen compounds, such as 

polychlorinated biphenyls (PCBs) and dioxin, have gradually inspired studies on the 

potential endocrine-disrupting activity and biological toxicity of PBDEs (Lilienthal et 

al., 2006). The general theory for the toxic action of the majority of halogenated 

hydrocarbons (HAHs) is that it is regulated by a receptor-mediated response 

mechanism in which the various biological effects follow the binding to a signal-

transducer protein, the aryl hydrocarbon receptor (AhR) (Mhin et al., 2002). Once 

AhR is bound to HAHs or to other chemicals, the molecule chaperone dissociates, and 

AhR is immediately transferred to the nucleus, resulting in gene transcription changes 

and serious harm to the organism (Denison et al., 2002) . The AhR binding affinities 
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(RBA) are found to be positively correlated to biological toxicity and are used as the 

typical index of biological toxicity (Kovarich et al., 2011; Safe, 1990).  

Humans may be exposed to lower brominated PBDEs by consumption of 

contaminated foods (i.e., fish, meat and dairy products) and possibly inhalation of 

polluted ambient or indoor air. Inhalation exposure could occur from outgassing of 

PBDEs from electronic and electrical equipment and furniture into indoor 

atmospheres. Dermal exposure to PBDEs could occur by contact with PBDE-

containing products like plastics or textiles (ATSDR, 2004). Fig. 1.1 gives an 

overview of the human exposure pathways for PBDEs.
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Fig. 1.1 Overview of human exposure pathways for PBDEs (Frederiksen et al., 2009).
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It has long been believed that general populations are exposed to PBDEs via 

the food chain (Fraser et al., 2009). Although dietary exposure is an important 

pathway of exposure to PBDEs to the general human population (Frederiksen et al., 

2009; Fromme et al., 2009), there is mounting evidence that inhalation of indoor air 

and ingestion of indoor dust can be the principal exposure pathway for some 

individuals and age groups (primarily toddlers and children) (Harrad et al., 2010). 

Also, occupational exposure via air inhalation and dust ingestion may occur by use, 

manufacture and disposal of PBDEs and in workplaces where BFR-containing plastic 

and foam products are recycled, or where electronic and electrical devices are repaired 

or dismantled (ATSDR, 2004).  

The existing data on human exposure to PBDEs, with special emphasis on 

external exposure pathways (i.e., diet, dust and air) and internal exposure pathways 

(i.e., human milk and blood) has been reviewed by Frederiksen et al. (2009). The 

authors suggested that the use of diverse consumer products can contribute to 

exposure in domestic environments. Dust appears an additional source of indoor 

PBDE exposure, and its ingestion conveys the greatest intake of BDE 209 of all 

sources, likely also of other congeners. PBDE exposure via dust is important for 

toddlers as they ingest more dust than adults, while infants are also exposed to PBDEs 

through human milk.  
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Dietary intake alone does not appear to account for the PBDE body burdens 

estimated in the U.S. (Schecter et al., 2008; Wu et al., 2007). Indoor environments 

(dust, air) have been recently regarded as important sources of human exposure to 

PBDEs (Allen et al., 2008; Jones-Otazo et al., 2005; Schecter et al., 2006; Wu et al., 

2007). House dust contributes to 82% and 77% of the U.S. adult and toddler PBDE 

exposure (Lorber, 2008), and contributes more than 80% of exposure for Canadian 

children (Jones-Otazo et al., 2005). Toddlers and children likely are at the greatest 

risk from ingestion and inhalation exposure because they sit, crawl or roll on floors 

and place objects in their mouths (hand-to-mouth behavior) (Frederiksen et al., 2009; 

Lorber, 2008). For instance, ingestion of contaminated dust can result in 100 times 

greater exposure than average for a toddler living in a home in which elevated PBDE 

levels are present (Jones-Otazo et al., 2005). Fischer et al. (2006) found the highest 

PBDE concentrations in blood drawn from the youngest child (18-month-old) of an 

American family of four. This supports the hypothesis that younger children are more 

exposed to PBDEs than adults. Karlsson et al. (2007) revealed a positive relationship 

for the sum BDE levels in house dust and blood plasma. A study by Wu et al. (2007) 

showed the statistically significant, positive correlations between PBDE 

concentrations (excluding BDE 209) in human milk and domestic dust. Recently 

published data reported significant associations between the levels of BDE 99 in 

indoor air and breast milk and BDE 153 in dust and BDE 183 in human milk (Toms 

et al., 2009).  
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Many studies have been conducted to establish the associations between the 

level of PBDEs in house dust and tissues of general population in various countries 

(Johnson et al., 2010; Roosens et al., 2009; Stapleton et al., 2012; Watkins et al., 2011). 

Besides a few studies have investigated those for pregnant women-offspring pairs 

(Frederiksen et al., 2010a; Jakobsson et al., 2012). Some of theses studies reported 

that PBDEs in human tissues were related to the exposure via house dust, while the 

rest studies reported exactly the opposite results. It might be result from content 

difference of PBDEs, frequency in use of consumer products, electronics and furniture, 

or eating habits representing another dominant exposure source, or regulation of use 

were different from country to country. It imply that national-based study on 

association between human tissues especially for vulnerable population (pregnant 

women and neonates) and house dust exposure are important.  
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1.2 Exposure assessment of PBDEs in early life stage 

Serum PBDE concentrations in children have been consistently up to two to 

three times higher than those in adults (Athanasiadou et al. 2008; Fischer et al. 2006; 

Lunder et al. 2010; Chen et al. 2010; Toms et al. 2008; Zuurbier et al. 2006). There 

are various potential explanations for the higher exposure levels in young children 

compared to adults. Because children ingest significantly higher amounts of food 

based on body weight compared to adults, their potential exposures from ingesting 

contaminated foodstuffs are relatively higher than adults per body weight (Chen et al. 

2011). When children are breastfed they are exposed to the PBDEs secreted in their 

mothers breast milk, which can compose approximately ninety percent of a breastfed 

infants’ PBDE body burden (Costa et al. 2008; Eskenazi et al. 2011).  

However, compared to food and breast milk exposures, recent studies suggest 

that indoor dust ingestion and inhalation is responsible close to eighty percent of 

toddlers’ (1 to 5 years) exposure to PBDEs (Costa et al. 2008; Eskenazi et al. 2011). 

Children in this approximate one to five year age range exhibit the highest occurrence 

of hand-to-mouth behavior as they explore their surroundings and crawl close to the 

floor. During this hand to mouth behavior they ingest a significant amount of house 

dust containing high levels of PBDEs. In 2005, Jones-Otazo et al. estimated that due 

to their hand-to-mouth behavior, toddlers may be exposed to one hundred fold higher 

exposures to PBDEs from house dust than adults (Jones-Otazo et al. 2005). In 2009, 
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Johnson-Restrepo et al. estimated the average daily exposures to PBDEs of different 

age group based on various routes of exposure. Toddlers (ages one to five years) 

received an estimated average daily exposure of 0.29 ng/kg-bw (body weight) from 

indoor air inhalation, 9.5 ng/kg-bw from dust ingestion, 0.7 ng/kg-bw from dermal 

absorption, and 2.76 ng/kg-bw from food ingestion (Johnson-Restrepo and Kannan 

2009). The increasing evidence of neurodevelopmental and behavioral toxicity of 

PBDEs, coupled with high body burdens of these compounds, make young children a 

particularly vulnerable and important population for study.  

There have been various attempts to estimate PBDE exposure for young 

children in Korea. In 2013, the average daily intake focused on toddlers was estimated 

from the levels in house dust and seafood as major exposure sources (Lee et al., 2013). 

Furthermore, the daily intake of PBDEs were estimated three exposure sources (baby 

food, breast milk and dust ingestion) for 6-month-old infants (Jeong et al. 2014). In 

order to estimate exposure to PBDEs more exactly, integrated exposure assessments 

are being conducted by considering all possible exposure sources. However, most 

studies are focusing only on postnatal exposure.  

Many researches have reported the exposure distribution of PBDEs in early life 

stage as analyzed umbilical cord serum, and the levels were considerable compared 

to the levels in maternal serum. The exposure amounts from placenta transfer would 

be retained in young children after birth, which could be supported that the estimated 

half-lives of PBDEs in human body are long enough. However, this part has not been 
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considered to estimate exposure amounts in young children. If the ignored amounts 

can be estimated, knowledge gaps will be filled to better understand the total exposure 

to PBDEs in young children. 
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1.3 Exposure to PBDEs in gestation and fetal effects 

 

A limited number of epidemiological studies provide some evidence of 

neurotoxic outcomes, altered thyroid functioning, and reproductive impairments in 

the human population that are associated with PBDE exposures. For instance, PBDEs 

(BDE 47, -99, and -100) measured in umbilical cord blood were found to be correlated 

with reduced performance of gestationally-exposed children (aged 0-6) on mental 

performance tests (Herbstman et al., 2010). Consistent with theses results, maternal 

prenatal and childhood PBDE exposures were associated with reduced attention, fine 

motor coordination, and cognition (declines in IQ scores) among a California cohort 

of Mexican-American children (Center for Health Assessments of Mother and 

Children of Salinas; CHAMACOS) (Eskenazi et al., 2013).  

BDE 47 has been shown to alter reproductive development in gestationally 

exposed female rats by decreasing folliculogenesis and serum estradiol levels 

(Talsness et al., 2008). Canton and coauthors have also shown potential inhibitory 

effects of OH-PBDEs on steroidogenic enzymes, including CYP19 (aromatase) and 

CYP17 in human placental microsomes (Canton et al., 2008) and human 

adrenocortical carcinoma cells (Canton et al., 2005; Canton et al., 2006). Studies in 

rodents, spanning different laboratories, have demonstrated that PBDEs elicit adverse 

neurobehavioral outcomes during early development. Erickson et al., (2001) showed 
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that single doses of BDE 47 and BDE 99 at postnatal day (PND) 10 caused dose-

dependent effects on Morris water maze learning and spontaneous behavior 

(locomotion, rearing, activity), with adverse habituation (initial hypoactivity followed 

by hyperactivity) that worsened with age. Studies by Viberg and coauthors have also 

shown long lasting neurobehavioral effects in mice exposed to different PBDE 

congeners, including BDE 209 (Viberg et al., 2002; Viberg et al., 2003; Viberg et al., 

2004). PBDE related neurological deficits have also been measured in other 

laboratories (Branchi et al., 2002; Gee and Moser 2008; Kuriyama et al., 2005; Rice 

et al., 2007; Rice et al., 2009); Suvorov et al., 2009).  
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1.4 Maternal transfer of PBDEs 

 

The placenta supplies the fetus with oxygen and nutrients; however, many toxic 

chemicals including PBDEs, can be transferred via placenta to the fetal circulation 

(Zhang et al., 2012). Breast milk also is important exposure source to pups as well as 

placenta. Koenig et al., (2012) suggested a significant mobilization of BDE 47 from 

tissue stores (e.g. blood, brain, liver, and fat) of the dam into breast milk, which was 

presumably transferred to pups during lactation. Therefore, placenta and breast milk 

can be used as an indicator of chemicals’ exposure for both mother and fetus. 

There has been observed evidences for placental and lactation transfer of 

PBDEs in various animal studies with zebra fish (Nyholm et al., 2008), Chinese 

sturgeon (Zhang et al., 2010), finless porpoises (Park et al., 2010), rats (Cai et al., 

2011), chicken (Zheng et al., 2014), and sea turtle (van de Merwe et al., 2010). In 

addition, several studies showed that PBDEs can cross placenta and accumulated in 

fetus (Chen et al., 2013; Wan et al., 2010).   

In human studies, a high degree of correlation between PBDEs in maternal 

blood and umbilical cord blood was observed, especially for BDE 47 (Antignac et al., 

2009; Kawashiro et al., 2008; Meijer et al., 2008). This observation provides an 

evidence of direct transfer of PBDE congeners across the placenta. Median placental 

transfer ratio was determined at 0.58 for BDE 47 (n = 75) based on volume-based 
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concentrations. This transfer ratio is quite similar to an estimated derived using 

experimental model of placenta perfusion system showing steady-state after 190 min 

(Frederiksen et al., 2010). Generally, increasing degree of bromination is negatively 

correlated with placental transfer, while other characteristics such as logKow would 

be also responsible (Frederiksen et al., 2010; Meijer et al., 2008). Therefore, more 

brominated congeners like BDE 99 and BDE 153 are expected to show lesser extent 

of maternal transfer.  

Prenatally, the fetus is exposed to PBDEs through placental transfer, while 

breast milk is the main PBDE source for infants (Jones-Otazo et al., 2005). Breast 

milk in an easy non-invasive medium for biomonitoring and any contamination of this 

medium is of great concern as the contamination is directly passed on to the next 

generation. It has been analyzed in numerous studies. 

Recently, maternal transfer via the placenta was confirmed in a study 

investigating the extent of placental transfer using an ex-vivo human placenta 

perfusion system (Frederiksen et al., 2010a). Maternal transfer during the gestation 

and lactation periods has been observed; however, little information is available about 

how much amounts of PBDEs was transferred from mothers to their offspring through 

prenatal and postnatal period, respectively. 
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1.5 Research objectives and study design 

 

To better understand the effects of prenatal and postnatal exposure to PBDEs 

in venerable population such as infants, additional research should be investigate to 

make up knowledge gaps. So far, many researches have tried to estimate more 

accurate exposure amounts in human early life stages and it was usually estimated 

from environmental exposure sources (breast milk, baby food). However, PBDEs 

are not easily eliminated from the body due to their relatively long half-lives. 

Therefore, innate amounts of the persistent chemicals with long half-lives 

should be considered to estimate body burden or daily intake more accurately. 

Limited data from fetal tissue and numerous studies including measurements of 

PBDEs from umbilical cord blood support that the fetus is exposed to PBDEs through 

the mother (Jakobsson et al., 2012; Kim et al., 2011; Schecter et al., 2006). The 

estimated half-lives of theses chemicals in humans are long enough (BDE 47; 1.5 – 

2.5, BDE 99; 1.8 – 3.95, BDE 100; 1.3 – 1.8, BDE 153; 3.6 – 12.4, BDE 154; 2.3 – 

4.3 years) (Geyer et al., 2004) which means umbilical cord blood concentration reflect 

exposure through the course of pregnancy. The innate amounts in newborn neonates 

would be retained for considerable period of time after birth. So far we may have 

ignored of the innate amounts when we estimated exposure amounts of PBDEs in 

neonates and infants. 
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The prenatal exposure of PBDEs in pregnant women influence on their 

offspring. In addition, breast milk are a major postnatal exposure sources (>95%) on 

infants. That is, exposure of PBDEs in fetus, neonates and pups results from almost 

their mother. Therefore, it is important to know the relationship between exposure 

sources and internal dose during gestation and lactation with regard to infant’s 

exposure. Some studies have already established the association between food 

ingestion (major source) and internal exposure on early life stages. However there was 

only limited report that identified the association between house dust (as another 

major source) and internal exposure on pregnant women-offspring pairs, so far in 

Korea. Furthermore, the quantitative information of contribution extent from the 

exposure sources were very sparse on early life stages.  

 

The outline for the main contents is divided into three parts (Fig. 1.2). Following are 

the specific research contents: 

 

In the Chapter 2, prenatal exposure to PBDE congener were estimated using umbilical 

cord serum, combined with the results from the environmental exposure sources and 

assessed health risk for infants.  

 

In the Chapter 3, the association between house dust exposure and the levels in 

maternal serum, cord serum and breast milk were investigated.  
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In the Chapter 4, the extent of house dust and food ingestion at prenatal and postnatal 

exposure duration were quantified through animal model, respectively. 

 

The results from the three chapters allow for improve exposure estimation to PBDEs 

for infants.
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  Fig. 1.2 Schematic diagram of the main studies. 
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Chapter 2. Prenatal contribution of 2, 2’, 4, 4’-

tetrabromodiphenyl ether (BDE 47) to total body burden in 

young children 
 

2.1 Introduction  

 

Polybrominated diphenyl ethers (PBDEs) are one class of the most widely used 

brominated flame retardants (BFRs). They are consistently present in large quantities 

in various consumer products such as plastics, textiles, television sets synthetic 

building materials, cars and computers to prevent flammable gas formation (ATSDR, 

2004). PBDEs have proved to have environmental side-effects. These chemicals are 

persistent and bioaccumulate in the environment, and are prone to long-range 

atmospheric transport (Kemmlein et al., 2009). Therefore, the congeners of PBDEs 

are widespread in the global environment from the manufacturing or waste disposal 

processes (Frederiksen et al., 2009). PBDEs have been detected in environment (Booij 

et al., 2002; Lee et al., 2013d), wildlife (Klosterhaus et al., 2012; Law et al., 2003) 

and humans (Sagiv et al., 2015; Shin et al., 2016; Vizcaino et al., 2014; Xu et al., 

2015). Of the various congeners, BDE 47 (2,2’4,4’-tetrabromodiphenyl ether) is 

typically the predominant congener observed in human tissues (Shao et al., 2007) and 

most toxic (Lu et al., 2012). The most well-known toxicities of BDE 47 are related to 
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neurodevelopment (Gascon et al., 2011; Herbstman et al., 2015). Therefore, young 

children can be the most vulnerable population of exposure to PBDEs. In addition, 

these early life stages of development may be especially susceptible to effects of 

chemical exposures (Howdeshell, 2002), we should pay particular attention to the 

exposure of PBDEs on young children.  

Many researches have reported the exposure distribution of PBDEs in early life 

stage as analyzed umbilical cord serum, and the levels were considerable compared 

to the levels in maternal serum. It supports that fetuses are exposed to PBDEs through 

their mother and the amounts was not negligible. The amounts from placenta transfer 

would be retained in young children after birth, which could be supported that the 

estimated half-lives of PBDEs in human body are long enough (Geyer et al., 2004). 

However, most exposure assessment for young children has focused on postnatal 

exposure only and prenatal exposure via placental transfer has not been considered. 

Therefore, the main objectives of the present study were to estimate prenatal exposure 

of BDE 47 on newborn babies, determine the contribution of prenatal exposure to total 

exposure on young children. 
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2.2 Materials and methods  

2.2.1 Study population and sample collection 

 

A total of 108 pregnant women with ages ranging from 22 to 46 years were 

recruited from five university hospitals located in four cities (Ansan, Jeju, Pyungchon 

and Seoul) of South Korea, between February 2011 and December 2011, and were 

collected for umbilical cord blood. Blood serum was separated on-site and stored in 

polypropylene cryovials at - 70°C until analysis. Information on health status was 

extracted from medical case report forms. The protocol used in this study was 

approved by the Institutional Review Board (IRB) of the School of Public Health, 

Seoul National University (IRB No. 131-2011-02-14). All participants signed 

informed consent forms before participating.  
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2.2.2 Chemical analysis 

 

Extraction, clean-up and instrumental analysis for BDE 47 in umbilical cord 

serum have been presented elsewhere (Shin et al., 2016). In brief, after 13C-labeled 

PBDEs were spiked, 2-mL blood serum samples were fortified with formic acid and 

Milli-Q water for protein denaturation. The samples were extracted by solid-phase 

extraction (SPE) using Sep-Pak C18 SPE cartridges, which were pre-washed with 

MeOH and conditioned with Milli-Q water. The extracted cartridges were rinsed with 

Milli-Q water and subsequently dried. A Sep-Pak Plus NH2 cartridge, pre-washed 

with 6 mL of hexane, was connected to the lower end of the C18 cartridge. Hexane (8 

mL) was passed through the combined NH2-C18 cartridges and collected. After 

removing the C18 cartridge, 6mLof 5% dichloromethane (DCM) in hexane was 

passed through theNH2 cartridge and combined with the previous fraction. The pooled 

eluents were cleaned by a silica gel/Florisil SPE cartridge, using 12 mL of 50% DCM 

in hexane. The purified eluents were then concentrated and dissolved in 100 µL of 

nonane for instrumental analysis. PBDE concentrations were normalized by the lipid 

weight of serum. Triglyceride and total cholesterol were determined by enzymatic 

methods in a commercial clinical laboratory, and the serum concentration of total 

lipids was calculated as follows: Total lipids (mg/dL) = (2.27 ˆ total cholesterol 

(mg/dL)) + triglyceride (mg/dL) + 62.3 (Bernert et al., 2007).  
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2.2.3 Instrumental analysis and quality control 

 

High-resolution gas chromatography interfaced with a high-resolution mass 

spectrometer (HRGC/HRMS; JMS 800D; JEOL, Tokyo, Japan) was used for the 

identification and quantification of PBDEs. Details of the instrumental parameters are 

reported elsewhere (Moon et al., 2007; Moon et al., 2009). In brief, PBDEs were 

quantified using the isotope dilution method based on relative response factors of 

individual compounds. The HRMS was operated under positive electron ionization 

mode, and ions were monitored by selected ion monitoring using molecular ions of 

target compounds. A DB5-MS (15 m length, 0.25 mm internal diameter, 0.1 µm film 

thickness; J & W Scientific, Palo Alto, CA, USA) column was used for the separation 

of individual PBDE congeners. The limit of quantitation (LOQ), calculated according 

to the mean serum lipid content of a 2-mL serum sample, was 0.17 ng/g lipid weight. 

The recovery rates of 13C-labeled surrogate standards of BDE 47 were 87% ± 13% for 

umbilical cord serum. A mid-point calibration standard was injected to check for 

instrumental drift in sensitivity after every 15 samples. The results showed a 

coefficient variation of <10% for all congeners of PBDEs. Solvents injected before 

and after the injection of standards showed negligible contamination or carryover. 

Procedural blanks (n = 10) were processed with each set of 15 serum samples to check 

for laboratory contamination. Blanks did not contain quantifiable amounts of target 

contaminants. 
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2.2.4 Estimation of total body burden for newborn babies 

 

For application to interpreting umbilical cord serum data, the first step was 

conversion of the blood concentration to total body burden of BDE 47. For highly 

lipid soluble chemicals such as PBDEs or PCBs that do not appreciably bind to 

proteins, that involves scaling up from the blood concentration with calculations that 

first express the concentration in blood on a lipid basis. The next step was to convert 

the lipid concentration to a total body burden by multiplying the blood concentration 

by the total amount of lipid in the body. That assumes that the chemical will have the 

same concentration in all lipid compartments of the body (EPA 2003).  

 

2.2.5 Estimation of daily intakes for newborn babies, 6-month and 12- 

month-old infants  

 

PBPK model for BDE 47 was used to predict the total body burden for 6 and 

12-month-old infants. Our model was derived from a model for BDE 47 in female and 

pregnant rats (Emond et al., 2010). The model was validated by comparing 

simulations to other published rat data sets (Sanders et al., 2006). The origin model 

was consisted of eight compartments including blood, brain, liver, adipose tissue, 

kidney, placenta, fetus and the rest of the body. These compartments were selected for 
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their pharmacokinetic/pharmacodynamic relevance: brain due to the evidence of 

developmental neurotoxicity of BDE 47; liver as the major site of metabolism; 

adipose tissue to account for the lipophilicity of BDE 47; kidney for the key role that 

this organ plays in the elimination of BDE 47 in mice; blood for the description of the 

systemic circulation; and the rest of the body, which includes all other organs and 

tissues lumped together, for the calculation of the mass balance. Because placenta and 

fetus compartments were included for developmental exposures, these compartments 

were excluded to the PBPK model we used (Fig. 2.1).  
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Fig. 2.1 Schematic of the physiologically based pharmacokinetic model for BDE 47 

(Emond et al., 2010). I.V: intravenous injection, Ka: oral absorption rate constant (h-

1), Kst: first-order rate constant of elimination (h-1)  

For oral dosing, the uptake from gastrointestinal lumen to portal blood is 

described diffusion-limited transport of BDE 47 into the blood. Absorption from the 

gastrointestinal (GI) tract was modeled using a fitted first-order rate constant Ka (h-

1). For the GI tract, another first-order rate representing the elimination rate in the 

feces (Kst) was described. Biotransformation and elimination processes were grouped 

into a single extraction coefficient parameter (E), which was used to describe the liver 

compartment. Brain, liver and adipose tissue compartment in the model are described 
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with perfusion limited kinetics. The rest compartment are flow-limited. Metabolism 

of BDE 47 is assumed to occur in the liver. The model was written in the Advanced 

Continuous Simulation Language (ACSL; Aegis Technologies Group, Inc. Huntsville, 

AL).  

Peer-reviewed compilations of ranges and reference values of physiological 

parameters for humans are presented in Table 2.1 (Brown et al., 1997; Emond et al., 

2004; Emond et al., 2016; Emond et al., 2010; Krishnan et al., 2007; Wang et al., 

1997).  
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Table 2.1 Human physiological parameters for BDE 47 PBPK model 

Parameter description Symbol  

Cardiac output (ml/min/kg0.75) QCC 368.64 
Body weight (kg) BW 7.9 - 12 
Blood flows (fraction of cardiac output), l/h   

Fat  QF 0.052  
Liver QL 0.046  
Brain QBr 0.114  
Kidney  QK 0.175  

Tissue volumes (fraction of body weight), g   

Plasma  VB 0.079  
Fat  VF 0.214  
Liver  VL 0.026   
Kidney  VK 0.004   
Brain  VBr 0.020  
Rest of the body  VR 0.657 

Tissue blood volume (fraction tissue), g   

Brain  VBBC 0.040  
Liver  VLBC 0.110  
Fat  VFBC 0.020  

Tissue permeability (fraction of Qt)   

Brain  PAB 0.200  
Liver  PAL 0.350  
Fat  PAF 0.120  

Apparent partition coefficient   

Brain  PBr 3 
Liver PL 10 
Fat  PF 100 
Kidney  PK 5  
Rest of the body  PR 2  

Other constants   
Oral absorption constant (h-1) KA 0.060  
Gastric empty constant (h-1) KST 0.010  
Extraction coefficient E 0.050 f 
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     First, we estimated daily intakes via placenta transfer on newborn babies at birth 

by repeatedly inputting arbitrary daily intake amounts with intravenous infusion in 

PBPK model and simulating until reach to the total body burden that estimated using 

biomonitoring data (n = 108, BDE 47 in cord serum). Second, the total body burden 

at 6 months and 12 months postpartum were estimated by inputting estimated daily 

intake above, and simulated until 6 months and 12 months postpartum without input 

(Fig. 2.2). 

Fig. 2.2 Prediction of the BDE 47 concentration at 6 months and 12 months 

postpartum.  



- 41 - 

 

2.2.6 Estimation of daily intake using scenario based exposure model for 

6-month and 12-month-old infants  

 

Scenario based exposure assessment was conducted to assess the exposure of 

young children (6-month and 12-month infants). Exposure assessment were 

conducted by two different approaches, i.e., deterministic and probabilistic 

approaches.  

A series of exposure scenario was considered to reflect different exposure 

sources and lifestyles of the target groups. The exposure pathways were inhalation 

(indoor air), ingestion (breast milk and house dust) and dermal contact under the 

exposure scenario. For 12-month-old infants, ingestion of baby food was additionally 

considered. All scenarios were assumed that the exposure occurred in house. Exposure 

levels were collected from the related studies or reports. For deterministic approach, 

the CTE (central tendency exposure) and RME (reasonable maximum exposure) 

values of BDE 47 in multiple sources were extracted from the collected data (Table 

S1). The CTE and RME were determined as a geometric mean and 95th%tile value 

considering distribution of collected data. For probabilistic approach, the median and 

95th%tile were estimated from the distribution of collected data.  

The exposure factors including body weight, inhalation rate, exposure time, 

exposure frequency, ingestion rate (breast milk, baby food and house dust), absorption 

fraction were collected from the studies or reports (Data not shown) (EPA, 2008; Jang 
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et al., 2007). For probabilistic approach, distribution of body weight and respiration 

rate were estimated from the data presented in the Korean exposure factors handbook 

(ME, 2007) and the child-specific exposure factors handbook (US EPA, 2009) under 

normal distribution (US EPA, 2011), respectively. Distribution of breast milk 

ingestion amounts was estimated from raw data (KFDS, 2011).   

The exposure amount was calculated through the exposure algorithm by 

exposure pathways and media (Table S2). The exposure algorithm were applied to 

both exposure assessment approaches. The estimated values were presented as daily 

intake by body weight (ng/kg b.w/day). 
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2.3 Results  

 

A total of 108 pregnant women with ages ranging from 22 to 46 years were 

included in this study. We collected umbilical cord blood during delivery. Table 2.2 

depicts the general characteristics of their infants and distribution of concentrations 

of BDE 47 in umbilical cord serum.  

 

Table 2.2 Characteristics of study population and distribution of BDE 47 

concentrations in umbilical cord serum  

Newborn babies 
(n = 108) Median Range      

(min - max) 

Body weight, kg 3.4 2.9 - 3.7 

Body lipid, mg/dL 224 164 - 356 

Total body lipid, % 15a - 

Concentrations   

Lipid unadjusted, 
pg/mL of serum 4.935 0.239 - 17.83b 

Lipid adjusted,   
ng/g lipid weight 2.258 0.120 - 6.675b 

a Estimated value (Hawkes et al., 2011) 
b 5th – 95th %tile values 
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2.3.1 Estimation of prenatal exposure amounts for BDE 47 in newborn 

babies and infants age below 12-month-old  

 

The body burden of BDE 47 from maternal transfer during gestation was 

estimated based on the levels in umbilical cord serum (representing prenatal exposure) 

(Table 2.3). A basic lipid-partitioning approach was applied to estimate the body 

burden. The approach has been used for persistent organic chemicals such as TCDD 

(van der Mole et al. 1996; Lorver and Phillips, 2002), organochlorine pesticides 

(LaKind et al., 2000; Lindstrom et al., 1976), and polychlorinated biphenyls (Lutz et 

al., 1984).  

The 50th %tile and 95th %tile of the estimated body burden in newborn babies 

were 1.15 and 3.40 μg, respectively. The daily intakes corresponding to these 

estimated body burden were 2.33 and 6.89 ng/kg b.w/day (Table 2.3). The median 

estimated daily intakes at 6 months and 12 months postpartum were 1.46 and 1.06, in 

order. And total body burden corresponding to these estimated daily intakes were also 

calculated as shown in Table 2.3.  
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Table 2.3 The total body burden and estimated daily intakes from prenatal exposure to BDE 47 for infants age below 12-

month-old 

 

Month after delivery 0-month 6-month 12-month 

 50th %tile 95th %tile 50th %tile 95th %tile 50th %tile 95th %tile 

Total body burden (μg) 1.15 a 3.40 a 0.54 b 1.50 b 0.22 b 0.66 b 

Estimated daily intakes  
(ng/kg body weight/day) 2.33 6.89 1.46 4.30 1.06 3.13 

a Estimated using body burden model (WHO, 1988) with biomonitoring data (n = 108; KFDS, 2011)  
b Estimated using physiologically based pharmacokinetic (PBPK) model 
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2.3.2 Estimation of postnatal exposure amounts for BDE 47 in 6-month 

and 12-month-old infants 

 

Scenario-based risk assessment was conducted to assess the exposure to BDE 

47 in 6-month and 12-month-old infants by deterministic and probabilistic approach. 

The estimated daily intake from each exposure source were summed by approaches, 

postpartum months, and representative values such as median and 95th %tile values 

were shown in Table 2.4. The summed EDI for deterministic approach ranged from 

4.4 to 96.6 ng/kg b.w/day for 6-month-old infants and 3.3 to 75.4 ng/kg b.w/day for 

12-month-old infants. For probabilistic approach, the summed EDI ranged from 3.8 

to 3.9 ng/kg b.w/day for 6-month-old infants and 1.6 to 8.2 ng/kg b.w/day for 12-

month-old infants. Breast milk ingestion contributed over 90% to the ΣEDI in both 

approaches.  
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Table 2.4 The estimated daily intake (EDI) from postnatal exposure to BDE 47 for infant’s age below 12-month-old    

 Deterministic   Probabilistic 

 
6 month  12 month  6 month 12 month 

CTEa RMEb CTE RME  Median 95th %tile Median 95th %tile 

Breast milk 4.20 95.0 3.20 74.0  3.60 3.60 1.50 7.90 

Baby food -c - 0.01 0.04  - - 0.01 0.02 

House dust 0.06 1.20 0.03 0.59  0.01 0.13 0.01 0.20 

Air inhalation 0.05 0.30 0.04 0.28  0.05 0.08 0.02 0.06 

Dermal contactd 0.10 0.10 0.03 0.45  0.10 0.10 0.03 0.05 

ΣEDI 4.41 96.6 3.31 75.4  3.76 3.91 1.57 8.23 
a CTE: central tendency exposure 
b RME: reasonable maximum exposure 
c Not available  
d Dermal contact through dust in palm  
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2.3.3 Estimation of daily intake from prenatal and postnatal exposure,              

and assessment of health risk 

 

From our point of view, exposure amounts of BDE 47 in young children 

includes those from prenatal exposure as well as postnatal exposure. Therefore, the 

combined exposure amounts represents actual exposure amounts in young children. 

The ΣEDI from prenatal and postnatal exposure were shown in Table 2.5.  
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Table 2.5 The estimated daily intake (EDI; ng/kg b.w/day) from prenatal and postnatal exposure to BDE 47 for infants age 

below 12-month-old  

 
Prenatal exposure 

(I) 

Postnatal exposure Prenatal and postnatal exposure 

 Deterministic  
(II) 

Probabilistic  
(III) (I) + (II) (I) + (III) 

 P50 P95 P50 a P95 a P50 P95 P50 P95 P50 P95 

Newborn 
babies 

2.33 6.89 -b - - - 2.33 6.89 2.33 6.89 

6 month 1.46 4.30 4.41 96.6 3.76 3.91 5.87 101 5.22 8.21 

12 month 1.06 3.13 3.31 75.4 1.57 8.23 4.37 78.5 2.63 11.4 

a P50 and P95 represent central tendency estimate (CTE) and reasonable maximum estimate (RME), 
respectively.  
b Not available  
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For deterministic approach, the 50th %tile of combined ΣEDI were 5.87 and 

4.37 ng/kg b.w/day for 6-month and 12-month-old infants, respectively. For 

probabilistic approach, the 50th %tile of combined ΣEDI were 5.22 and 2.63 ng/kg 

b.w/day for 6-month and 12-month-old infants, respectively. The 50th %tile of 

combined EDI for both approaches were similar. However, there was a huge 

difference in the comparison between 95th %tile values from the two approaches.  

To assess the potential health risk, the EDI were compared with the oral 

reference dose (RfD) proposed by the United States Environmental Protection Agency 

(US EPA) (2008), which are 100 ng/kg b.w/day for BDE 47. In the present study, the 

EDIs of BDE 47 in 6-month-old infants estimated from deterministic approach were 

higher than the threshold values.    
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2.4 Discussion  

 

Toxic persistent organic pollutants, such as polychlorinated dibenzo-p-dioxins 

(PCDDs), polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers 

(PBDEs) have long half-lives (Sinkkonen and Paasivirta, 2000) compared to the 

bisphenol A and phthalate with short half-lives (Koch et al., 2006; Völkel et al., 2011).   

Pregnant and nursing women may pass these pollutants to their babies both 

placenta and lactation transfer. PBDEs have been detected in not only maternal serum 

but also their babies. According to our previous study, BDE 47 which has been 

predominantly detected congener in human tissues was detected with 2.1 ng/g lipid 

weight (median) in umbilical cord serum (Shin et al., 2016). The value was two times 

higher than those in serum of their mothers. The results implied that newborn babies 

have been exposed to BDE 47 during gestation period. In other words, neonates have 

innate amounts of BDE 47 although environmental exposure not occurred. In the case 

of bisphenol A that has short half-life (several hours), innate amounts of neonates was 

negligible because that is efficiently metabolized in their body (Aguilar et al., 2008). 

However, PBDEs are not easily eliminated from the body due to their relatively long 

half-lives. Therefore, innate amounts of the persistent chemicals with long half-lives 

should be considered to estimate body burden or daily intake more accurately. 

The postnatal exposure through ingestion, inhalation and dermal contact were 

calculated at postnatal month 6 and 12. House dust ingestion, air inhalation and dermal 
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contact were below 5% among postnatal exposure sources for infants with 12-month- 

old. Breast milk ingestion was over 95% out of the postnatal exposure in infants, 

which is consistent with several previous reports (Jeong et al., 2014; Wu et al., 2007).  

The relative contribution of EDI from prenatal and postnatal exposure to total 

EDIs were represented in Fig. 2.3.  

 

Fig. 2.3 Estimated daily intake (EDI; ng/kg b.w/day) from prenatal and postnatal 

exposure to BDE 47 for infants age below 12-month-old (each bar and error bar 

represent P50 and P95, respectively).
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In the figure, blue and green bars present EDI from postnatal exposure using 

deterministic approach and probabilistic approach, respectively. For deterministic 

approach, the proportion of prenatal exposure out of the total exposure ranged from 

4 % (P50 based) and 24% (P95 based) in 6-month and 12-month-old infants. For 

probabilistic approach, the proportion of prenatal exposure were 27 (50th %tile based) 

and 52% (95th %tile based) for 6-month-old infants, and 40 (50th %tile based) and 27% 

(95th %tile based) for 12-month-old infants, in order.  

The total exposure representing both prenatal and postnatal exposure in 

neonates and infants were calculated in Table 2.5. The respective RfDs for BDE 47 

are proposed to be 100 ng/kg b.w/day, which were higher than the EDIs of BDE 47 in 

our study except a 95th %tile values of EDIs that estimated from deterministic 

approach. Theses results imply that BDE 47 exposure via the multiple sources may 

not safe for Korean infants. It should be noted that infants have different 

susceptibilities than adults with regards to environmental contaminants. In addition, 

the potential contribution of other PBDE congeners as well as other persistent organic 

compounds such as PCBs and TCDD should not be ignored. So far we may have 

underestimated that much of the prenatal exposure amounts when we estimated 

exposure amounts of PBDEs in infants. Because the calculated proportion of the 

prenatal exposure amounts were considerable, the resulting values has significant 

meaning more than just values in a infants health risk context. So far no risk 

assessment have attempted to estimate prenatal exposure to BDE 47 for infants. 
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2.5 Summary and implications  

 

The prenatal exposure amounts, which has not been considered in young 

children exposure assessment, was estimated in the present study. The estimated 

amounts were considerable compared to the postnatal exposure amounts. The 

contributions of the amounts to the sum of pre- and postnatal exposure amounts were 

about 25% for deterministic approach and 28-40% for probabilistic approach in 

infant’s age below 12-month-old. 

The major limitations of the present study were that PBPK model used for 

estimating prenatal exposure amounts was a model for adults. Therefore, the prenatal 

exposure amounts were estimated for infant’s age below 12-month-old, based on the 

scale-down of the adult PBPK model. In addition, there was limitation inherent in 

exposure assessment based on exposure scenarios. To reduce the knowledge gaps, we 

conducted an integrated exposure assessment that considered various exposure 

sources and routes.  

According to the previous study which evaluating the exposure to PBDEs in 

Korean infants (< 1 year), the estimated daily intake (EDI) of BDE 47 through breast 

milk ingestion was 5.25 ng/kg body weight/day (Lee et al., 2013). In other countries, 

the EDI was 10.0 (Ghana), 12.3 (Indonesia), 20.6 (Taiwan), 12.4 (Tanzania) and 4.0 

(USA) ng/kg body weight/day in the same age group, respectively (Asante et al., 2011; 

Chao et al., 2007; Johnson-Restrepo et al., 2007; Müller et al., 2016; Sudaryanto et 



- 55 - 

 

al., 2008). Although those EDIs were estimated from only breast milk ingestion, it 

accounts for more than 90% of exposure to BDE 47 for infants (<1 year). There was 

no case that exceeded the criteria for BDE 47 among above studies. However, if 

prenatal exposure amounts are additionally considered, more accurate exposure 

assessment for vulnerable population would be conducted in those studies.  

Our approach can be applied to the other congeners that have long half-lives 

(BDE 99, 100 and 153) as well as other persistent organic pollutants (POPs). It will 

not only fill the knowledge gap when assess exposure to organic chemicals in young 

children, but it will also help to reduce the exposure to these chemicals. 
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Chapter 3. Polybrominated diphenyl ethers in maternal 

serum, breast milk, umbilical cord serum, and house dust in 

a South Korean birth panel of mother-neonate pairs 
 

3.1 Introduction  

Polybrominated diphenyl ethers (PBDEs), a group of synthetic organic 

chemicals with 209 congeners, have been widely used as chemical flame retardants 

for several decades. Three commercial PBDE formulations have been produced: 

pentabromodiphenyl ethers (penta-BDEs), octabromodiphenyl ethers (octa-BDEs) 

and decabromodiphenyl ethers (deca-BDEs), but deca-BDEs was reported to 

comprise 82% of the PBDE present in electronic products, electrical appliances and 

automotive industry products globally (Ni et al., 2015). While octa-BDEs has been 

added to plastics for electronic equipment, in recent decades penta-BDEs has been 

used in cushions and mattresses along with polyurethane (ATSDR, 2004). Owing to 

the stable chemical structure and strong tendency for bio-accumulation of PBDEs, 

they have been found in many biota specimens as persistent pollutants, and are 

regarded as endocrine disruptors (Lee et al., 2013a; Lee et al., 2013d; Ross et al., 2009; 

Strandberg et al., 2001). Animal studies have suggested that PBDEs can affect liver 

function (Lee, 2010) and neurodevelopment (Viberg, 2009), disrupt the endocrine 

system (Yu et al., 2011a), and alter hormone levels (Blanco et al., 2013); similar health 
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effects were also found in some epidemiological studies (Eskenazi et al., 2013; 

Gascon et al., 2011; Herbstman et al., 2010; Vos et al., 2003). Recently, a report 

showed a positive association between PBDEs in human breast milk and congenital 

cryptorchidism in newborn boys (Krysiak‐Baltyn et al., 2012). Also, significant 

associations of prenatal exposure to PBDEs with poorer attention and executive 

function were investigated (Sagiv et al., 2015). Owing to growing concerns about 

PBDEs exposure, penta- and octa-BDEs containing products have been banned or 

voluntarily phased out in Europe and the U.S.; however, the use of deca-BDEs and 

the recycling of PBDE products are still allowed in those countries including South 

Korea (Lee et al., 2013b). 

Regarding sources of exposure to PBDEs, physiological burden appears to be 

associated with their presence in food (Fraser et al., 2009; Zhao et al., 2009) and dust 

(Imm et al., 2009; Watkins et al., 2011; Wu et al., 2007). Considering that the indoor 

levels of PBDEs are usually higher than outdoor levels (Allen et al., 2008; Harrad et 

al., 2008a), house dust has been suggested as the main source of exposure to PBDEs 

(Frederiksen et al., 2009). According to a recent study, the estimated daily intake ratio 

between seafood and house dust differs by country: in South Korea and Belgium, this 

ratio is approximately 50:50, while in China and the US, house dust ingestion was 

found to be fourfold higher than seafood consumption in adults (Lee et al., 2013b). 

Such regional differences might be associated with different contributions from 
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various sources. In South Korea, it has been asserted that seafood consumption and 

dust ingestion contribute equally to the total PBDEs intake in adults (Lee et al., 2013b), 

while dust ingestion was proposed to be the major contributor in toddlers (Fraser et 

al., 2009). 
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3.2 Materials and Methods  

3.2.1 Study population and sample collection 

 

Forty-one mother-neonate pairs were recruited before delivery from five 

university hospitals, located in Ansan, Jeju, Pyungchon, and Seoul in South Korea, 

from February 2011 to December 2011. We only included healthy subjects without 

histories of thyroid disease. We collected maternal (n = 29) and umbilical cord blood 

(n = 25) from 29 mothers, resulting in 25 paired blood samples. Blood samples were 

collected in heparinized tubes during delivery. Blood from each individual was 

separated into aliquots on site and stored in polypropylene cryotubes at -70°C until 

analysis. Breast milk samples were collected from 18 lactating women at 7, 15, and 

30 days postpartum, in polypropylene tubes following a detailed standard operating 

protocol with pictorial guide. Before the mothers collect their breast milk, they were 

asked to wash the hands and wipe their breast with an alcohol cotton swab. Only 16 

of these women had their breast milk collected at all three collection times; the 

remaining two had it collected only once. Therefore, a total of 50 breast milk samples 

were collected. We visited the participants’ homes to collect domestic vacuum cleaner 

bags (n = 41) at June 2011 to July 2011. Participants we asked two weeks before the 

home visit to clean their living rooms and bedrooms everyday using their vacuum 

cleaner. After the vacuum cleaner bags were transported to the laboratory these bags 

were opened carefully. Hair and non-dust particles were removed, sieved with a mesh 
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micron 100 µm, and kept at -20 ˝C until analysis. Personal information pertaining to 

lifestyle, diet, and demographics was obtained by a face-to-face interview and 

questionnaires during the home visits. Information on prenatal care and health status 

was extracted from medical case report forms. The protocol used in this study was 

approved by the Institutional Review Board (IRB) of the School of Public Health, 

Seoul National University (IRB No. 131-2011-02-14). All participants signed 

informed consent forms before participating. 

 

3.2.2 Chemical analysis  

 

The experimental procedures for the analysis of PBDEs in human samples were 

optimized by making some modifications to those used in previous studies (Dmitrovic 

et al., 2002; Kang et al., 2008). In brief, after 13C-labeled PBDEs were spiked, 2-mL 

blood serum or breast milk samples were fortified with formic acid and Milli-Q water 

for protein denaturation. The samples were extracted by solid-phase extraction (SPE) 

using Sep-Pak C18 SPE cartridges, which were pre-washed with MeOH and 

conditioned with Milli-Q water. The extracted cartridges were rinsed with Milli-Q 

water and subsequently dried. A Sep-Pak Plus NH2 cartridge, pre-washed with 6 mL 

of hexane, was connected to the lower end of the C18 cartridge. Hexane (8 mL) was 

passed through the combinedNH2-C18 cartridges and collected. After removing the 

C18 cartridge, 6mLof 5% dichloromethane (DCM) in hexane was passed through 



- 61 - 

 

theNH2 cartridge and combined with the previous fraction. The pooled eluents were 

cleaned by a silica gel/Florisil SPE cartridge, using 12 mL of 50% DCM in hexane. 

The purified eluents were then concentrated and dissolved in 100 µL of nonane for 

instrumental analysis. PBDE concentrations were normalized by the lipid weight of 

serum or breast milk. Triglyceride and total cholesterol were determined by enzymatic 

methods in a commercial clinical laboratory, and the serum concentration of total 

lipids was calculated as follows: Total lipids (mg/dL) = (2.27 x total cholesterol 

(mg/dL)) + triglyceride (mg/dL) + 62.3 (Adetona et al., 2013; Bernert et al., 2007). 

Levels of PBDEs in dust were determined using a previously published method (Lee 

et al., 2013b). Briefly, the dust samples (approximately 1 g) were extracted in a 

Soxhlet apparatus using 200 mL of 50% DCM (ultra-residue analysis; J. T. Baker, 

Phillipsburg, NJ, USA) and hexane (ultra-residue analysis; J. T. Baker) (1:1, v:v) for 

20 h. Before the extraction, 2 ng of surrogate standards (MBDE-MXE; Wellington 

Laboratories, Guelph, ON, Canada) was spiked into the samples. The extracts were 

then concentrated to 1–2 mL using a rotary evaporator. Next, the dust sample extracts 

were cleaned by passage through a multi-layer silica gel column with 150 mL of 15% 

DCM in hexane using the Dioxin Cleanup System (DAC695/DPU8; GL Sciences, 

Tokyo, Japan). The eluents were concentrated to approximately 1 mL and then 

evaporated at room temperature to 50–100 µL. The residues were dissolved in 100 µL 

of nonane for instrumental analysis. Twenty-one PBDE congeners (BDE 17, -28, -47, 

-66, -71, -85, -99, -100, -119, -126, -153, -154, -183, -184, -190, -191, -196, -197, -
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206, -207 and -209) composed of tri- to deca-BDEs were measured.  

 

3.2.3. Instrumental analysis and quality control 

 

High-resolution gas chromatography interfaced with a high-resolution mass 

spectrometer (HRGC/HRMS; JMS 800D; JEOL, Tokyo, Japan) was used for the 

identification and quantification of PBDEs. Details of the instrumental parameters are 

reported elsewhere (Moon et al., 2007; Moon et al., 2009). In brief, PBDEs were 

quantified using the isotope dilution method based on relative response factors of 

individual compounds. The HRMS was operated under positive electron ionization 

mode, and ions were monitored by selected ion monitoring using molecular ions of 

target compounds. A DB5-MS (15 m length, 0.25 mm internal diameter, 0.1 µm film 

thickness; J & W Scientific, Palo Alto, CA, USA) column was used for the separation 

of individual PBDE congeners. The limit of quantitation (LOQ), calculated according 

to the mean serum lipid content of a 2-mL serum sample, ranged from 0.17 (BDE 17 

to -126) to 0.83 (BDE 138 to -191) ng/g lipid weight. For dust samples, the LOQ was 

calculated as 10 times the signal-to-noise ratio, which ranged from 0.7 to 3.0 ng/g d.w. 

for tri- to nona-BDEs, and 30 ng/g d.w. for deca-BDEs. The recovery rates of 13C-

labeled surrogate standards of PBDEs were 86% - 19% for house dust and 87% - 13% 

for human samples. To assess the quality of PBDE determination, standard reference 

house dust materials (SRM 2585; NIST, Gaithersburg, MD, USA) were analyzed. The 



- 63 - 

 

levels of accuracy (n = 5) of the measured values for tri- to hepta-BDEs and octa- to 

deca-BDEs were 90% - 10% (mean ± standard deviation (SD)) and 82% - 12%, 

respectively. A mid-point calibration standard was injected to check for instrumental 

drift in sensitivity after every 15 samples. The results showed a coefficient variation 

of <10% for all congeners of PBDEs. Solvents injected before and after the injection 

of standards showed negligible contamination or carryover. Procedural blanks (n = 10) 

were processed with each set of 15 serum samples to check for laboratory 

contamination. Blanks did not contain quantifiable amounts of target contaminants. 

 

3.2.4. Statistical analysis 

 

Levels of PBDEs in biological samples and dust were natural-log-transformed 

before statistical analysis due to their log-normal distribution; the levels of PBDEs 

below the LOQ were assigned a value of the LOQ divided by the square root of 2. For 

calculation of the total PBDE level (ΣPBDEs; sum of the PBDE congeners determined 

for each subject), we replaced the values below the LOQ with zero, to prevent over-

inflation caused by summation of inputted congener levels that were below the LOQ 

(Imm et al., 2009). To evaluate the association between the levels of PBDE congeners 

and ΣPBDEs of the different media, nonparametric correlation statistics (Spearman’s 

rank) were used. To analyze the difference between the groups, ANOVA was used. To 
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minimize the effects of outliers, including on the regression models, candidate outliers 

were assessed with the PROC UNIVARIATE function in SAS using a trim option of 

0.1. In the model, the maximum level of BDE 47 in maternal serum and house dust 

was trimmed before regression modeling (Keselman et al., 2002); scatterplots were 

also produced including trimmed data. (Fig. S1). Regarding the assessment of the 

association among congeners, we used a simple correlation analysis as well as a 

comparison of the distribution of each congener. While Spearman’s correlation was 

useful to measure the relationship among congeners matched in sample media, radar 

chart-like graphics allowed us to compare the overall association among congeners 

including unmatched cases. All data were natural-log transformed due to skewness. 

Then, each congener by media was standardized to have a mean of zero and standard 

deviation of unity so as to make relative comparison among congeners in different 

media. Because the levels of BDEs were widely distributed by congener and medium, 

and varied by orders of magnitude, standardization of the measurements was 

necessary before the levels of the different congeners could be compared. In the radar 

chart, one was used as a reference and the others were used as a comparison group. 

Since our assumption was that less brominated congeners in dust or biological 

samples were derived from more highly brominated congeners, most references were 

highly brominated congeners in the plots. If a reference congener had a high 

correlation with the comparison congeners, their distributions should overlap. 

Subsequently, we sorted the data array by the reference congener and obtained spiral 
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plots showing the reference congeners in ascending order. In the case of a strong 

association between the reference and comparison congeners, the comparison 

congeners followed the spiral lines more exactly. To avoid overly complicated radar 

charts, congeners were grouped based on their covariance estimates (“between-

congener variance components”), which were derived in preliminary mixed-effect 

models (where the dependent variables were standardized PBDE levels with a random 

intercept of congener by sample medium, especially for PBDEs frequently detected 

in biological media as random blocks (indicating small mixed effects; e.g., BDE 47, -

99, -153 and -183). There was no statistically significant difference in the congener 

levels of breast milk collected at the three different time points in the preliminary 

analysis. While summary statistics used individual measurements, covariance 

estimation and radar charts used subject-specific means. All statistical analyses were 

performed using SAS software (ver. 9.3, SAS Institute, Cary, NC, USA).
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3.3. Results  

 

3.3.1 PBDEs in house dust 

 

The most abundant congener was BDE 209, which constituted 80.2% of the 

ΣPBDEs detected. This was followed by BDE 99 (4.7%), -47 (2.9%), -206 (2.9%) and 

-207 (2.7%) (Table 3.1, Fig. 3.1). Some of them within and between commercial 

groups showed significantly high correlations ranging from p < 0.0001–0.0009: ρ = 

0.85–0.96 for deca- to nona-BDEs (BDE 206, ´207); ρ = 0.51 for nona- (BDE 207) to 

tetra-BDEs (BDE 47); ρ = 0.67–0.77 for nona/deca- to octa-BDEs (BDE 196); ρ = 

0.53 for nona- (BDE 206) to octa-BDEs (BDE 183); ρ = 0.56–0.61 for octa- (BDE 

183) to penta-BDEs (BDE 99, -100, -153); ρ = 0.54 for octa- (BDE 183) to tetra-BDEs 

(BDE 47); and ρ = 0.67–0.93 for penta- (BDE 85, -99, -100, -153, -154) to tetra-BDEs 

(BDE 47, -66) (Table S3), and they were depicted consistently with radar charts (Fig. 

3.2 and Fig. S2). This was followed by BDE 99 (4.7%), −47 (2.9%), −206 (2.9%) and 

−207 (2.7%) (Table 3.1, Fig. 3.1). Some of them within and between commercial 

groups showed significantly high correlations ranging from p < 0.0001–0.0009: ρ = 

0.85–0.96 for deca- to nona-BDEs (BDE 206, −207); ρ = 0.51 for nona- (BDE 207) 

to tetra-BDEs (BDE 47); ρ = 0.67–0.77 for nona/deca- to octa-BDEs (BDE 196); ρ = 

0.53 for nona- (BDE 206) to octa-BDEs (BDE 183); ρ = 0.56–0.61 for octa- (BDE 

183) to penta-BDEs (BDE 99, −100, −153); ρ = 0.54 for octa- (BDE 183) to tetra-
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BDEs (BDE 47); and ρ = 0.67–0.93 for penta- (BDE 85, −99, −100, −153, −154) to 

tetra-BDEs (BDE 47, −66) (Table S3), and they were depicted consistently with radar 

charts (Fig. 3.2 and Fig. S2).  

 

 

Fig. 3.1 Relative contribution of PBDE congeners in human samples and house 

dust. 
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Fig. 3.2 Radar charts of major polybrominated diphenyl ether (PBDE) congeners detected in 

house dust. (A) deca-BDEs, nona-BDEs, and less brominated BDEs in dust showing the strongest 

associations (𝜎𝜎�𝑏𝑏.𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
2 : 0.457–0.459); (B) nona-BDEs and less brominated BDEs in dust showing 

strong associations (𝜎𝜎�𝑏𝑏.𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
2 : 0.438–0.459); (C) octa-BDEs (BDE 196) and less brominated BDEs 

(𝜎𝜎�𝑏𝑏.𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
2 : 0.438–0.454) in dust showing weak associations; (D) nona-BDEs and less brominated 

BDEs (𝜎𝜎�𝑏𝑏.𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
2 : 0.150–0.416) in dust showing the weakest associations. The values from the center 

indicate log transformed PBDE levels, standardized with a mean of zero and standard deviation of 

unity, and those around the circumference are observation numbers in ascending order of reference 

BDE (207 or −196) levels, where the congener number is provided in the legend after the “d” 

character. For example “d047” corresponds to BDE 47 in dust. 
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Table 3.1 Summary of PBDE concentrations in matched samples of house dust, maternal serum, umbilical cord serum, and breast milk in mother-newborn pairs 

 
House Dust (n = 41) Maternal Serum (n = 29) Umbilical Cord Serum (n = 25) Breast Milk a (n = 50) 
(ng/g Dry Weight) (ng/g Lipid Weight) 

Congener min 50th 75th max %detect b min 50th 75th max %detect min 50th 75th max %detect min 50th 75th max %detect 
tri-BDEs <LOQ 15.5 22.6 239.3 80.5 <LOQ <LOQ <LOQ 0.1 3.4 <LOQ - <LOQ <LOQ <LOQ 0.4 16.0 
BDE 17 <LOQ <LOQ 1.6 8.7 34.1 <LOQ - <LOQ - <LOQ - 
BDE 28 <LOQ 14.8 21.6 239.3 80.5 <LOQ <LOQ <LOQ 0.1 3.4 <LOQ - <LOQ <LOQ <LOQ 0.35 16.0 

tetra-BDEs 6.7 39.6 63.1 418.7 100 <LOQ 0.8 1.6 8.9 86.2 <LOQ 0.8 3.6 6.5 84.0 0.3 0.6 0.8 2.1 96.7 
BDE 47 6.7 37.0 63.1 307.9 100 <LOQ 1.2 2.2 6.5 86.2 <LOQ 2.1 3.6 6.5 84.0 <LOQ 0.6 0.7 2.1 98.0 
BDE 49 <LOQ - <LOQ <LOQ <LOQ 0.5 6.9 <LOQ <LOQ <LOQ 2.9 16.0 <LOQ <LOQ <LOQ 0.6 6.0 
BDE 66 <LOQ <LOQ 2.7 13.4 36.6 <LOQ <LOQ <LOQ 0.6 13.8 <LOQ <LOQ <LOQ 2.0 12.0 <LOQ <LOQ <LOQ 0.6 4.0 
BDE 71 <LOQ <LOQ <LOQ 97.4 4.9 <LOQ <LOQ <LOQ 2.4 13.8 <LOQ <LOQ <LOQ 0.9 8.0 <LOQ <LOQ <LOQ 0.1 6.0 
BDE 77 <LOQ - <LOQ <LOQ <LOQ 0.8 10.3 <LOQ <LOQ <LOQ 0.9 20.0 <LOQ <LOQ <LOQ 0.1 2.0 

penta-BDEs 12.4 69.8 160.4 1615.1 100 <LOQ <LOQ <LOQ 10.4 27.6 <LOQ <LOQ 3.8 17.3 76.0 <LOQ 0.9 1.5 17.0 92.0 
BDE 85 <LOQ <LOQ 2.4 14.1 36.6 <LOQ - <LOQ  <LOQ - 
BDE 99 6.7 41.2 83.5 1571.0 100 <LOQ <LOQ <LOQ 2.5 20.7 <LOQ 2.2 3.1 8.8 76.0 <LOQ 0.3 0.5 13.7 88.0 

BDE 100 <LOQ 6.0 9.7 250.4 70.7 <LOQ <LOQ <LOQ 0.7 13.8 <LOQ <LOQ 0.7 2.9 28.0 <LOQ 0.1 0.3 3.3 56.0 
BDE 119 <LOQ <LOQ <LOQ 80.3 12.2 <LOQ <LOQ <LOQ 0.4 6.9 <LOQ  <LOQ <LOQ <LOQ 0.1 6.0 
BDE 126 <LOQ <LOQ <LOQ 8.1 4.9 <LOQ <LOQ <LOQ 0.3 3.4 <LOQ  <LOQ <LOQ <LOQ 0.1 6.0 
BDE 138 <LOQ - <LOQ - <LOQ <LOQ <LOQ 6.0 4.0 <LOQ - 
BDE 153 <LOQ 8.5 31.0 253.4 97.6 <LOQ <LOQ <LOQ 6.4 24.1 <LOQ <LOQ <LOQ 11.9 12.0 <LOQ <LOQ 0.7 1.7 42.0 
BDE 154 <LOQ 1.4 5.2 19.2 53.7 <LOQ <LOQ <LOQ 1.0 6.9 <LOQ <LOQ <LOQ 5.8 12.0 <LOQ - 

octa-BDEs 3.0 28.2 50.8 461.3 100     - <LOQ <LOQ <LOQ 38.3 8.0 <LOQ <LOQ <LOQ 1.2 24.0 
BDE 183 3.0 13.8 27.8 335.0 100 <LOQ - <LOQ <LOQ <LOQ 38.3 8.0 <LOQ <LOQ <LOQ 1.2 24.0 
BDE 184 <LOQ <LOQ <LOQ 22.9 17.1 <LOQ - <LOQ - <LOQ - 
BDE 190 <LOQ <LOQ <LOQ 18.8 7.3 <LOQ - <LOQ - <LOQ - 
BDE 191 <LOQ <LOQ <LOQ 120.1 4.9 <LOQ - <LOQ - <LOQ - 
BDE 196 <LOQ 6.7 10.2 51.1 82.9 <LOQ - <LOQ - <LOQ - 
BDE 197 <LOQ 6.2 11.7 75.2 68.3 <LOQ - <LOQ - <LOQ - 

nona-BDEs <LOQ 105.5 181.2 597.9 95.1 n.a c - n.a - n.a - 
BDE 206 <LOQ 53.3 88.0 307.2 95.1 n.a - n.a - n.a - 
BDE 207 <LOQ 46.6 81.9 290.7 95.1 n.a - n.a - n.a - 

deca-BDEs 498.0 1407.8 2273.8 5706.8 100 n.a - n.a - n.a - 
(BDE 209)            

Total BDE d 645.8 2011.3 3165.3 6360.1 100 <LOQ 1.9 4.3 13.6 92.9 <LOQ 7.4 15.2 49.0 92.0 0.3 1.6 2.3 19.8 100 

BDE, brominated diphenyl ether; octa-BDEs, octabromodiphenyl ethers; deca-BDEs, decabromodiphenyl ethers; LOQ, limit of quantification.  
a Breast milk sample data (min. 1 to max. 3) were averaged for each individual. b proportion of observations above LOQ. c Not analyzed due to small sample.  
d Total BDEs (ΣPBDEs) were calculated by summing values for all of the congeners analyzed in each matrix. 
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3.3.2 PBDE levels in biological samples 

 

Although PBDEs were detected in most biological media based on the ΣPBDEs 

data, the highest geometric mean amount within the first week after birth was in 

umbilical cord serum (7.37 ng/g lipid; 95% confidence level: 1.07–2.20), followed by 

maternal serum (1.93 ng/g lipid; 95% CL: 1.43–2.59) and breast milk (7 days 

postpartum; 1.53 ng/g lipid (95% CL: 1.07–2.19), 15 days postpartum; 1.64 ng/g lipid 

(95% CL: 1.15–2.35), 30 days postpartum, 1.50 ng/g lipid (95% CL: 0.98–2.28) 

(Table 1). The levels of individual PBDE congeners and the ΣPBDEs did not differ 

significantly according to the breast milk collection time (p = 0.924). 

While BDE 47 was most abundant in maternal serum, followed by BDE 153, 

the congener composition was notably different depending on the biological matrix 

(Fig. 3.1). Increased levels and detection rates of BDE 99 were observed in umbilical 

cord serum, and the ratio between BDE 47 and -99 in this matrix was approximately 

1:1. In breast milk, most abundant congener was BDE 47 followed by -99 and -153. 

 

 

 

 

 

 



- 71 - 

 

3.3.3 Association among PBDE congeners in human samples and house 

dust 

 

There were considerable associations between BDE 47 and -99 in umbilical 

cord serum and BDE 209 levels in house dust. Based on pairwise comparison, 

significant correlations were found between BDE 209 in dust and BDE 47 (p < 0.001) 

and -99 (p < 0.01) in umbilical cord serum (Table 3.2, Fig. S1) although BDE 47 levels 

in maternal serum did not show this trend (p > 0.1, Fig. S1). To the contrary, the 

relative distributions in radar charts depicted tight spiral lines of highly brominated 

BDEs in dust some congeners in cord serum. The spiral lines of BDE 47, -99 in cord 

serum were regressed upon the corresponding BDE 209 in dust (Fig. 3.3) and BDE 

207. Comparatively, lines for BDE 47 and -99 in breast milk and BDE 47 in maternal 

serum followed the reference BDEs in dust (e.g., BDE 47, -99 and -153; Fig. 3.3, Fig. 

S3). 
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Table 3.2. Spearman’ correlation coefficient between predominant congeners (>75% detection rate) in umbilical 

cord serum, maternal serum and nona/deca-BDEs in house dust  

 

   House dust 

Human tissues BDE 
congener 

 206 207 209 

Maternal serum 47 

Spearman’s (ρ) 0.241 0.243 0.242 

p-value 0.257 0.253 0.245 

n 24 24 25 

Umbilical cord serum 

47 

Spearman’s (ρ) 0.447 0.502 0.523 

p-value 0.007 0.005 <0.001 

n 18 18 19 

99 

Spearman’s (ρ) 0.573 0.604 0.637 

p-value 0.013 0.008 0.003 

n 18 18 19 
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Fig. 3.3 Radar charts of major PBDE congeners detected in house dust and human tissues. (A) Levels of brominated diphenyl 

ethers (BDEs) in maternal serum and levels of BDE 209, −207 and −47 in dust; (B) Levels of BDEs in umbilical cord serum and 

levels of BDE 209, −207 and −47 in dust; (C) Levels of BDEs in breast milk and levels of BDE 209, −207 and −47 in dust. The values 

from the center indicate log transformed PBDE levels, standardized with a mean of zero and standard deviation of unity, and those 

around the circumference are observation numbers in ascending order of reference BDE (d209) levels, where the congener number is 

provided in the legend after “m, f, bm and d” character. m; maternal serum, f; umbilical cord serum, bm; breast milk, d; house dust. 

For example “m047” corresponds to BDE 47 in maternal serum.
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3.4 Discussion 

 

Diet and house dust have been considered as the main sources of BDEs in human 

tissues (Harrad et al., 2008a; Keselman et al., 2002) the most abundant congeners in 

human tissues have been reported as BDE 47 and other less brominated BDEs, while 

the most abundant congeners in house dust were BDE 209 and other more highly 

brominated BDEs (Chen et al., 2014; Coakley et al., 2013; Sjödin et al., 2008; Watkins 

et al., 2011). In the present study, we measured PBDE congener levels in different 

media of matched mother-neonate pairs to assess the contribution of house dust 

PBDEs to those levels. 

 

3.4.1 PBDEs in house dust 

 

Most congeners were detected in dust, but BDE 209 was by far the most abundant 

(80.2% of ΣPBDEs), followed by BDE 206/207 (5.6%), -99 (4.7% of ΣPBDE) and  

-47 (2.9% of ΣPBDE). In the present study, ΣPBDEs in house dust, and the 

proportions of individual congeners, agreed with a previous study conducted in South 

Korea (Lee et al., 2013b). Among several different countries, ΣPBDEs was highest in 

the U.S. (Stapleton et al., 2005) (Fig. 3.4), which showed a similar ΣPBDE to that of 

the UK (Harrad et al., 2008a). The ΣPBDEs in the present study was lower than in the 
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UK and the U.S., but higher than in Oceania (Coakley et al., 2013; Harrad et al., 

2008b). The ΣPBDEs in this study was most similar to those in other East Asian 

countries (Huang et al., 2010; Tan et al., 2007). Although the use of penta-BDEs and 

octa-BDEs in consumer products has been restricted internationally since 2004 (they 

have since started to be replaced by other flame retardants), both penta- and octa-

BDEs have been detected at high concentrations in house dust (Besis and Samara, 

2012). In dust samples, the levels of congeners in each homologous group were 

significantly correlated (deca-BDEs: Spearman’s r = 0.85 for tetra-; r = 0.69–0.87 for 

penta-; r = 0.67–0.83 for hexa-; r = 0.54 for hepta-; and r = 0.51 for nona-BDEs; Table 

S3), as illustrated in the radar charts (Fig. 3.2, Fig. S2). Our data were standardized 

with the same mean (zero) and standard deviation (one); therefore, the close variance 

components would indicate a strong association among congener groups. The radar 

chart shows that BDE 183 and −153 followed the spiral lines of BDE 207 and −209 

exactly (Fig. 3.2 A, B), whereas BDE 28, −100 and −154 followed the spiral lines of 

BDE 207, −196 and −197 less exactly (Fig. 3.2 B, C; 𝜎𝜎�𝑏𝑏.𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
2 , 0.438–0.454); however, 

there seemed to be no association between BDE 85, −66, and −17 (𝜎𝜎�𝑏𝑏.𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
2 , 0.411–

0.454) and BDE 207 (Fig. 3.2D).  
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Fig. 3.4 Relative amounts of PBDE congeners in house dust (% of median dry weight (ng/g)) among different countries.
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Although this was not a mechanistic experiment, a strong agreement among 

congeners in house dust suggest that less brominated congeners such as BDE 47, −99 

and −183 in dust are produced from highly brominated congeners (BDE 209, −207 

and −206) as degradation products (Fig. 3.2, Fig. S2). In addition to strong 

associations among the levels of certain congeners, some congeners were associated 

with a higher proportion of other, more highly brominated compounds, which was 

probably attributable to the degradation of these compounds into less brominated 

congeners, or to direct input from other sources; however, random fluctuation or 

swing movement across mainly BDE 209, −207 and −206, as well as −183 or −153, 

might indicate that disposition (or breakdown, i.e., debromination) of highly 

brominated congeners is the main factor contributing to the smaller congeners. The 

debromination of BDE 209 into less brominated congeners in house dust has been 

shown previously (Allen et al., 2008; Stapleton and Dodder, 2008). 
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3.4.2 PBDEs levels in biological samples of mother-neonate pairs 

 

BDE 47 was the most abundant congener detected in all bio-samples; this 

agrees with previous studies (Chen et al., 2014; Johnson et al., 2010; Mazdai et al., 

2003). Its abundance could be explained by relatively long half-life (1.8 years) in 

humans (Geyer et al., 2004) and possibly frequent exposure through consumption of 

foods which also have abundant BDE 47 (Yu et al., 2011a; Zhang et al., 2013). Our 

results regarding blood BDE 47 levels were comparable to those of other South 

Korean studies of mother-neonate pairs. The previous studies, which had smaller 

sample sizes, reported BDE 47 levels of 0.97–60.0 ng/g lipid for maternal serum, 

2.06–230 for umbilical cord serum, and 0.37–180 for breast milk (Kang et al., 2010; 

Kim et al., 2012). The median concentrations of BDE 47 in serum in our study were 

also similar to those determined in previous European and Asian studies (Gomara et 

al., 2007), but lower than those in U.S. studies (Herbstman et al., 2007; Mazdai et al., 

2003). The levels of individual congeners, and the ΣPBDEs, in umbilical cord serum 

were significantly higher than the levels in maternal serum, which is consistent with 

several previous reports (Foster et al., 2011; Gomara et al., 2007; Kim et al., 2009). 

This could be explained by the lower capacity for chemical metabolism by the fetus, 

resulting in greater concentrations of highly brominated PBDEs in umbilical cord 

serum than in maternal serum (Foster et al., 2011). There was a significant (p < 0.01) 

association between maternal serum for BDE 47 and umbilical cord serum for BDE 
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99; although the levels of other congeners in the two media were also likely to be 

related, the low detection rates (due to small sample volumes) were likely responsible 

for no further relationships being identified. This finding is supported by previous 

evidence of significant correlations between maternal and fetal matrices in terms of 

BDE 47 levels and ΣPBDEs (Bi et al., 2006; Frederiksen et al., 2010a; Mazdai et al., 

2003), which strongly suggests that the placenta is not an effective barrier to limit the 

transport of PBDEs. Meanwhile, the levels of BDE 47, 99 and −100 in breast milk 

were not significantly correlated with fetal nor maternal serum. 
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3.4.3. Correlations between Human Samples and House Dust 

 

We collected a house dust sample from each participant at different time points. 

In total, 60% of participants provided house dust samples during the prenatal period; 

the remaining participants provided a postnatal sample. Variability in the levels of 

PBDEs in dust, in the same house according to sampling time (with measurements 

separated by an interval of approximately 5 years) and season, were previously 

reported (Whitehead et al., 2013); however, low variability was observed between 

samples separated by less than 1 year (Allen et al., 2008). Because the interval 

between sampling times was very short (June 2011 to July 2011) in the present study, 

we considered that the PBDE levels in house dust would not have been affected by 

sampling time or season. 

Although contaminated food and dust have been considered as the main sources 

of PBDEs in human tissues, we found significant correlations between BDE 47 and 

−99 in umbilical cord serum and BDE 209 levels in dust; however, BDE 47 in 

maternal serum and BDE 47, −99, −100 in breast milk were not correlated with dust 

BDE 209, which could be due to data sparseness. Pairwise comparison showed the 

correlation between matched analytes only; missing samples or incomplete dataset 

wastes the unmatched observations. In order to overcome this limitation, we devised 

radar charts with all observations to show order-sorted distribution relative to ones of 

other analytes. These radar charts suggested association among variables with both 
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matched and unmatched observations. In the case of strong association among 

variables, all observations of comparison variables followed the reference variable 

(BDE 209 in dust) tightly as shown in Fig. 3.2A. The limited number of observations 

in our pairwise comparison analyses probably obscured the true association; however, 

the radar charts suggested considerable associations among abundant congeners (BDE 

47, −99 and −153) in maternal or fetal tissue and deca-BDEs (or nona-BDEs) and 

those fetal tissue (Fig. 3.3, Fig. S3). Interestingly, there was a strong association 

between BDE 47 and deca- or nona-BDEs levels in dust, which suggests that BDE 

209 can be broken down into BDE 47 in dust. In contrast, the spiral lines of high 

brominated congeners such as BDE 207 and −209 in house dust was close to the spiral 

lines of lower brominated congeners such as BDE 47, −99 and −153 in biological 

samples at low levels. However, those spiral lines of both house dust and biological 

samples drifted apart at high levels (Fig. 3.3). Therefore, we speculated that high 

concentration in biological samples might be result from other sources not only house 

dust.   

In vivo BDE 209 has a very short half-life (several days) compared with those 

of other congeners; thus, it may be more readily transformed into less brominated 

congeners, or eliminated (Thuresson et al., 2006) and eventually prevent reliable 

measurement in biological media. Stapleton, et al. (Stapleton et al., 2006) reported 

that, in carp fed BDE 209 alone, only less brominated congeners were present. 
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Thuresson, et al. (2005) detected less brominated congeners in workers who had been 

exposed mainly to deca-BDEs. 

Because concentration of BDE 209 in house dust are high, human can be 

exposed continuously. We speculated that house dust could be an important source of 

PBDEs and may contribute to physiological burden of less brominated congeners 

found in humans.  

This is the few study to assess the association between PBDE levels in matched 

maternal and fetal samples and house dust in Korea. Despite the limited sample size, 

the present study suggested considerably strong association between highly-

brominated BDEs in dust and lower-brominated ones in biological samples although 

further researches are need to confirm.  
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3.5. Summary and implications 

 

In this study, there were significant correlation between BDE 47 and –99 in 

umbilical cord serum and BDE 209 in house dust. Limitation of our study were 

relatively small sample size and no measurements of BDE 209 in human tissues. 

However, the association between house dust and human tissues especially for 

pregnant women were not investigated in Korea. Based on pregnant women from the 

cohort studies of Danish (n = 51), positive correlations (<0.05) were found for some 

congeners in maternal plasma and house dust as well as in umbilical cord plasma and 

house dust were found in line with our results. However, for the general European 

population only a few investigations have been able to show a significant correlation 

between external and internal exposure. Roosens et al. (2009) studied both the diet 

and dust contribution for 19 students in Belgium. However, no correlation was found 

for either exposure pathway. Karlsson et al. (2007) found a significant correlation 

between house dust and serum concentrations in five subjects from Sweden, but this 

correlation was strongly driven by a single subject. The above studies are indicated 

that correlation between exposure sources and internal exposure may or may not occur 

depending on the levels in exposure sources. Because related studies were not 

conducted in Korea, our study has a very important meaning. This is the first study to 

assess the association between PBDE levels in matched maternal and fetal samples 

and house dust. Despite the limited sample size, the present study suggested 
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considerably strong association between highly-brominated BDEs in dust and lower-

brominated ones in biological samples. Our results indicate that domestic house dust 

indeed can be a significant source for PBDE exposure of the pregnant women and 

their offsprings in Korea. 
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Chapter 4. Placental and lactational transfer of decabromo 

diphenyl ether and 2,2′,4,4′-tetrabromodiphenyl ether in 

mother-offspring pairs of Sprague-Dawley rats 

 

4.1 Introduction 

 

Polybrominated diphenyl ethers (PBDEs) are an important class of additive 

flame-retardants used in a variety of products, including textiles, furniture upholstery, 

and electronic appliances. Because PBDEs do not bind chemically to the product, they 

are emitted continuously into the environment (Frederiksen et al., 2010b). Three 

technical mixtures have been widely used: penta-, octa- and deca-BDE formulations. 

Due to growing environmental and human health concerns, penta-BDEs were 

voluntarily phased out in 2004 due to their persistence in the environment; global 

regulation of both the penta- and octa-BDE formulations followed in 2009, with their 

inclusion in Annex A of the Stockholm Convention, which aims to protect the 

environment and human health (The Stockholm Convention, 2010).  

PBDEs are persistent and lipophilic compounds that bioaccumulate readily in 

the environment. They have been shown to cause neurotoxic effects in mice (Viberg 

et al., 2004) and can interact with the thyroid hormone system by mimicking 
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deiodinase enzymes, which are essential in thyroid hormone formation (Butt and 

Stapleton, 2013; Jin et al., 2010; Pellacani et al., 2012). Thyroid hormone is very 

important for brain development. Some studies have reported that pre- or postnatal 

exposure to PBDEs can decrease thyroid hormone levels and eventually result in 

neurobehavioral disorders or irreversible deficits in cognitive performance 

(Herbstman et al., 2015; Roze et al., 2009; Stapleton et al., 2011).  

The less brominated congeners including 2,2′,4,4′-tetrabromodiphenyl ether 

(BDE 47) and 2,2′,4,4′,5-pentabromodiphenyl ether (BDE 99) have been investigated 

most widely regarding their toxicological aspects. They bioaccumulate more easily in 

lipid-rich tissues than do highly brominated congeners, such as 2,2′,3,3′,4,4′,5,5′,6,6′-

decabromodiphenyl ether (BDE 209), which is rapidly catabolized in vivo 

(Frederiksen et al., 2010b). For that reason, highly brominated congeners have 

received little attention in toxicological studies. There is some evidence that highly 

brominated congeners are degraded into less brominated congeners. Several previous 

studies have evaluated debromination in vivo in rainbow trout (Stapleton et al., 2006), 

carp (Stapleton et al., 2004a), rats (Huwe and Smith, 2007), dairy cattle (Kierkegaard 

et al., 2007), and occupationally exposed workers (Thuresson et al., 2005). BDEs 47 

and 209 are the major sources of PDBE exposure in the diet and house dust, 

respectively. BDE 47 is the predominant congener, accounting for over 50% of the 

congeners in human and wildlife tissues (Costa et al., 2009). BDE 209 is the major 

component of commercial flame retardant mixtures and is found at high levels in 
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abiotic (Eljarrat et al., 2008; Gevao et al., 2008; Lee et al., 2013b) and biotic 

environments (Moon et al., 2007; Yu et al., 2011b). PBDEs have been found in various 

human tissues, including maternal blood, umbilical cord blood, breast milk, the 

placenta, and amniotic fluid (Chen et al., 2014; Gomara et al., 2007; Kim et al., 2011; 

Miller et al., 2012), indicating that fetuses and infants are exposed to PBDEs. Recently, 

maternal transfer via the placenta was confirmed in a study investigating the extent of 

placental transfer using an ex vivo human placenta perfusion system (Frederiksen et 

al., 2010b). Maternal transfer during the gestation and lactation periods has been 

observed; however, little information is available regarding the tissue distribution of 

PBDEs and their debrominated congeners in offspring. Because offspring at an early 

developmental stage are more vulnerable to these chemicals than are adults, studies 

on the metabolism of PBDEs in the fetus or neonate are important. This study was 

conducted to determine the distributions of BDEs 47 and 209 and their debrominated 

metabolites, and the extents of placental and lactational transfer to offspring following 

repeated exposures were compared for these chemicals.  
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4.2 Materials and Methods 

 

4.2.1 Experimental design 

 

Sixteen pregnant Sprague-Dawley rats on gestation day (GD) 0 were purchased 

from Orient Bio (Seongnam, Korea). They were acclimatized for 1 week before the 

experiment and housed in individual cages under a 12/12 h light/dark cycle. Animals 

were allowed free access to water and food. The rats were randomly assigned to one 

control and three exposed groups (Fig. 4.1).  
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Fig. 4.1 The experimental design. To investigate the distributions of the dosed congeners and their metabolites during the gestation 

and lactation periods, rat dams were administered a mixture of BDE 209 and 13C-BDE 47 on a daily basis and sacrificed at gestation 

day (GD) 14, birth, or postnatal day (PND) 4. Controls were sacrificed at the end of the experiment.
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Rats in the exposed groups were gavaged every day with a mixture of BDE 209 

and radiolabeled BDE 47. Because BDE 209 can be metabolically debrominated to 

the less brominated congeners (Huwe and Smith, 2007) in vivo, we had to distinguish 

between dosed BDE 47 and BDE 47 as a metabolite of BDE 209. To prevent 

duplication of BDE 47, radiolabeled BDE 47 was used. The final concentrations in 

the mixture were 2.5 μmol/mL BDE 209 and 6 nmol/mL 13C-BDE 47. BDE 209 

(Wellington Laboratories, Ontario, Canada) and 13C-BDE 47 (13C-BDE 47; 

Wellington Laboratories) were added to corn oil and stirred overnight. During the 

preparation and usage of the mixture, exposure to light was minimized using an 

aluminum foil cover. The exposed groups were fed the mixture of BDE 209 (2.5 

μmol/kg b.w) and 13C-BDE 47 (6 nmol/kg b.w) for 18 days (GD 8 to postnatal day 

(PND) 4). The control group was fed the same dose-volume of corn oil. The rats were 

serially sacrificed at GD 14, birth, and PND 4, respectively. Four control rats were 

sacrificed at the end of the exposure period. Rat dam blood was obtained from the 

inferior vena cava and collected in a heparinized tube on the day of sacrifice. Rat dam 

serum was immediately obtained by centrifugation. The fetuses at GD 14 and the 

neonates at birth were sampled by Caesarean operation. Pups at PND 4 were sacrificed 

in a CO2 chamber. All samples were wrapped in aluminum foil and kept at -80℃ in 

a deep freezer until analysis. Fetuses/neonates/pups were freeze dried, very finely 

ground, and stored in an amber vial. This study was approved by the Institutional 

Animal Care and Use Committee of Seoul National University (SNU-1403120502). 
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4.2.2 Chemical analysis 

 

The extraction, clean up, and instrumental analysis of PBDEs have been 

detailed elsewhere (Lee et al., 2013b; Lee et al., 2013c). Fetus/neonate/pup samples 

(approximately 1 g) were extracted in a Soxhlet apparatus using 200 mL 25% 

dichloromethane (DCM; Ultra residue analysis, J.T. Baker, Phillipsburg, NJ, USA) in 

hexane (Ultra residue analysis, J.T. Baker) for 16 h. Before extraction, BDE 77 (10 

ng; AccuStandard, New Haven, CT, USA) was spiked into the samples as a surrogate 

standard. The extracts were cleaned up by passing through a multi-layer silica gel 

column containing anhydrous sodium sulfate (4 g), silica gel (1 g), 22% (w/w) H2SO4-

silica gel (5 g), 44% (w/w) H2SO4-silica gel (5 g), silica gel (1 g), and 2% (w/w) KOH-

silica gel (2 g) with 150 mL 15% DCM in hexane. The eluents were concentrated and 

dissolved in 100 μL nonane (Pesticide analysis grade, Sigma-Aldrich, St. Louis, MO, 

USA) for instrumental analysis. 

Rat dam serum samples (2 mL) were fortified with 2 mL formic acid and 1 mL 

Milli-Q water for protein denaturation after spiking BDE 77 (10 ng, AccuStandard) 

into the samples. The samples were extracted by solid phase extraction (SPE) using a 

Sep-Pak Vac C18 cartridge (500 mg/6 cc, Waters, Milford, MA, USA), which was 

pre-washed with 8 mL methanol (Ultra residue analysis, J.T. Baker) and conditioned 

with 8 mL Milli-Q water. The cartridge was rinsed with 1 mL Milli-Q water and dried 

under vacuum for 1 h. A Sep-Pak Plus NH2 cartridge (360 mg, Waters), pre-washed 
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with 6 mL hexane, was connected to the lower end of the C18 cartridge. An 8 mL 

volume of hexane was passed through the NH2-C18 cartridges and collected. After 

removing the C18 cartridges, 6 mL 5% DCM in hexane were passed through an NH2 

cartridge. The pooled eluents were cleaned up on silica gel (1 g, Waters)/florisil (0.5 

g, Waters) SPE cartridges using 12 mL 50% DCM in hexane. The eluents were 

concentrated and dissolved in 100 μL nonane for instrumental analysis. 

An Agilent 7890 gas chromatograph coupled to an Agilent 5975 mass 

spectrometer (GC/MSD; Agilent Technologies, Wilmington, DE, USA) was used for 

identification and quantification of the PBDE congeners. Twenty-two PBDE 

congeners (BDEs 17, 28, 47, 66, 71, 85, 99, 100, 119, 126, 138, 153, 154, 183, 184, 

190, 191, 196, 197, 206, 207, and 209; AccuStandard) composed of tri- to deca-BDEs 

and 13C-BDE 47 (AccuStandard) were measured. The GC/MSD was operated under 

the electron impact ionization (EI) mode for BDE 47 and 13C-BDE 47 and the electron 

capture negative ionization (ECNI) mode for the other PBDE congeners, together with 

the selected ion monitoring mode. Identification and quantification were performed 

by monitoring the two most abundant peaks from the mass spectra, corresponding to 

m/z 486 and 484 for BDE 47 and to m/z 498 and 496 for 13C-BDE 47 under the EI 

mode and to m/z 79 and 81 [Br]- for tri- to nona-BDEs (except for BDE 47) and to m/z 

487 and 489 for BDE 209 under the ECNI mode. The DB-5MS capillary column (15 

m length, 0.25 mm inner diameter, 0.1 μm film thickness; J&W Scientific, Palo Alto, 

CA, USA) was used for the separation of PBDEs. The inlet, interface and source 
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temperatures were maintained at 280 and 300 and 150°C, respectively. Helium was 

used as the carrier gas at a constant flow rate of 1 mL/min. Methane was used as the 

chemical ionization moderating gas at a constant flow rate of 40 mL/min. The oven 

temperature was programmed from 60°C (1 min) to 220°C (5 min) at 10°C/min and 

then to 310°C (10 min) at 15°C/min. 

The standard curve ranges were 1 to 1,000 (BDE 17 to -207) and 10 to 10,000 

ng/mL (BDE 209) for maternal serum and offspring body. The recoveries of spiked 

BDE 77 from the fetus and serum were 87 ± 13% and 79 ± 16%, respectively. Solvents 

injected before and after the injection of the standards showed negligible 

contamination or carryover. Procedural blanks (n = 6) were processed similarly to the 

samples but did not contain quantifiable amounts of the target compounds. The limit 

of quantification according to the mean serum lipid content of a 2-mL serum sample, 

ranged from 0.03 (BDE 17 to -184) to 0.1 (BDE 190 to -207) and 1.5 ng/mL for deca-

BDE. For offspring samples, the LOQ was calculated as 10-fold the signal-to-noise 

ratio, which ranged from (BDE 17 to -184) to 0.2 (BDE 190 to -207) and 3 ng/g dry 

weight for deca-BDE. 
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4.2.3 Statistics 

 

The maternal transfer ratios at selected time points (GD 15, birth, and PND 4) 

for BDE 209 and 13C-BDE 47 were calculated as the concentration in offspring 

divided by that in maternal serum (Table 4.1). All data in the figures are presented as 

the mean ± standard deviation for four rats in each exposed group. A comparison of 

BDE 209 and 13C-BDE 47 values between exposure time points was performed using 

independent-sample t tests. Statistical significance was defined as a p-value less than 

0.05. All statistical analyses were conducted using SAS 9.3 for Windows (SAS 

Institute, Cary, NC, USA). 

 

Table 4.1. Concentration ratios of offspring to dam rat for BDE 209 and 13C-BDE 47. 

Coff/Cm
a
 [median (P25, P75)] 

Time point 
Administered congeners 

BDE 209 13C-BDE 47 

GD 14 13.86 (11.81, 15.74) 0.75 (0.70, 0.76) 

Birth 6.46 (5.55, 6.94) 1.43 (1.24, 1.88) 

PND 4 74.2 (66.40, 81.03) 269.7 (81.1, 484.4) 

[Note] a Ratio of offspring body (Coff)/maternal serum (Cm) concentrations. GD 14 – Gestation day 14, 
PND 4 – Postnatal day 4. 
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4.3 Results 

 

No signs of toxicity, such as mortality or abnormalities, were observed in the 

experimental animals across all treatments. No detectable amounts of penta- to deca-

BDEs were identified in the corn oil, feed, or drinking water. Twelve PBDE congeners 

(BDEs 99, 153, 154, 183, 184, 196, 197, 206, 207, 209 and 13C-BDEs 47) were 

measured in tissues from rat dams and their offspring. Although nona-BDEs (BDEs 

206 and 207) were detected in the control group, the levels were below limit of 

quantification (LOQ).  

 

4.3.1 Characterization of BDE 209 and debrominated congeners in rat 

dams 

 

Fig. 4.2 shows the distributions of BDE 209, 13C-BDE 47, and their metabolites 

in rat dam serum. The concentrations of BDE 209 were significantly increased 

throughout the entire exposure period (p < 0.01), while those of 13C-BDE 47 were not 

significantly increased over the same period. More of the less brominated congeners 

were identified after GD 14. Nona-BDEs (BDEs 206 and 207) were first detected on 

GD 14, followed by octa- (BDEs 196 and 197) and hepta-BDEs (BDE 183) at delivery. 

Hepta- (BDE 184), hexa- (BDEs 153 and 154), and penta-BDEs (BDE 99) were 
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present on PND 4. While the levels of BDEs 206 and 207 increased significantly 

during the gestation period (p < 0.01), they decreased during the lactation period. The 

levels of BDEs 183, 196, and 197 on PND 4 were not different from the respective 

levels at birth. No metabolite of 13C-BDE 47 was observed.  

 

Fig. 4.2 Concentrations (ng/g wet weight) of PBDE congeners in maternal serum at gestation 

day (GD) 14 (gestation), birth, and postnatal day (PND) 4 (lactation) following daily exposure 

to BDE 209 and 13C-BDE 47. Values are presented as arithmetic means, and error bars indicate 

the standard deviations (n = 4). Although nona-BDEs (BDE 206, 207) were detected in the 

control group, the levels were below limit of quantification.  
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4.3.2 Characterization of BDE 209 and debrominated congeners in 

offspring 

 

Fig. 4.3 shows the distributions of BDE 209, 13C-BDE 47, and their metabolites 

in the offspring. While the level of BDE 207 was significantly increased (p < 0.01) 

until the last day (PND 4), that of BDE 206 was significantly increased (p < 0.01) 

only until delivery. Among the metabolites, BDEs 196 and 197 were detected more 

frequently in the offspring compared with their mothers on GD 14. Except for BDE 

154, which was present only in the mothers, and BDE 100, which was present only in 

the offspring, all metabolites were found in both matrices until PND 4. In contrast, no 

metabolite of 13C-BDE 47 was observed in either the offspring or mothers. 13C-BDE 

47 levels were not increased in rat dam serum but were markedly increased in the 

offspring.  
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Fig. 4.3. Concentrations (ng/g dry weight) of PBDE congeners in offspring bodies at gestation 

day (GD) 14, birth, and postnatal day (PND) 4 (lactation) following daily exposure to BDE 

209 and 13C-BDE 47. Values are presented as arithmetic means, and error bars indicate the 

standard deviations (n = 4). Although deca-BDE was detected in the control group, the levels 

were below limit of quantification.  
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4.3.3 Maternal transfer of BDE 47 and 209 

 

To investigate the differences between BDE 209 and 13C-BDE 47 levels in mother-

offspring pairs, we compared them by matrix, exposure time, and congener (Fig. 3.4). 

In Fig. 4.4(a), the BDE 209 level in rat dam serum increased markedly during the 

gestation period. Although levels of the congener continued to increase after delivery, 

the extent of the increase was relatively less. In the offspring, levels of the congener 

increased until the end of the exposure period, but the extent of the increase was 

relatively small after birth. The overall BDE 209 patterns were very similar in mother-

offspring pairs. As seen in Fig. 4.4(b), levels of 13C-BDE 47 in rat dam serum did not 

change significantly throughout the experiment. A sharp increase in this congener was 

apparent in the offspring. Levels of 13C-BDE 47 in the offspring increased much more 

rapidly after birth than before birth. In the offspring, the concentrations of both 

congeners increased from GD 14 to PND 4, but the pattern of increase after birth was 

different for each congener. 
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(a)                                           (b) 
 

Fig. 4.4 Concentrations of BDE 209 (a) and 13C-BDE 47 (b) in maternal serum and the bodies of their offspring by 

exposure duration. Values are presented as means ± standard deviation (n = 4). Dots and horizontal lines indicate the 

increases in offspring concentrations attributed to placental transfer and breastfeeding, respectively.
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4.4 Discussion 

 

The hydroxylated and methoxylated structural analogues of PBDEs have been 

investigated in some studies. These metabolites have been found in fish, birds, seals, 

turtles, and rats exposed to BDE 209 (Hakk and Letcher, 2003; Liu et al., 2010; Mörck 

et al., 2003; Vetter et al., 2002; Weijs et al., 2009). PBDEs can be degraded to less 

brominated congeners. Nine BDE congeners, including the two administered 

congeners, were found in rat mother-offspring pairs (Fig. 4.2 and 4.3). The presence 

of the less brominated congeners, which were not administered, could be attributed to 

the metabolic debromination of BDE 209 in vivo. Several studies have reported that 

PBDEs are easily debrominated in various species such as fish (Kierkegaard et al., 

2007; Luo et al., 2013; Stapleton et al., 2004a), birds (Van den Steen et al., 2007), 

mice (Viberg, 2009) and humans (Thuresson et al., 2005). The debromination process 

occurred sequentially as the preferentially debrominated congeners were re-

debrominated to the less brominated congeners from GD 14 to PND 10 (Fig. 3.2 and 

3.3). BDE 99 was the final metabolite of BDE 209 in mother-offspring pairs found in 

this study. We speculated that the relatively short period of gestation limited further 

debromination. We did not detect the BDE 47 metabolite, and it was not observed in 

other studies investigating carp (Stapleton et al., 2006) and male Sprague Dawley rats 

(Huwe and Smith, 2007). 
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4.4.1 Characterization of BDE 209 and debrominated congeners in rat 

dams 

 

We observed an in vivo debromination process in fetus-mother pairs. At GD 14, 

BDEs 196 and 197 were detected preferentially in fetuses, and BDE 100 was detected 

only in fetuses (Fig. 4.3). This result was in agreement with another study on maternal 

transfer in Wistar rats fed 14C-labeled BDE 209, in which some debrominated 

congeners were identified more frequently in fetal bodies than in dam plasma (Riu et 

al., 2008). These results indicate that debromination can occur in fetuses, despite the 

immature metabolic system during fetal development (Vizcaino et al., 2014). The 

debromination of 13C-BDE 47 was not detected in either rat dam serum or the 

offspring throughout the exposure period in this study, although it has been reported 

previously that penta-BDEs are metabolized and debrominated into hydroxylated 

BDE 17 or 28 (tri-BDE) in mice (Qiu et al., 2007).  

 

4.4.2 Characterization of BDE 209 and debrominated congeners in 

offspring 

  

While PBDE is transferred to offspring during the gestation and lactation 

periods (Fernie and Marteinson, 2016), the extent of maternal transfer has not been 
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evaluated extensively in vivo until the present study. At birth, BDEs 183, 196, and 

197 were apparent in dam serum. Levels of BDE 206, 207, and 209 increased 

drastically in dam serum from GD 14 to birth (gray bars in Fig. 4.2). In neonates and 

dam serum, the levels of these congeners were increased (gray bars in Fig. 4.3). The 

increased levels of BDE 209 in neonates might be due to the constant supply from the 

dam via the umbilical cord. The increased levels of BDEs 206 and 207 might have 

resulted from direct transfer from the dam and/or metabolites of BDE 209 which was 

transferred from the dam. At PND 4, BDE 209, which was continuously administered 

to the dams, was elevated in dam serum (white bar in Fig. 4.2). Levels of the congener 

were also increased in pups, even though the link between the dam and her pups was 

severed by umbilical cord separation (white bar in Fig. 4.3). The increased levels of 

BDE 209 in pups were obviously due to breastfeeding, because the pups had no other 

source of the congener. In contrast to the gestation period, the extent of the increase 

in BDE 209 levels in dams was less, and the levels of BDE 206 and 207 were 

significantly decreased (p < 0.01), during lactation (Fig. 4.2). However, those 

congeners continued to increase throughout the experimental period. Similar results 

were reported in C57BL/6J mice administered 13C-BDE 47 daily (Koenig et al., 2012). 

The level of BDE 47 in dam blood increased from GD 14 to PND 1, and a continuous 

decrease was observed with time (at PNDs 10 and 21), while the level in pups 

increased consistently from PND 1 to 21. The observed results suggest that PBDEs 

were transferred from the dam to pups through breastmilk. This was supported by 
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studies in C57BL/6J mice, in which similar BDE 47 levels were measured in breast 

milk, with levels decreasing with time (Staskal et al., 2006; Ta et al., 2011). Some 

studies, including our previous work, investigated PDBE levels in human (Bi et al., 

2006; Choi et al., 2014; Kim et al., 2011; Lunder et al., 2003; Park et al., 2011; Wu et 

al., 2007) and rodent breast milk. In dams, the extent of PBDE escape through 

breastmilk was higher than that through the placenta. Through those studies, breast 

milk has been confirmed as an important medium for PBDEs, in both mothers and 

their offspring.  

 

4.4.3 Maternal transfer of BDE 47 and 209 

 

To compare the distribution between BDE 209 and 13C-BDE 47 in mother-

offspring pairs during the gestation and lactation periods, we calculated the maternal 

transfer ratios for the two congeners (Fig. 4.4, Table 4.1). The maternal transfer ratio 

is typically calculated as the concentration of a chemical in umbilical cord blood 

divided by its concentration in maternal blood at a particular time point (Choi et al., 

2014). However, we did not collect umbilical cord or fetal blood from the rats due to 

the limited blood volumes. Therefore, the concentrations in the fetuses, neonates, and 

pups (whole body homogenate) were used to calculate the ratios. The results indicated 

accumulated concentrations via placental and lactational transfer in the entire bodies 



- 105 - 

 

of the offspring from GD 7 to 14, GD 7 to birth, and GD 7 to PND 4. The fetus-to-

dam ratios (at GD 14) of BDE 209 and 13C-BDE 47 were 13.86 and 0.75, respectively 

(Table 4.1), indicating that BDE 209 was more readily transferred to the fetuses, by 

18-fold, relative to 13C-BDE 47 during GD 7–14. At birth, the placental transfer of 

BDE 209 (mean ratio, 6.45) was still dominant compared with the transfer of 13C-

BDE 47 (mean ratio, 1.43). However, the neonate-to-dam ratios of those congeners 

were decreased (BDE 209: 13.86 to 6.45) and increased (13C-BDE 47: 0.75 to 1.43) 

by a factor of two, respectively. At PND 4, the pups-to-dam ratio of both BDE 209 

(mean ratio, 74.2) and 13C-BDE 47 (mean ratio, 269.7) increased drastically, 

indicating that lactational transfer of those congeners contributed to the offspring body 

burden more than placental transfer did. Comparison of ratios between birth and PND 

4 indicated that the BDE 209 ratio was increased 11-fold (6.46 to 74.2) and the 13C-

BDE 47 ratio 189-fold. This suggests that 13C-BDE 47 was the predominant congener 

transferred via lactation, rather than BDE 209. This is supported by the observation 

that BDE 47 accumulates more readily in tissues with a high lipid content, such as fat 

stores, milk, and the brain. In addition, it can be transferred from fat stores to breast 

milk during lactation (Koenig et al., 2012). In many studies, the predominant congener 

detected in human breast milk was BDE 47 (Akutsu et al., 2003; Chao et al., 2007; 

Gill et al., 2004; Kalantzi et al., 2004; Lee et al., 2013c; Schecter et al., 2003; 

Tsydenova et al., 2007).  
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4.5 Summary and implications 

 

The purpose of this study was to compare the distribution of BDE 47 and 209, 

which are predominant congeners in food and house dust, in rat dam-offspring pairs 

during gestation and lactation period. While placental transfer was driven by BDE 209 

compared to BDE 47, lactational transfer was led mainly by BDE 47. That is, BDE 

209 tends to more transferred into fetus compare to BDE 47.  

The main limitations of our study are no measurements in fetus serum due to 

limited sample volume and the lack of matched control-group at GD 15 and birth. 

However, we consider that the second limitation dose not significantly affect the 

interpretation of our results because the concentrations of administered chemicals to 

the pregnant rats were high enough compared with background levels detected below 

the LOQ of the control at PND 4.  

Our results supported by the observation that BDE 47 accumulates more readily 

in tissues with a high lipid content, such as fat stores, milk, and the brain. In addition, 

it can be transferred from fat stores to breast milk during lactation (Koenig et al., 2012). 

In many studies, the predominant congener detected in human breast milk was BDE 

47 (Akutsu et al., 2003; Chao et al., 2007; Gill et al., 2004; Kalantzi et al., 2004; Lee 

et al., 2013c; Schecter et al., 2003; Tsydenova et al., 2007). Similar results were 

reported in C57BL/6J mice administered 13C-BDE47 daily (Koenig et al., 2012). The 

level of BDE 47 in dam blood increased from GD 14 to PND 1, and a continuous 
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decrease was observed with time (at PNDs 10 and 21), while the level in pups 

increased consistently from PND 1 to 21. The observed results suggest that PBDEs 

were transferred from the dam to pups through breast milk. In another study, maternal 

transfer of BDE 209 and its metabolites to the placenta and breast milk were 

demonstrated by detection in the fetuses and/or the neonates. Some of the studies on 

the distribution of the predominant congener mainly BDE 47 and –209 in mother-

offspring pairs have been investigated as above. However, there was no study which 

investigated maternal transfer of both congeners until the present study.  

Many reports detected BDE 209 in human breast milk (Chao et al., 2007; 

Gomara et al., 2007; Inoue et al., 2006; Thomsen et al., 2010) although the congener 

could not detected in our studies due to limited amounts of breast milk. Considering 

that BDE 209 can be debrominated with more toxic BDE 47 in the body, more 

attention should be paid to the exposure of breast-fed infants. Furthermore, we 

demonstrated that BDE 209 in the body was transferred through the breast milk rather 

than through placenta transfer to offsprings. Thus, considering the importance of 

breastfeeding in pups, public health implications of breastfeeding should receive 

further investigations. In order to reduce the postnatal exposure to PBDEs in young 

children, breastfeeding should be reconsider especially in high exposure group as well 

as maternal body burden of both congeners should be managed more strictly. Further 

studies are required to observe breastfeeding effects in suckling infants.  
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Chapter 5. Conclusions 

 

Assessment of PBDE exposure in early life stage was performed through a 

series of three studies.  

In the first study, we estimated daily intakes of major PBDE congener (BDE 47) 

in infants by considering both prenatal and postnatal exposure. And then we observed 

association between major exposure source (house dust), which might contribute to 

postnatal exposure (lactation transfer) as well prenatal exposure (placental transfer), 

and internal dose in mother-fetus pairs in the second study. Lastly, ingestion of the 

predominant congeners (BDE 47 and 209) were assessed for their contribution to 

prenatal and postnatal exposure through an animal experiment in the third study. For 

this purpose, PBDEs in environmental media (house dust), human biological media 

(maternal serum, umbilical cord serum and breast milk), and rat biological media 

(maternal serum and offspring whole body) were measured.   

In the first study, the total exposure representing both prenatal and postnatal 

exposure in infants (< 1 year) were calculated. The prenatal exposure amounts has not 

been considered in young children exposure assessment. The estimated amounts were 

considerable compared to the postnatal exposure amounts. The contributions of the 

amounts to the sum of pre- and postnatal exposure amounts were about 25% for 

deterministic approach and 28-40% for probabilistic approach in infant’s age below 
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12-month-old. Therefore, we recommend that prenatal exposure amounts should be 

included to estimate more accurately in vulnerable population. 

In the second study, the relationships between house dust exposure and PBDE 

concentrations in mother-fetus pairs were investigated. House dust exposure was 

significantly associated with the levels in the pairs. That is, prenatal exposure of house 

dust directly influenced to fetuses via placental transfer. In addition, since the 

relationship were observed between house dust and breast milk, house dust exposure 

during gestation may be transferred to fetus and pups in early life stage through 

placenta transfer and breastfeeding.     

In the third study, the extent of contribution from BDE 47 and BDE 209 

ingestion were experimentally determined using pregnant rats-offspring pairs. While 

placental transfer was driven by BDE 209 compared to BDE 47, lactational transfer 

was led mainly by BDE 47. That is, BDE 209 tends to be more transferred into fetus 

compare to BDE 47. Furthermore, we demonstrated that BDE 209 in the body was 

transferred through the breast milk rather than through placenta transfer to offsprings. 

Considering that BDE 209 can be debrominated with more toxic BDE 47 in the body, 

more attention should be paid to the exposure to BDE 209 in breast-fed infants. 

Major limitations of the present studies include that (1) we used the adult 

PBPK model when we estimated exposure to PBDEs in early life stage, (2) 

uncertainties for scenario based exposure assessment, (3) relatively small sample size 

of paired maternal and offspring tissues, (4) no measurements in rat fetus serum due 
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to limited sample volume and (5) lack of matched control group at gestation day 15 

and birth. The first limitation was complemented by scale-down of the adult PBPK 

model. And integrated exposure assessment was conducted that considered multiple 

exposure sources and pathways to reduce uncertainties from knowledge gap for the 

second limitation. The fifth limitation dose not significantly affect the interpretation 

of our results because the concentrations of administered PBDEs to the rat dam were 

high enough compared with background levels detected in the control rat dam at PND 

4. Although the paired samples size was not sufficient, the relationship between house 

dust and human tissues could be observed using radar chart-like graphics that allow 

us to compare the overall association among congeners including unmatched cases.  

PBDE exposure during gestation are significant to both pregnant women and 

their fetus. Especially, prenatal exposure to PBDEs not only affects fetus through 

placental transfer, but contributes to breast milk contamination. Although breast milk 

is an important nutrient source for pups, breastfeeding in high exposure group pups 

should be reconsider to avoid additional exposure to PBDEs during the critical periods 

of development of sucking pups. 
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Appendix 

Table S1. BDE 47 exposure data to estimate CTE and RME by multiple pathways 

 Unit n Mean STD Max Reference 

Indoor air pg/m3 11 36.2  63.7  224.7  NIER, 2010 
 pg/m3 11 36.2  63.7  224.7   
 CTE: 36.2  RME: 224.7  

Baby food pg/g ww 71  6.2  14.1  82.5  KFDS, 2012 
 CTE: 0.6   RME: 2.5   

Breast milk (1) ng/g lw 198  1.1  2.7  28.2  Lee et al., 2013 
Breast milk (2) ng/g lw 17  31.0  - 180.0  Kang et al., 2010 
Breast milk (3) ng/g lw 21  1.2  0.9  3.6  Kim et al., 2012 

 CTE: 1.2   RME: 28.2   
House dust (1) ng/g dw 46  33.5  97.5  656.2  Lee et al., 2013 
House dust (2) ng/g dw 3  8.4  2.9  11.7  NIER, 2010 

 CTE: 20.9  RME: 333.9  

Dust in palm pg/hand 17 16.4 - 22.5 NIER, 2008; 2010 

 CTE: 16.4  RME: 22.5  
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Table S2. Exposure algorithms under the deterministic exposure scenario  

Exposure  
media 

Equations for estimation of exposure amounts 

Indoor air 

 
Einh-air : PBDEs exposure amounts from indoor air (mg/kg-day) 
Cair-i : PBDEs concentrations in the air (pg/m3) 
UT : Fraction of exposure time by exposure places (unitless) 
IRc-i : Rate of utilization by exposure places (unitless) 
CF : Unit conversion factor (10-9 mg/pg) 
ABSair-inh : Absorption fraction from air inhalation (unitless) 

House dust 

 
Eing-Hdust : PBDEs exposure amounts from house dust (mg/kg-day) 
CHdust : PBDEs concentrations in house dust(ng/g dust) 
IRHdust : Ingestion rate of house dust (g/day) 
CF : Unit conversion factor (10-6 mg/ng) 
ABSGI : Absorption fraction from house dust ingestion (unitless) 

Baby food 

 
 
Eing-food : PBDEs exposure amounts from ingestion of babyfood (mg/kg-day) 
Cfood-i : PBDEs concentrations in babyfood(ng/kg fresh weight) 
IRfood-i : Ingestion rate of babyfood (g/day) 
CF : Unit conversion factor (10-6 mg/ng) 
ABSGI : Absorption fraction from babyfood ingestion (unitless) 

Breast milk 

 
Eing-milk : PBDEs exposure amounts from breast milk intake (mg/kg-day) 
Cmilk : PBDEs concentrations in food (ng/g lipid weight) 
LCmilk : Fraction of lipid content in breast milk (g lipid/ml) 
IRmilk : Intake rate of breast milk (ml/day) 
CF : Unit conversion factor (10-6 mg/ng) 
ABSGI : Absorption fraction from breast milk intake (unitless) 
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Table S3. Spearman’ correlation coefficient among PBDE congeners in house dust 

BDE congeners Tri- Tetra- Penta- Hexa- Hepta- Octa- Nona- Deca- 
28 47 66 85 99 100 119 153 154 183 184 196 197 206 207 209 

17 Spearman’s 
 

0.692 0.591 0.572 0.428 0.402 0.636 -0.500 0.446 0.600 0.573 1.000 0.636 0.633 0.412 0.405 0.393 
p-value 0.006 0.026 0.065 0.337 0.154 0.026 0.666 0.109 0.087 0.032 <.0001 0.035 0.067 0.182 0.190 0.164 

n 14 14 11 7 14 12 3 14 9 14 5 11 9 12 12 14 
28 Spearman’s 

 
 0.245 -0.064 0.358 0.046 0.491 -0.100 0.048 0.269 -0.009 0.142 0.085 0.121 0.127 0.094 0.303 

p-value  0.167 0.819 0.208 0.798 0.010 0.872 0.792 0.278 0.957 0.787 0.676 0.590 0.495 0.612 0.085 
n  33 15 14 33 26 5 32 18 33 6 26 22 31 31 33 

47 Spearman’s 
 

  0.846 0.871 0.827 0.679 0.900 0.674 0.832 0.539 0.821 0.475 0.390 0.478 0.510 0.424 
p-value   <.0001 <.0001 <.0001 <.0001 0.037 <.0001 <.0001 0.0003 0.023 0.004 0.040 0.002 0.0009 0.005 

n   15 15 41 29 5 40 22 41 7 34 28 39 39 41 
66 Spearman’s 

 
   0.821 0.753 0.829 1.000 0.657 0.927 0.700 1.000 0.461 0.103 0.379 0.318 0.478 

p-value    0.023 0.001 0.0005 <.0001 0.007 <.0001 0.003 <.0001 0.112 0.777 0.201 0.288 0.071 
n    7 15 13 3 15 11 15 3 13 10 13 13 15 

85 Spearman’s 
 

    0.500 0.637 0.900 0.578 0.853 0.221 0.900 0.520 0.300 0.494 0.478 0.571 
p-value     0.057 0.019 0.037 0.023 0.0004 0.427 0.037 0.056 0.342 0.085 0.098 0.026 

n     15 13 5 15 12 15 5 14 12 13 13 15 
99 Spearman’s 

 
     0.548 -0.100 0.554 0.795 0.561 0.750 0.396 0.257 0.456 0.451 0.368 

p-value      0.002 0.872 0.0002 <.0001 0.0001 0.052 0.020 0.185 0.003 0.004 0.017 
n      29 5 40 22 41 7 34 28 39 39 41 

100 Spearman’s 
 

      0.900 0.582 0.525 0.602 0.028 0.465 0.215 0.486 0.461 0.376 
p-value       0.037 0.0009 0.025 0.0005 0.957 0.022 0.374 0.010 0.015 0.043 

n       5 29 18 29 6 24 19 27 27 29 
119 Spearman’s 

 
       0.200 0.400 0.300 1.000 0.300 0.200 0.800 0.800 0.900 

p-value        0.747 0.600 0.623 . 0.623 0.800 0.200 0.200 0.037 
n        5 4 5 2 5 4 4 4 5 

153 Spearman’s 
 

        0.559 0.606 -0.142 0.359 0.511 0.342 0.333 0.205 
p-value         0.006 <.0001 0.759 0.036 0.005 0.035 0.040 0.203 

n         22 40 7 34 28 38 38 40 
154 Spearman’s 

 
         0.601 0.714 0.756 0.535 0.754 0.729 0.681 

p-value          0.003 0.110 0.0001 0.039 0.0001 0.0003 0.0005 
n          22 6 20 15 20 20 22 

183 Spearman’s 
 

          0.892 0.589 0.518 0.531 0.496 0.392 
p-value           0.006 0.0002 0.004 0.0005 0.001 0.011 

n           7 34 28 39 39 41 
184 Spearman’s 

 
           0.750 0.700 0.714 0.771 0.785 

p-value            0.052 0.188 0.110 0.072 0.036 
n            7 5 6 6 7 

196 Spearman’s 
 

            0.902 0.765 0.692 0.670 
p-value             <.0001 <.0001 <.0001 <.0001 

n             28 32 32 34 
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197 Spearman’s 
 

             0.563 0.528 0.433 
p-value              0.002 0.004 0.021 

n              27 27 28 
206 Spearman’s 

 
              0.959 0.870 

p-value               <.0001 <.0001 
n               39 39 

207 Spearman’s 
 

               0.849 
p-value                <.0001 

n                39 
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Fig. S1. Scatter plots with regression lines between BDE 47, 99 and 100 in tissue and BDE 209 in house dust. All data were 

natural-log transformed and then, were standardized to have a mean of zero and standard deviation of unity. ‘m’ and ‘f’ mean 

maternal serum and umbilical cord serum, respectively. (ln_m47; β=0.168, p>0.1, ln_f47; β=0.714, p<0.01, ln_f99; β=0.814, 

p<0.001 and ln_f100; β=0.834, p<0.01).  
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                                          Fig. S2. Radar charts of PBDE congeners detected in house dust by homologous group of 

PBDE formulations <extended>. The values from the center indicate log transformed PBDE 

levels, standardized with a mean of zero and standard deviation of unity, and those around the 

circumference are observation numbers in ascending order of reference BDE (black dots and lines) 

levels, where the congener number is provided in the legend after the “d” character. For example 

“d047” corresponds to BDE 47 in dust. 
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Fig. S3. Radar charts of major PBDE congeners detected in house dust and major congener detected in human tissues <extended>. 

The values from the center indicate log transformed PBDE levels, standardized with a mean of zero and standard deviation of unity, 

and those around the circumference are observation numbers in ascending order of reference BDE (d209) levels, where the congener 

number is provided in the legend after the “m, f, bm and d” character. m; maternal serum, f; umbilical cord serum, bm; breast milk, d; 

house dust. For example “m047” corresponds to BDE 47 in maternal serum. 
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국문초록 
 

바이오모니터링을 통한 

폴리브롬화디페닐에테르의 생애초기 노출평가 

 

서울대학교 대학원 

보건학과 환경보건 전공 

신   미   연 

 

폴리브롬화디페닐에테르(Polybrominated diphenyl ethers; PBDEs)는 

합성 유기화학물의 일종으로 오랜 기간 화재 지연(flame retardant)을 위한 

용도로 이용되어왔다. 물질 특성상 잔류성이 높아 다양한 환경 미디어 및 

생체 내에서 발견되고 있다. 가장 잘 알려진 독성은 내분비계교란을 통한 

발달 독성이며, 생애 초기에 뇌를 비롯한 여러 장기 조직에 비가역적 영향을 

초래할 수 있으므로 이 시기의 PBDEs 노출에 관한 지속적 관심과 연구가 

요구되어왔다. 이미 수많은 연구들을 통해 영유아의 PBDEs 노출원이 

확인되었고 이를 통해 노출량을 추정함으로서 건강위해성을 평가하고 있다. 

영유아의 PBDEs 노출량은 전적으로 출생 이후 노출에 국한되며 주요 노출 

경로는 모유섭취이다. 한편, 출산과정에서 수집한 제대혈에서 PBDEs의 검출이 

지속적으로 보고되고 있다. 이는 임신중 태반을 통해 산모에서 태아로 전이된 

결과이며, 출생시 일정수준의 PBDEs 를 지니고 있음을 의미한다. 또한, 

반감기가 길기 때문에 출생 이후 체내에서 완전히 배출되지 않고 잔류하고 
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있을 가능성이 매우 높다. 그럼에도 불구하고 영유아의 노출평가에서 이 

부분은 간과되어 왔다.  

영유아의 PBDEs노출은 임신 중 태반 전이와 출생 이후 모유 섭취로 

대부분 설명이 가능하다. 모유는 출생 이후 노출원이지만 모유 중 PBDEs는 

산모의 임신기 노출에 기인한다. 그러므로 영유아의 전반적 노출은 산모의 

임신기 노출과 밀접하게 관련되어 있고, 노출원과 그 기여를 밝히는 것은 

영유아의 노출을 줄일 수 있는 방안을 마련하는데 중요한 정보를 제공할 수 

있다. 일반 성인에서 PBDEs의 두가지 주요 노출원은 식이 섭취와 경구를 통한 

먼지 노출로 알려져 있으나 각 노출원 별 기여에 대한 연구가 제한적일 뿐만 

아니라 생애 초기단계 영유아들의 출생 전후 노출을 설명할 수 있는 노출원 

및 기여에 대한 정보 역시 부족하다.  

본 연구에서는 갓 태어난 신생아가 지닌 노출량을 확인함과 동시에 

출생 이후 일정 시점(생후 6개월, 12개월 등)에서의 잔류량을 추정함으로 

전통적인 노출평가에서 간과했던 노출량의 크기를 살피고자 하였다. 뿐만 

아니라 산모-태아쌍에서 PBDEs의 환경 중 노출원을 살피고, 노출원의 기여 

크기를 동물실험을 통해 밝히고자 하였다. 이를 위해서 다음의 세가지 연구를 

수행하였다.  

첫 번째 연구에서는 참여한 산모들의 출산 시 제대혈을 수집하여 갓 태

어난 신생아들의 체내 PBDEs 축적량을 계산하였다. 뿐만 아니라 이 축적량이 

시간이 지남에 따라 체외로 빠져나가는 것을 인체생리학적 모델을 통해 추정

해 냄으로써 영유아의 출생 월령별 축적량을 계산하였다. 출생 시 신생아가 

지닌 BDE-47 (생체 내 가장 높은 수준으로 검출되는 PBDE congener)의 총량은 

1.15 μg이었으며, 출생 이후 월령수 증가와 함께 체외로 빠져나가면서 12개

월째에 총량은 0.22 μg으로 줄어들었다. 이와 더불어 출생 이후 모유 및 다

양한 환경미디어에 노출됨으로서 체내 PBDEs 노출량은 증가했다. 총 환경 중 
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노출(postnatal exposure)의 95% 이상은 모유섭취로부터 기인하며, 임신 중 

태반축적량(prenatal exposure)과 합산함으로서 6개월령, 12개월령 영유아의 

총 BDE-47 노출량을 계산하였다. 태반 축적량은 관찰 연령 전반에서 총 노출

량의 약 11~26%의 기여율을 보였으며 이는 지금까지의 신생아 노출량 추정 시 

그만큼 무시되어왔음을 의미한다. 본 연구의 접근법은 다른 잔류성 화학물질

의 생애초기 노출량 추정에도 활용될 수 있으며 이는 취약계층으로 분류되는 

영유아의 노출량을 보다 정확하게 평가하는데 기여할 수 있을 것이다.  

두 번째 연구에서는 영유아들의 노출수준과 밀접한 관련이 있는 산모의 

임신중 PBDEs 의 노출원을 확인하고, 산모의 임신 중 PBDEs 노출과 태아 노출

수준 사이의 관계를 파악하기 위해 국내 5개 대학병원에 등록된 건강한 산모

를 모집하여 출산 시 산모의 혈액과 제대혈, 출산 이후 7일 이내의 초유, 15

일 이내의 기저유, 한달 이내의 이행유를 수집하고 분석하였다. 한편 임신기

간 동안 산모의 가정 (n = 41)을 직접 방문하여 실내 환경 중 노출을 설명할 

수 있는 진공청소기 내 먼지를 수집하여 분석 하였다. 생체 매체들 간의 분석

결과에서는 산모와 태아의 BDE-47 노출수준의 유의한 상관성이 관찰되었다. 

그러므로 임신기 산모의 먼지를 통한 PBDEs의 노출은 태아의 체내 노출수준을 

증가시키는데 기여할 수 있다는 가능성이 있음을 시사한다.  

세 번째 연구에서는 실험적 연구를 통해 먼지 중 PBDEs의 약 80%이상을 

설명할 수 있는 고브롬화물인 BDE-209의 노출이 산모와 태아의 체내에서 대부

분을 차지하는 BDE-47의 주요 노출원인지를 파악하고자 하였다. 이를 위해 임

신한 Sprague-dawley (SD) 랫트를 노출군(3 group)과 비노출군(1 group)으로 

랜덤하게 할당하고 각 그룹 당 네마리씩 임신 0일차부터 수유기 4일차까지 관

찰하였다. PBDEs의 congener 중 각각 먼지와 식이 노출을 대표하는 BDE-209와 

BDE-47을 콩기름에 혼합하여 임신 7일차부터 수유 4일째까지 약 18일 동안 매
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일 반복적으로 식이를 통해 노출시켰다. 임신기 노출과 출산 이후 수유기동안

의 노출수준을 비교하기 위하여 3개의 노출군을 임신 14일차, 출산일, 수유 4

일차에 각각 부검하여 어미의 혈청과 그 자손들을 수집하여 분석하였다. 그 

결과 어미가 섭취한 BDE-209는 BDE-47과 비교해 상대적으로 어미의 혈액에 잔

류하기 보다는 태반을 통해 태자에게 유입되었고 반대로 BDE-47은 어미의 혈

중에 분포하였다. 또한 투여된 두 congener모두 모유로 흘러 들어가는 정도가 

매우 높다는 것이 밝혀졌다. 모유는 신생아의 환경 노출의 95%이상을 설명하

는 매체이다. 모유 중 BDE-209는 시간이 지나면서 탈브롬화하여 BDE-47과 같

은 독성이 높은 물질이 될 수 있으므로 임신기 먼지 노출은 생애초기 영유아

의 노출에 중요한 부분을 차지하는 노출원으로 고려될 수 있다.  

본 연구의 결과들은 환경노출의 취약계층인 영유아의 PBDEs 노출에 관

한 많은 부분들을 설명할 수 있다. 특히 산모의 임신기 노출이 출생 이후 영

유아의 노출 전반에 이르기까지 영향을 주고 있음이 확인되었으므로 임신기 

노출을 줄이기 위한 여러 가지 방안들을 마련해야 할 것이다. 또한 고노출 집

단에 대한 지속적 감시와 모유수유에 대한 재고도 이루어져야 한다. 그러나 

본 연구의 결과들은 모델링을 통해 추정되거나 동물을 대상으로 관찰하였으므

로 향후 후속 연구를 통한 입증이 필요할 것으로 생각된다.  

 

주요어: 폴리브롬화디페닐에테르(polyborminated diphenyl ethers: PBDEs), 

산모, 태아, 모유, 제대혈, 먼지  
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