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Abstract 

Phthalates and alternative plasticizers exposure 

characterization and associated reproductive 

health outcomes in women of reproductive age 

 

Gowoon Lee 

The Graduate School of Public Health 

Seoul National University 
 

Exposure to endocrine disrupting chemicals (EDCs) is important in women 

of reproductive age in terms of related adverse health effects. Personal care 

products (PCPs) is one of the common sources of EDCs. Considering the 

frequent and excessive use of PCPs by women, EDCs exposer through the use 

of PCPs is of great concern to the female population. The prenatal period 

could be the most sensitive period since exposure to EDCs could affect fetal 

development and the health of later life stage. It was important to evaluate and 

manage EDCs exposure during pregnancy. 

Phthalates are known as EDCs displaying anti-androgenic and weak 

estrogenic properties. Phthalates are often used as plasticizers. Due to 

increasing health concerns of phthalates, their uses in many applications were 

regulated recently worldwide. Subsequently, alternative plasticizers have been 

used in increasing amounts. The alternative plasticizers with a similar 
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chemical structure of phthalates might have endocrine disruption function. 

Biomonitoring studies for the alternative plasticizers, however, were mostly 

limited to several European countries. A few studies have reported on the 

related health effects of alternative plasticizers. 

The present study was conducted to assess related reproductive health 

effects and to characterize exposure of plasticizers in women of reproductive 

age. Uterine fibroids were selected as reproductive health effects of exposure 

to phthalates and their alternatives. For the purpose, we recruited 

premenopausal women in Korea, and the severe cases (n = 32) and controls (n 

= 79) were subsequently selected based on the results of gynecologic 

ultrasonography for the diagnosis of uterine fibroids, and measured for 

metabolites of organophosphate ester (OPEs), alternative plasticizers, and 

phthalates in urine. To evaluate the characteristics of plasticizer exposure in 

the most vulnerable populations, pregnant women were recruited from Korea 

(n = 81) and Thailand (n = 102). Twenty- four metabolites of 15 phthalates 

were measured in urine samples collected once each trimester, i.e., three times 

during pregnancy. To understand the changes in urine characteristics during 

pregnancy, concentrations of urinary correction factors, such as creatinine, 

specific gravity (SG), and osmolality, were measured in urine samples of the 

participants.  

The first study (Chapter 2) suggested the importance of exposure to 

alternative plasticizers including phthalates in female reproductive health. 

Among alternative plasticizers, metabolites of di-isononyl phthalate (DINP) 
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and di(2-propylheptyl) phthalate (DPrHpP) were detected in >75% of the 

urine samples. Among OPEs metabolites, diphenyl phosphate (DPHP), 2-

ethylhexyl phenyl phosphate (EHPHP), and 1-hydroxy-2-propyl bis(1-chloro-

2-propyl) phosphate (BCIPHIPP) were detected in >80% of the subjects. The 

concentrations of mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), the sum of 

five di(2-ethylhexyl) phthalate metabolites (∑5DEHP), and mono(4-methyl-

7-hydroxyoctyl) phthalate (OH-MINP) were significantly higher in patients 

with uterine fibroids than in control participants. We found for the first time 

that several alternative plasticizers, such as di(2-ethylhexyl) terephthalate 

(DEHTP), DPrHpP, DINCH, tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) 

and tris(2-butoxyethyl) phosphate (TBOEP) were associated with increased 

risks of uterine fibroids among Korean women. While the mechanisms of 

those plasticizers leading to uterine fibroids are not well understood, sex 

endocrine disruption by these compounds may provide one potential 

explanation.  

In the second study (Chapter 3), we described the exposure profile of 

gestational phthalates and alternative plasticizers and identified important 

plasticizers. While the levels of several phthalate metabolites were 

significantly different by trimester among Korean pregnant women, they were 

relatively stable across the three trimesters of pregnancy among Thai pregnant 

women.  Urinary metabolites of diethyl phthalate (DEP) and dioctyl phthalate 

(DnOP) were two to three times higher in Thai pregnant women than those in 

Korean pregnant women. This observation may be linked to the more frequent 
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use of cosmetics which contain DEP and DnOP in Thai than in Korean 

women. The detection frequencies of a metabolite of DINCH were 67.4% and 

44.9% among the Korean and Thai pregnant women, respectively. According 

to risk assessment, Korean and Thai pregnant women were considered at high 

risk of 11.9% and 5.3%, respectively, due to phthalate exposure, particularly 

DEHP, DnBP and DiBP. These observations indicated that the plasticizer 

exposure profile was clearly different by country and trimester. In addition, 

DINCH has been used by pregnant women in Korean and Thai. 

The third study (Chapter 4) described the variations of urine characteristics 

in pregnancy. Three urinary correction factors were measured in urine 

samples collected in a pregnant female population of the second study. 

Among Korean pregnant women, urinary concentrations of creatinine and 

osmolality were significantly lowered at T3 than T1 suggesting more diluted 

urine as later stages of pregnancy. Those factors, however, were stable across 

the trimester of gestation in Thai pregnant women. Nationality or lifestyle 

may affect the changes in urinary dilution status during pregnancy. The 

correlations between unadjusted and adjusted concentrations during 

pregnancy were less than those of each adjusted phthalate concentrations. 

These results suggest that the variations of urinary correction factors may 

make the uncertainty propagation in exposure assessment of chemicals for 

pregnant women with urine samples.  It is necessary to understand the 

changes in urinary correction factors for dilution by trimesters and nationality 

for a reduction in exposure misclassification of pregnant women. In addition, 
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it needs to be careful at understanding the exposure biomarker during 

pregnancy in terms of the changes in urine volume or a series of 

characteristics related to the absorption, distribution, metabolism, and 

excretion (ADME) of chemicals in the body. 

 The series of studies demonstrated important health effects of plasticizers 

and exposure characterization and in women of reproductive age. We 

determined the important emerging plasticizers associated with uterine 

fibroids. In addition, exposure profiles of plasticizers varied across the 

trimester of pregnancy. Variations of urine dilution during pregnancy due to 

physiological changes varied by country. These findings suggest that 

variations of exposure and related factors should be considered during study 

design and interpretation of results in biomonitoring studies of pregnant 

women. Considering the increasing levels of occurrences of alternative 

plasticizers in both environment and biospecimen, continuous exposure and 

risk assessment for other alternative plasticizers are warranted. Since the 

sample size of the present study is small, our observations need to be 

confirmed in larger cohorts or through experimental study. The present study 

is expected to contribute to improving the exposure assessment and 

management of EDCs in the vulnerable population.  

Keywords: Phthalate; alternative plasticizer; gestation; urine correction; 

leiomyoma; uterine fibroids 

Student Number: 2015-30661 
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Chapter 1 Background 

 

1.1 Women of reproductive age as a susceptible 

population to chemicals 

 

Endocrine disrupting chemicals (EDCs) are man-made substances that 

interfere with hormone biosynthesis, metabolism, or action resulting in a 

deviation from normal homeostatic control or reproduction (Diamanti-

Kandarakis et al., 2009). Results from epidemiological studies and 

experimental toxicity studies identify implications EDCs as a significant 

concern to public health. Scientists have been more interested in 

understanding of exposures and related health effects in industrials, over the 

past years. Recent research into the assess exposure to EDCs, however, 

included not only workers, but also general population and even susceptible 

populations such as infants, children, and pregnant women (Kim et al., 2015; 

Kim et al., 2018; Lee et al., 2019b). 

Women of reproductive age including pregnant women were one of the 

vulnerable populations to both exposure and health risk to EDCs. Urinary 

levels of phthalates and bisphenol a (BPA) among females were higher than 

those of males in the Korean National Environmental Health Survey 

(KoNEHS) (Park et al., 2019). One of the reasons may be exposure to 

personal care products (PCPs) contained various EDCs. Considering the use 
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of PCPs more often and in greater quantities in women (Park et al., 2015), 

EDCs exposed through the use of PCPs is a concern, especially, in the female 

population.  

Pregnant women, especially, were sensitive populations to EDCs 

exposures. Prenatal exposure to EDCs could affect the early development of 

the fetus and the health of later childhood (Barkoski et al., 2019; Hoepner, 

2019; Kim et al., 2018; Zarean et al., 2019). Prenatal chemical exposures with 

endocrine disrupting properties were also associated with adverse birth 

outcomes (Govarts et al., 2018). Those adverse health effects due to prenatal 

chemical exposure were differed by the windows of exposure during 

pregnancy (Ferguson et al., 2014; Jiang et al., 2019; Qian et al., 2019). Thus, 

it is important to consider the specific characteristics of prenatal chemical 

exposure and related health effects.  

 

8



 

1.2 Phthalates and alternative plasticizers exposure  

 

Phthalates are plasticizers that have been used in numerous consumer 

applications, including food packaging, cosmetics, paintings, medical devices, 

and building materials. Because phthalates are not chemically bound, these 

chemicals can easily leak out of the products and cause eventual exposure to 

people. Major exposure routes to humans are via consumption of foods and 

drinking water, inadvertent dust ingestion, dermal absorption from cosmetics, 

and, to a lesser extent, inhalation of indoor or outdoor air (Fromme et al., 

2013a; Koniecki et al., 2011; Serrano et al., 2014).  Consequently, phthalates 

have been frequently detected worldwide in human urine samples. (Koch et 

al., 2017; Park et al., 2017; CDC, 2018). 

Phthalates are endocrine-disrupting chemicals that are well known for anti-

androgenic and weak estrogenic effects. The endocrine-disrupting effects of 

phthalates and their metabolites have been frequently demonstrated in 

experimental studies (Lee et al., 2019a; Sohn et al., 2016). Moreover, 

endocrine disruption due to phthalate exposure has been suggested 

particularly during pregnancy in human populations (Zarean et al., 2019). 

Recently, transgenerational effects through epigenetic modulation have also 

been reported in rats, suggesting the potential adverse health consequences of 

phthalate exposure during the gestation period in humans (Martinez-Arguelles 

and Papadopoulos, 2016). 

Due to increasing concerns on the use of phthalates, regulations against the 
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use in many applications were implemented in the EU, the USA, and Korea, 

etc. (Directive 2005/84/EC; CPSIA, 2008; KATS, 2010). Subsequently, the 

use of alternative plasticizers, including di-(iso-nonyl)-cyclohexane-1,2-

dicarboxylate (DINCH) and Di(2-ethylhexyl) terephthalate (DEHTP) has 

increased (Bui et al., 2016; Schütze et al., 2014). Organophosphate esters 

(OPEs) were also a group of chemicals that have been usually used to replace 

conventional flame retardants, but also used as plasticizers. Humans are 

expected to be exposed to these alternative chemicals in greater amounts, but 

biomonitoring studies for these alternative plasticizers are mostly limited to 

several European countries and a few other countries, such as USA, Australia 

and Israel (Bastiaensenet al., 2018; Castorina et al., 2017; Correia-Sá et al., 

2017; Fromme et al., 2016; Giovanoulis et al., 2016; Gomez Ramos et al., 

2016; Hoffman et al., 2017; Machtinger et al., 2018; Schütze et al., 2014) 

(Table 1-1). Such exposure profiles are largely unknown to many Asian 

countries (Sun et al., 2018). 
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1.3 Reproductive health effects of plasticizers in women 

of reproductive age 

 

 Disorders of the female reproductive system are common with a high 

prevalence of infertility. To manage to control the female reproductive health 

is very important because disorders of the female reproductive system can 

make adverse effects not only reproduction but also a health and quality of 

life. Endocrine disrupting chemicals (EDCs) are an one of the important factor 

which produces adverse developmental, reproductive effects in humans 

(Schug et al., 2011). Recently published paper suggested 10 key 

characteristics of chemicals that cause female reproductive toxicity: 1) alters 

hormone receptor signaling; alters reproductive hormone production, 

secretion, or metabolism; 2) chemical or metabolite is genotoxic; 3) induces 

epigenetic alterations; 4) causes mitochondrial dysfunction; 5) induces 

oxidative stress; 6) alters immune function; 7) alters cell signal transduction; 

8) alters direct cell-cell interactions; 9) alters survival, proliferation, cell death, 

or metabolic pathways; and 10) alters microtubules and associated structures 

(Luderer et al., 2019). Throughout those mechanisms, EDCs could effect to 

the female reproductive system. 

Several population studies and animal experiments indicate that EDCs can 

affect the structure and function of the uterus and lead to disorders such as 

endometriosis and fibroids (Scsukavo et al., 2016). Uterine fibroids or 

leiomyomas are one of the most common benign tumors with a prevalence 

ranging from 4.5 – 68.6% depending on population and diagnosis method 

14



 

(Stewart et al., 2017). While most patients with uterine fibroids have no 

symptoms, some may experience heavy menstrual bleeding or pain, pelvic 

pressure or pain, dysuria, and sterility or subfertility(Parker, 2007). Although 

the etiology of uterine fibroids is unknown, several important factors have 

been suggested to be responsible for initiating or promoting this disease; these 

include hormones (estradiol and progesterone), growth factors, and regulatory 

changes of hormonal receptors, as well as demographic and physiological risk 

factors such as age, family history, weight, and parity(Flake et al., 2003; 

Parker, 2007). 

Previous studies have reported associations of chemical exposure with 

uterine fibroids (Table 1-1). In epidemiological studies, uterine fibroids have 

been associated with higher levels of urinary DEHP metabolites (Fu et al., 

2017; Huang et al., 2010; Kim et al., 2016; Sun et al., 2016), and 

environmental phenols like bisphenol A and nonylphenol(Shen et al., 2016). 

Moreover, such associations have also been reported for persistent organic 

pollutants (POPs) such as p,p′-dichlorodiphenyldichloroethylene (p,p’-DDE) 

and polychlorinated biphenyls (PCBs) (Lambertino et al., 2011; Trabert et al., 

2015). The research has been reported for having endocrine-disrupting effects 

while much less information is currently available for the endocrine-related 

adverse effects of most of these substituting chemicals, including uterine 

fibroids (Engel et al., 2018; Kambia et al., 2019; Kojima et al., 2013; Liu et 

al., 2012). 
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1.4 Challenges of exposure assessment to pregnant 
women 
 
 

Even though pregnant women are a vulnerable populations to chemical 

exposure and related health effects, exposure profile across trimesters of 

gestations and their detailed information were largely unknown. Previous 

studies have been suggested that temporal variability of phthalate exposure 

during pregnancy can be huge depending on the timing of sampling, sample 

size, and study population (Braun et al., 2012; Fisher et al., 2015; Huang et al., 

2017; Li et al., 2019; Martino-Andrade et al., 2016; Warembourg et al., 2019; 

Watkins et al., 2017). The temporal variability of exposure makes difficulties 

for exposure assessment and risk management of EDCs.  

The underlying reasons of temporal variability of exposure are largely 

unknown but physiological and behavior changes are considerable during 

pregnancy such as maternal weight, individual organ volumes, and blood 

flows glomerular filtration rate (GFR) which is a renal function marker, and 

some drug-metabolizing enzyme activities (Abduljalil et al., 2012; Hsieh et al., 

2019; Zhao et al., 2018). The increased renal blood flow leads to an increase 

in renal size (Soma-Pillay et al., 2016) and an activity of metabolic enzymes 

such as cytochrome P450 (CYP) is variable during pregnancy (Tracy et al., 

2005). Human CYP2C9 and CYP2C19, for example, are the major CYP 

isoforms producing DEHP metabolites (Choi et al., 2012), but the activity of 

CYP2C9 and CYP2C19 are changed during pregnancy (Anderson, 2005; 
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Jeong, 2010). Although the underlying mechanism of all physiological 

changes is not clear, pregnancy-associated hormones, such as estradiol and 

progesterone, during pregnancy may influence these changes (Jeong, 2010; 

Katharine et al., 2013; Soma-Pillay et al., 2016). Change of using patterns of 

PCPs may be also another reason for variability of exposure profile of EDCs 

during pregnancy. The use of several PCPs was associated with urinary 

phthalates in pregnant women (Buckley et al., 2012). It, therefore, is 

important to understand the characteristics of exposure profiles during 

pregnancy, for accurate exposure assessment. 
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1.5 Study design and objectives 

 
The aim of this study is to identify both female reproductive health risk of 

plasticizers in women of reproductive age and exposure characteristics of 

plasticizers during pregnancy. We identified the plasticizers including 

alternative substances that are associated with a reproductive health outcome 

in adult women. In addition, we characterized the exposure profile of major 

phthalates and their alternatives in pregnant women by considering the 

importance of vulnerable windows of chemical exposure.  Furthermore, we 

described a variety of urine characteristics during pregnancy by providing 

new insights into urinary correction factors. The knowledge from the present 

study will be useful to manage and accurate exposure and risk assessment of 

plasticizers in premenopausal women including pregnant women.  

The present study consists of three parts (Fig. 1-1). In the first part 

(Chapter 2), the association between exposure to plasticizers and reproductive 

health effect were investigated with uterine fibroids case (n = 32) and control 

(n = 79) participant. We measured for metabolites of several phthalates, 

alternative plasticizers, and organophosphate esters (OPEs), in the urine. We 

identified several plasticizers associated with increased risks of uterine 

fibroids among Korean women. 

In the second part (Chapter 3), the exposure profile of urinary plasticizer 

metabolites and their general risk based on a reference dose were investigated 

in pregnant women. We measured the urinary concentrations of phthalate and 

alternative plasticizer metabolites throughout pregnancy among Korean (n = 
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81) and Thai women (n = 102). Metabolites (n = 24) from phthalates (n = 15) 

were measured in the urine samples collected three times during pregnancy. 

Important exposure sources of plasticizers in each country were also 

suggested. 

In the third part (Chapter 4), the variable exposure profile of plasticizers 

across three trimesters of gestation which was found in Chapter 3ies have a 

different ethnicity, climate, and lifestyle can show the various profiles were 

described with their variation of urinary correction factors such as creatinine, 

specific gravity, and osmolality. The study with participants from the two 

countries of urine correction factors depending on populations. 
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Chapter 2 Exposure to organophosphate esters, 

alternative plasticizers, and phthalates in 

association with uterine fibroids: a case-control 

study 

 

2.1 Introduction  

 
Uterine fibroids or leiomyomas are benign tumors common among women 

with prevalence up to 68.6% depending on the population and method of 

diagnosis (Stewart et al., 2017). While most patients with uterine fibroids 

have no symptoms, some may experience heavy menstrual bleeding or pain, 

pelvic pressure or pain, dysuria, and sterility or subfertility (Parker, 2007). 

The personal and societal economic burden is huge, with an additional annual 

costs estimated at $15,952 per patient worldwide, and at an estimated annual 

cost of $34.4 billion in the United States (Cardozo et al., 2012; Soliman et al., 

2015). The etiology of uterine fibroids is unknown, but several important 

factors have been suggested to be responsible for initiating or promoting this 

disease; these include hormones (estradiol and progesterone), growth factors, 

and regulatory changes of hormonal receptors, as well as demographic and 

physiological risk factors such as age, family history, weight, and parity 

(Flake et al., 2003; Parker, 2007). 

Several chemicals have been associated with uterine fibroids in a number of 

epidemiological studies, and these chemicals included DEHP metabolites (Fu 

et al., 2017; Huang et al., 2010; Kim et al., 2016; Sun et al., 2016) and 
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environmental phenols like bisphenol A and nonylphenol (Shen et al., 2016). 

Exposure to persistent organic pollutants (POPs) such as p,p′-

dichlorodiphenyldichloroethylene (p,p’-DDE) and polychlorinated biphenyls 

(PCBs) has also been suggested for potential association with uterine fibroids 

(Lambertino et al., 2011; Trabert et al., 2015). Endocrine-disruption which 

affects sex hormone balances is suspected as an underlying mechanism for 

these chemicals.  

Recently, the use of plasticizers has been regulated worldwide due to their 

potential adverse health effects. Subsequently, new alternative chemicals have 

been introduced in increasing amounts into the market to replace the regulated 

chemicals (Bui et al., 2016; Stapleton et al., 2012). For example, 

organophosphate esters (OPEs) have been extensively used as plasticizers or 

lubricants, and as flame retardants (van der Veen and de Boer, 2012). 

Phthalates that have been used in many applications like food packaging, 

cosmetics, paintings, medical devices, and building materials, etc. have been 

replaced by several alternative plasticizers (APs), such as 1,2-cyclohexane 

dicarboxylic acid, diisononyl ester (DINCH) and di-2-ethylhexyl terephthalate 

(DEHTP). Compared to the chemicals being replaced, much less information 

is currently available for these substituting chemicals, in terms of their 

potential adverse health effects, such as uterine fibroids. (Engel et al., 2018; 

Kambia et al., 2019; Kojima et al., 2013; Liu et al., 2012). 

In this study, we hypothesized that several alternative plasticizers that are 

used in growing amounts would be associated with uterine fibroids, a typical 

endocrine-related benign tumor of women. In the present study, we designed a 
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case-control study design with Korean women of reproductive age and 

assessed the associations of urinary metabolites of OPEs, APs, and phthalates 

with uterine fibroids. The results of this study will help identify the health 

hazards of new consumer chemicals emerging in the daily lives and facilitate 

further experimental and epidemiological studies on potential chemical 

determinants of uterine fibroids. 

26



 

2.2 Materials and methods 

 
2.2.1 Study population and sample collection  

Adult Korean women before menopause (n = 516, 20–49 years of age) 

were recruited from 2015–2016 at medical institutes located in Seoul, Ansan, 

Incheon, and Jeju of Korea. Participants visited a public health center for a 

general health check or the obstetrics & gynecology clinics of the university 

hospitals for routine gynecology checkup. In addition, a subset of the 

participating women (n =70) was randomly chosen from an existing cohort, 

i.e., Children's Health and Environmental Chemicals of Korea (CHECK) 

cohort. Among the women initially recruited, women with current pregnancy 

and past potential occupational exposure were excluded. The participating 

women were asked to fast for > 8 hr before they came for health examinations 

and urine sample collection. Once collected, the urine samples were stored at -

20°C immediately until chemical analysis. The participating women had 

undergone gynecologic ultrasonography for the diagnosis of gynecologic 

diseases including uterine fibroids and adenomyosis. Among the participating 

women, 95 cases of uterine fibroids were identified. Among these 

asymptomatic women, a total of 32 cases were chosen based on the following 

criteria: the size of uterine fibroids (>4 cm), the number of fibroids (>2), or 

concurrent diagnosis of adenomyosis. As the control, women of matching 

ages without the disease (n = 79) were selected. Therefore, the final study 

population consisted of 111 participants, i.e., 32 cases and 79 controls. 

Demographic data were obtained using a questionnaire. The present study was 
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approved by the Institutional Review Board of Seoul National University 

(IRB No. 1509/001-011). 

 

2.2.2 Measurement of urinary OPEs and plasticizers  

Metabolites of twelve OPEs, thirteen APs, and fifteen phthalates were 

analyzed in the urine of the participating women. The OPE metabolites 

included: 4-hydroxyphenyl phenyl phosphate (4-HO-DPHP), diphenyl 

phosphate (DPHP), 2-ethyl-5-hydroxyhexyl diphenyl phosphate (5-HO-

MEHTP), 2-ethylhexyl phenyl phosphate (EHPHP), 1-hydroxy-2-propyl 

bis(1-chloro-2-propyl) phosphate (BCIPHIPP), bis(1-chloro-2-propyl) 

phosphate (BCIPP), tris(chloroethyl) phosphate (TCEP), bis(2-butoxyethyl) 

phosphate (BBOEP), 2-hydroxyethyl bis(2-butoxyethyl) phosphate 

(BBOEHEP), bis(2-butoxyethyl) 3′-hydroxy-2-butoxyethyl phosphate (3-

HO-TBOEP), bis(1,3-dichloro-2-propyl) phosphate (BDCIPP), and di-n-butyl 

phosphate (DNBP), the AP metabolites included: mono(4-methyl-7-

hydroxyoctyl) phthalate (OH-MINP), mono(4-methyl-7-carboxyheptyl) 

phthalate (cxMINP), mono(2-ethyl-5-hydroxyhexyl) terephthalate (OH-

MEHTP), mono(2-ethylhexyl) terephthalate (MEHTP), mono(2-ethyl-5-

hydroxyhexyl) adipate (OH-MEHA), mono(2-ethyl-5-oxohexyl) adipate 

(oxoMEHA), mono(2-ethylhexyl) adipate (MEHA), mono(2-propyl-6-

carboxyhexyl) phthalate (cxMPrHpP), mono(2-propyl-6-hydroxyheptyl) 

phthalate (OH-MPrHpP), mono(2-propyl-6-oxoheptyl) phthalate 

(oxoMPrHpP), cyclohexane-1,2-dicarboxylic mono carboxyisooctyl ester 
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(cxMINCH), cyclohexane-1,2-dicarboxylic mono hydroxyisononyl ester (OH-

MINCH), and cyclohexane-1,2-dicarboxylic mono isononyl ester (MINCH), 

and the phthalate metabolites included: monomethyl phthalate (MMP), 

monoethyl phthalate (MEP), mono-isopropyl phthalate (MiPP), mono-2-

isobutyl phthalate (MiBP), mono-n-butyl phthalate (MBP), mono-n-pentyl 

phthalate (MPeP), monobenzyl phthalate (MBzP), monocyclohexyl phthalate 

(MCHP), monohexyl phthalate (MHxP), mono(2-ethy  l-5-oxohexyl) 

phthalate (MEOHP), mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), 

mono(2-ethyl-5-carboxypentyl) phthalate (MECPP), mono-[(2-

carboxymethyl)hexyl] phthalate (MCMHP), mono(2-ethylhexyl) phthalate 

(MEHP), and mono(3-carboxypropyl) phthalate (MCPP) (Table 2-1).  

Urinary metabolites of OPEs were measured following a previously 

reported method (Bastiaensen et al., 2018). OPE metabolites were extracted 

using solid-phase extraction (SPE) after enzymatic deconjugation with ß-

glucuronidase. Instrumental analysis was conducted on an Agilent 1290 

Infinity liquid chromatography system coupled to an Agilent 6460 Triple 

Quadrupole mass spectrometer (MS) (Santa Clara, CA, USA). AP metabolites 

were measured following Been et al. (2019) with a slight modification. 

Briefly, 1.0 mL of urine samples were spiked with a mixture of internal 

standards and then extracted by Oasis MAX SPE after enzymatic 

deconjugation with ß-glucuronidase. Target analytes were separated by 

reversed-phase HPLC and quantified by electrospray ionization tandem MS 

(Agilent 1290 Infinity coupled to 6460 electrosprays Triple Quadrupole, 

Agilent Technologies). For phthalate metabolites, the sample was prepared 
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following a method described in detail elsewhere (Guo et al., 2011). In brief, 

0.5 mL of urine was spiked with a mixture of internal standards and buffered 

with ammonium acetate including β-glucuronidase. Phthalate metabolites 

were extracted using an SPE setup. For the chromatographic separation and 

quantification of target analytes, an Agilent 1260 Series high-performance 

liquid chromatography (HPLC) system (Agilent Technologies) and an API 

4000 electrospray triple quadrupole MS (ESI–MS/MS; AB Sciex, 

Framingham, MA, USA) were used (Tables 2-2 – 2-3).  
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Table 2-1. Target parent compounds and their urinary metabolites  

Parent compound Target metabolite 
Organophosphate esters  
Triphenyl phosphate (TPHP) 4-Hydroxyphenyl phenyl phosphate (4-HO-DPHP) 
 Diphenyl phosphate (DPHP) 
2-Ethylhexyldiphenyl phosphate 
(EHDPHP) 

2-Ethyl-5-hydroxyhexyl diphenyl phosphate (5-
HO-EHDPHP) 

 2-Ethylhexyl phenyl phosphate (EHPHP) 
Tris(2-chloroisopropyl) phosphate 
(TCIPP) 

1-Hydroxy-2-propyl bis(1-chloro-2-propyl) 
phosphate (BCIPHIPP) 

 Bis(1-chloro-2-propyl) phosphate (BCIPP) 
Tris(chloroethyl) phosphate (TCEP) Tris(chloroethyl) phosphate (TCEP)* 
Tris(2-butoxyethyl) phosphate 
(TBOEP) Bis(2-butoxyethyl) phosphate (BBOEP) 

 
2-Hydroxyethyl bis(2-butoxyethyl) phosphate 
(BBOEHEP) 

 
Bis(2-butoxyethyl) 3′-hydroxy-2-butoxyethyl 
phosphate (3-HO-TBOEP) 

Tris(1,3-dichloro-2-propyl) 
phosphate (TDCIPP) Bis(1,3-dichloro-2-propyl) phosphate (BDCIPP) 

Tri-n-butyl phosphate (TNBP) Di-n-butyl phosphate (DNBP) 
Alternative plasticizers   

Di-isononyl phthalate (DINP) 
Mono(4-methyl-7-hydroxyoctyl) phthalate (OH-
MINP) 

 
Mono(4-methyl-7-carboxyheptyl) phthalate 
(cxMINP) 

Di(2-ethylhexyl) terephthalate 
(DEHTP) 

Mono(2-ethyl-5-hydroxyhexyl) terephthalate (OH-
MEHTP) 

 Mono(2-ethylhexyl) terephthalate (MEHTP)  
Bis(2-ethylhexyl) adipate (DEHA) Mono(2-ethyl-5-hydroxyhexyl) adipate (OH-

MEHA) 
 Mono(2-ethyl-5-oxohexyl) adipate (oxoMEHA) 
 Mono(2-ethylhexyl) adipate (MEHA) 
Di(2-propylheptyl) phthalate 
(DPrHpP) 

Mono(2-propyl-6-carboxyhexyl) phthalate 
(cxMPrHpP) 

 Mono(2-propyl-6-hydroxyheptyl) phthalate (OH-
MPrHpP) 

 Mono(2-propyl-6-oxoheptyl) phthalate 
(oxoMPrHpP) 

Di-(iso-nonyl)-cyclohexane-1,2-
dicarboxylate (DINCH) 

Cyclohexane-1,2-dicarboxylic mono 
carboxyisooctyl ester (cxMINCH) 

 Cyclohexane-1,2-dicarboxylic mono 
hydroxyisononyl ester (OH-MINCH) 

 Cyclohexane-1,2-dicarboxylic mono isononyl ester 
(MINCH) 
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Table 2-1. (Continued) 

Parent compound Target metabolite 
Phthalates  
Dimethyl phthalate (DMP) Monomethyl phthalate (MMP) 
Diethyl phthalate (DEP) Monoethyl phthalate (MEP) 
Di-isopropyl phthalate (DiPP) Mono-isopropyl phthalate (MiPP) 
Di-2-isobutyl phthalate (DiBP) Mono-2-isobutyl phthalate (MiBP) 
Di-n-butyl phthalate (DBP) Mono-n-butyl phthalate (MBP) 
Di-n-pentyl phthalate (DPeP) Mono-n-pentyl phthalate (MPeP) 
Benzyl butyl phthalate (BBzP) Monobenzyl phthalate (MBzP) 
Dicyclohexyl phthalate (DCHP) Monocyclohexyl phthalate (MCHP) 
Dihexyl phthalate (DHxP) Monohexyl phthalate (MHxP) 
Di(2-ethylhexyl) phthalate (DEHP) Mono(2-ethyl-5-oxohexyl) phthalate (MEOHP) 
 Mono(2-ethyl-5-hydroxyhexyl) phthalate 

(MEHHP) 
 Mono(2-ethyl-5-carboxypentyl) phthalate 

(MECPP) 
 Mono-[(2-carboxymethyl)hexyl] phthalate 

(MCMHP) 
 Mono(2-ethylhexyl) phthalate (MEHP) 
Dioctyl phthalate (DnOP) Mono(3-carboxypropyl) phthalate (MCPP) 

* Parent compound 
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Table 2-3. Average quality control accuracies and method recoveries. 

Compound LOQ 
(ng/mL) 

QC 
low  
(%) 

Q C  
mid  
(%) 

Blank conce
ntration  
(ng/mL) 

Recovery
  
(%) 

ICI/ 
EQUAS* 

OPEs metabolites      

4HO-DPHP 0.50 146 144 ND 107 No 
DPHP 0.10 93 78 0.076 101 Yes 
5-HO-EHDPHP 0.01 109 110 0.015 107 No 
EHPHP 0.05 123 128 ND 104 No 
BCIPHIPP 0.04 93 105 ND 101 No 
BCIPP 1.00 263 286 ND 85 Yes 
TCEP 0.04 98 98 0.039 112 No 
BBOEP 0.05 131 99 ND 109 No 
BBOEHEP 0.01 94 94 0.029 105 No 
3-HO-TBOEP 0.01 123 124 ND 104 No 
BDCIPP 0.05 111 101 ND 99 Yes 
DNBP 0.15 273 205 0.283 102 No 
Alternative plasticizers metabolites     
OH-MINP 0.2 - 92 0.01 90 Yes 
cxMINP 0.2 - 109 0.02 101 Yes 
OH-MEHTP 0.2 - 98 0.01 95 No 
MEHTP 0.2 - 109 0.10 102 No 
OH-MEHA 0.2 - 87 0.01 90 No 
oxoMEHA 0.2 - 88 0.01 92 No 
MEHA 0.2 - 101 0.14 96 No 
cxMPrHpP 0.2 - 108 0.01 101 Yes 
OH-MPrHpP 0.2 - 97 0.01 93 Yes 
oxoMPrHpP 0.2 - 95 0.01 92 No 
cxMINCH 0.2 - 105 0.02 95 Yes 
OH-MINCH 0.2 - 87 0.01 92 Yes 
MINCH 0.2 - 95 0.01 90 No 
Phthalates metabolites    IS  
MMP 0.05 - 88 ND 67 - 
MEP 0.05 - 93 ND 68 - 
MiPP 0.05 - 100 ND - - 
MiBP 0.05 - 104 0.49 - - 
MBP 0.01 - 91 0.76 78 - 
MPeP 0.01 - 89 ND - - 
MBzP 0.01 - 95 ND 76 - 
MCHP 0.01 - 95 ND 79 - 
MHxP 0.05 - 127 ND - - 
MEOHP 0.05 - 92 ND 68 - 
MEHHP 0.05 - 116 ND 68 - 
MECPP 0.01 - 138 0.12 69 - 
MCMHP 0.05 - 122 ND 67 - 
MEHP 0.10 - 66 1.04 71 - 
MCPP 0.25 - 136 ND 86 - 
       
* External quality control is assured by successful participation in inter-laboratory 
comparison exercises, such as Human Biomonitoring for the Europe External Quality 
Assurance Scheme (HBM4EU ICI/EQUAS, 2018) and the External Quality 
Assessment Scheme for Organic Substances in urine (OSEQAS, 2018). 
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2.2.3 Statistical analysis  

Urinary chemical concentrations were adjusted by specific gravity (SG) to 

correct for urine dilutions, using the following equation. The SG was 

determined on the URISYS 2400 Cassette (Roche). 

SG adjusted concentration  

= (chemical concentration) × [(SGmedian − 1)/(SG − 1)]  

where the median value of the specific gravity (SGmedian) of all samples 

was 1.016. 

For those chemicals with the detection frequency of 75% or more, the non-

detected was substituted with a limit of quantification (LOQ) divided by the 

square root of 2 before statistical analysis. For the comparison of demographic 

factors between the case and the control, Wilcoxon signed-rank test (for 

continuous variables such as age, and body mass index (BMI)), the chi-

squared test (for categorical variables such as income, and alcohol 

consumption), or Fisher’s exact test (for categorical variables with expected 

frequency less than 5 such as parity, and urinary cotinine) were conducted 

(Table 1). Correlations among the metabolite concentrations were determined 

by Spearman’s correlation coefficients. For comparison of chemical 

concentrations between the case and the control groups, general linear 

regression models were constructed with covariates of age, BMI 

(continuously), income (categorically: low-middle, middle-high, and very 

high), parity (categorically: 0, 1, > 2), urinary cotinine (categorically: < 10 

and ≥ 10 ng/ml), and alcohol consumption (categorically: yes and no). Due to 
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the skewness of distribution, measured chemical concentrations were log-

transformed. 

For logistic regression analysis, some independent variables were 

transformed into categorical variables depending on the frequency of 

detection. The chemicals which were detected in ≥ 75% of the samples were 

transformed into quartile variables. The chemicals which were detected in ≥ 

50% and < 75% were transformed into tertiles, in which 0 was assigned for 

the samples not detected or below the LOQ, 1 was assigned for the samples 

with concentrations up to the median, and 2 for those with concentrations 

above the median. The chemicals which were detected in ≥ 25% and < 50% 

of the samples, were transformed into dichotomous variables, in which 0 was 

assigned for the samples < LOQ, and 1 for the samples detected. Statistical 

significance was determined at p = 0.05. Statistical analyses were conducted 

using SAS 9.4 (SAS Institute Inc., Cary, NC, USA). 
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2.3 Results  

 

2.3.1 Study population 

The average age of participants was 38 years (mean 38.2 ± 5.3 years for 

the cases, mean 37.8 ± 5.1 years for the controls). The average BMIs of the 

case and the control groups were 22.7±2.7 and 22.8±4.0 kg/m2, respectively 

(Table 2-4). There were no differences in age, income, urinary cotinine, 

alcohol consumption, and BMI between the case and the control groups. The 

only exception was parity which was lower in the case group (Table 2-4). A 

number of characteristics of participating women were included for case-

control comparisons and logistic regression analyses as covariates (i.e., age, 

income, parity, urinary cotinine, alcohol consumption, and BMI).  There were 

no significantly different demographic factors between selected and non-

selected case women in the parent population (Table 2-5).  
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Table 2-4. Characteristics of the participating women. 

Characteristics Case  Control  Total P value 
Total 32 (28. 8) 79 (71.2) 111 (100.0)  
Age (year) (mean±SD) 38.3±5.3 37.8±5.1 37.9±5.1 0.516 

20-29 3 (9.4) 7 (8.9) 10 (9.0)  
30-39 14(43.8) 36 (45.6) 50 (45.0)  
40-49 15 (46.9) 36 (45.6) 51 (45.9)  

Incomea 0.106 
Low-Middle 10 (31.3) 25 (31.6) 35 (31.5)  
Middle-High 8 (25.0) 34 (43.0) 42 (37.8)  
> Very high 14 (43.8) 20 (25.3) 34 (30.6)  

Parity 0.036* 
0 11 (34.4) 10 (12.7) 21 (18.9)  
1 4 (12.5) 14 (17.7) 18 (16.2)  
≥ 2 16 (50.0) 54 (68.4) 70 (63.1)  
No response 1 (3.1) 1 (1.3) 2 (1.8)  

Urinary cotinine (ng/mL) 0.754 
< 10 29 (90.6) 69 (87.3) 98 (88.3)  
> 10 3 (9.4) 10 (12.7) 13 (11.7)  

Alcohol consumption 0.817 
Yes 21 (65.6) 50 (63.3) 71(64.0)  
No 11 (34.4) 29 (36.7) 40 (36.0)  

Body mass index (kg/m2) 

(mean±SD) 
22.7±2.7 22.8±4.0 22.8±3.7 0.445 

< 18.5 (underweight) 0 (0.0) 5 (6.3) 5 (4.5)  
18.5-24.9 (normal weight) 23 (71.9) 46 (58.2) 69 (62.2)  
25-29.9 (pre-obesity) 5 (15.6) 10 (12.7) 15 (13.5)  
≥ 30 (obesity) 4 (12.5) 18 (22.8) 22 (19.8)  

aLow-Middle income: < 4 million KRW/ Middle-High income: < 8 million KRW/ 

Very high income: ≥ 8 million KRW (KRW: Korean Won). Values are the number of 

women and those in parentheses are percent unless otherwise noted. Statistical 

analysis was conducted by the Wilcoxon rank-sum test for continuous variables, age, 

and BMI; chi-squared tests for categorical variables, income, and alcohol 

consumption; Fisher’s exact test for categorical variables with expected frequency < 5, 

parity, and urinary cotinine (* indicates statistical significance, p < 0.05). 
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Table 2-5. Characteristics of the selected and non-selected case women in the 
parent population.  

Characteristics 
Selected 
case  

Non-
selected 
case 

Total case 
P value 

Total 32 (28. 8) 63 (71.2) 95 (100.0)  
Age (year) (mean±SD) 38.3±5.3 37.9±5.0 38.1±5.1 0.587 

20-29 3 (9.4) 6 (9.5) 9 (9.5)  
30-39 14(43.8) 30 (47.6) 44 (46.3)  
40-49 15 (46.9) 27 (42.9) 42 (44.2)  

Incomea 0.894 
Low-Middle 10 (31.3) 17 (28.8) 27 (29.7)  
Middle-High 8 (25.0) 16 (27.1) 24 (26.4)  
> Very high 14 (43.8) 26 (44.1) 40 (44.0)  

 No response 0 4 4  
Parity 0.719 

0 11 (35.5) 23 (36.5) 34 (36.2)  
1 4 (12.9) 7 (11.1) 11 (11.7)  
≥ 2 16 (51.6) 33 (52.4) 49 (52.1)  
No response 1 0 1  

Urinary cotinine (ng/mL) 0.897 
< 10 29 (90.6) 57 (90.5) 86 (91.5)  
> 10 3 (9.4) 6 (9.5) 9 (9.6)  

Alcohol consumption 0.707 
Yes 21 (65.6) 41 (69.5) 62 (68.1)  
No 11 (34.4) 18 (30.5) 29 (31.9)  

 No response 0 4   
Body mass index (kg/m2) 

(mean±SD) 
22.7±2.7 22.7±3.6 22.7±3.3 0.460 

< 18.5 (underweight) 0 (0.0) 1 (1.6) 1 (1.1)  
18.5-24.9 (normal weight) 23 (71.9) 38 (61.3) 61 (64.9)  
25-29.9 (pre-obesity) 5 (15.6) 10 (16.1) 15 (16.0)  
≥ 30 (obesity) 4 (12.5) 13 (21.0) 17 (18.1)  

 No response 0 1   
aLow-Middle income: < 4 million KRW/ Middle-High income: < 8 million KRW/ 

Very high income: ≥ 8 million KRW (KRW: Korean Won). Values are the number of 

women and those in parentheses are percent unless otherwise noted. Statistical 

analysis was conducted by the Wilcoxon rank-sum test for continuous variables, age, 

and BMI; chi-squared tests for categorical variables, income, and alcohol 

consumption; Fisher’s exact test for categorical variables with expected frequency < 5, 

parity, and urinary cotinine. 
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2.3.2 Chemical exposure 

Among twelve target OPE metabolites, DPHP, EHPHP, and BCIPHIPP 

were detected in over 80% of the urine samples (Table 2-6). Other metabolites, 

such as BBOEHEP, BDCIPP, DNBP, and BBOEP, were detected in < 70%. 

EHPHP was detected at the highest concentrations (median 1.01 ng/ml) in the 

control group (Table 2-6). Among APs, metabolites of DINP and DPrHpP 

were detected in > 90% and > 75% of the urine samples, respectively. Median 

concentrations of cxMINP and cxMPrHpP in the control group were 2.57 

ng/ml, and 0.66 ng/ml, respectively. Metabolites of DINCH, DEHA, and 

DEHTP were detected in fewer urine samples, i.e., < 68%, < 53%, and < 40%, 

respectively. Among measured phthalates, metabolites of DMP, DEP, DiBP, 

DBP, BBzP, and DEHP were detected in > 90% of urine samples. Among the 

phthalate metabolites, MECPP showed the highest median concentrations of 

11.61 ng/ml. Several chemicals showed significant positive correlations with 

each other based on Spearman’s correlation analysis and strong correlations 

were generally observed between high molecular weight phthalates (Figure 2-

1). 
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2.3.3 Association of urinary metabolite concentrations with uterine 

fibroids 

Urinary concentrations of MEOHP, the sum of 5 DEHP metabolites (∑

5DEHP, nmol/L), and OH-MINP were significantly higher in the urine of the 

case than in the control (Table 2-6). Other chemicals showed no differences 

between the two groups.  

When the samples were dichotomously grouped based on the detection 

status (i.e., non-detected or detected), BDCIPP, BBOEP, and BBOEHEP 

showed positive associations with uterine fibroids (OR 5.51 with 95% CI: 

1.93, 15.76; OR 2.81 with 95% CI: 1.01, 7.83; and OR 2.94 with 95% CI: 

1.05, 8.24, respectively) (Fig. 2-2, Table 2-7). Among those who were 

detected for BDCIPP, 43.8%, or 21 out of 48 women, were identified to have 

uterine fibroids, while only 11 out of 63 women had uterine fibroids among 

those not detected for BDCIPP. Among AP metabolites, those detected for 

OH-MEHTP, OH-MPrHpP, and OH-MINCH, showed significantly higher 

ORs of the uterine fibroids (Fig. 2-2, Table 2-8). For urinary OH-MPrHpP, 15 

out of 35 (42.9 % of women) showed uterine fibroids among those in the 

highest tertile, while only 8 cases were identified out of 41 women, among 

those below LOQ. For OH-MINCH, uterine fibroids were shown in 46.9% of 

women (15 out of 32) among those detected, while only 21.5% of the case 

were identified among those below LOQ. Among the phthalate metabolites, 

women with the highest quartiles of DEHP metabolites, (e.g., MEOHP, 

45



 

MEHHP, MECPP, and ∑5DEHP metabolites), showed significantly elevated 

ORs than the women in the lowest quartile (Figure 1c). In addition, urinary 

concentrations of MBzP were significantly associated with increased ORs of 

uterine fibroids (Q2 vs. Q1: 4.82 with 95% CI, 1.09–21.27) (Fig. 2-2, Table 2-

7).  

46



 

 

 
Fig. 2-2. Odds ratios (ORs) between uterine fibroids and (a) urinary OPEs, (b) 
APs, and (c) phthalates concentrations (DF ≥75%: quartile group comparison 
(Q), 50%≤DF<75%: tertile group comparison (T), two detected groups and 
not detected, 25%≤DF<50%: dichotomy group comparison (D), detected or 
not). The ORs were estimated for the 1st quartile, 1st tertile, or 1st 
dichotomized (less than LOQ) as a reference. The target population number 
was 111 (case = 32). Adjusted for age, income, parity, urinary cotinine, 
alcohol consumption, and BMI. 
A solid circle indicates statistical significance (p < 0.05), while an open circle 
indicates reference or no significance.  
OPEs: organophosphate esters, APs: alternative plasticizers, DF: detection 
frequency, LOQ: limit of quantification, BMI: body mass index

47



  T
ab

le
 2

-7
. O

dd
s r

at
io

s (
O

Rs
) o

f u
te

rin
e 

fib
ro

id
s b

y 
gr

ou
pi

ng
 in

to
 fo

ur
 c

at
eg

or
ie

s b
as

ed
 o

n 
th

e 
ra

ng
e 

of
 d

et
ec

tio
n 

fre
qu

en
ci

es
 (D

F)
 ≥

 7
5%

. 
P

ar
en

t 
co

m
p

ou
n

d
 

T
ar

ge
t 

co
m

p
ou

n
d

 
Q

 
O

R
s 

95
%

 C
I 

P
ar

en
t 

co
m

p
ou

n
d

T
ar

ge
t 

co
m

p
ou

n
d

 
Q

 
O

R
s 

95
%

 C
I 

O
P

E
s 

 
 

 
 

P
ht

h
al

at
es

 c
on

ti
n

u
ed

 
 

 
 

 

TP
H

P 
D

PH
P 

Q
1 

re
fe

re
nc

e 
 

D
iB

P 
M

iB
P 

Q
1

re
fe

re
nc

e 
 

 
 

Q
2 

1.
67

 
0.

40
 

6.
95

 
 

 
Q

2
0.

92
 

0.
23

 
3.

67

 
 

Q
3 

1.
58

 
0.

35
 

7.
07

 
 

 
Q

3
0.

80
 

0.
20

 
3.

19

 
 

Q
4 

2.
24

 
0.

50
 

9.
95

 
 

 
Q

4
1.

78
 

0.
47

 
6.

77

EH
D

PH
P 

EH
PH

P 
Q

1 
re

fe
re

nc
e 

 
D

BP
 

M
BP

 
Q

1
re

fe
re

nc
e 

 
 

 
Q

2 
1.

13
 

0.
30

 
4.

32
 

 
 

Q
2

1.
39

 
0.

37
 

5.
27

 

 
 

Q
3 

0.
57

 
0.

14
 

2.
36

 
 

 
Q

3
0.

77
 

0.
19

 
3.

11

 
 

Q
4 

1.
33

 
0.

33
 

5.
32

 
 

 
Q

4
2.

33
 

0.
61

 
8.

85
 

TC
IP

P 
BC

IP
H

IP
P 

Q
1 

re
fe

re
nc

e 
 

B
B

zP
 

M
B

zP
 

Q
1

re
fe

re
nc

e 
 

 
 

Q
2 

0.
61

 
0.

17
 

2.
25

 
 

 
Q

2
5.

60
 

1.
16

 
27

.0
5 

 
 

Q
3 

0.
31

 
0.

08
 

1.
26

 
 

 
Q

3
1.

57
 

0.
36

 
6.

93
 

 
 

Q
4 

0.
41

 
0.

11
 

1.
57

 
 

 
Q

4
2.

66
 

0.
61

 
11

.7
3

A
P

s 
 

 
 

 
 

D
E

H
P

 
M

E
O

H
P

 
Q

1
re

fe
re

nc
e 

 

D
IN

P 
O

H
-M

IN
P 

Q
1 

re
fe

re
nc

e 
 

 
 

Q
2

11
.8

2 
1.

61
 

86
.8

0 

 
 

Q
2 

0.
60

 
0.

13
 

2.
83

 
 

 
Q

3
8.

91
 

1.
21

 
65

.6
6 

 
 

Q
3 

2.
93

 
0.

75
 

11
.4

8
 

 
Q

4
24

.2
2 

3.
02

 
19

4.
43

 
 

Q
4 

2.
33

 
0.

60
 

9.
13

 
 

 
 

 
 

 

48



 Ta
bl

e 
2-

7.
 (C

on
tin

ue
d)

 

P
ar

en
t 

co
m

p
ou

n
d

 
T

ar
ge

t 
co

m
p

ou
n

d
 

Q
 

O
R

s 
95

%
 C

I  
P

ar
en

t 
co

m
p

ou
n

d
T

ar
ge

t 
co

m
p

ou
n

d
 

Q
 

O
R

s 
95

%
 C

I 

A
P

s 
co

n
ti

n
u

ed
 

 
 

 
 

P
ht

h
al

at
es

 c
on

ti
n

u
ed

 
 

 
 

 

 
 

 
 

 
 

 
M

E
H

H
P

 
Q

1
re

fe
re

nc
e 

 

D
IN

P 
(c

on
tin

ue
d)

 
cx

M
IN

P 
Q

1 
re

fe
re

nc
e 

 
 

 
Q

2
1.

99
 

0.
45

 
8.

77

 
 

Q
2 

0.
95

 
0.

26
 

3.
45

 
 

 
Q

3
5.

05
 

1.
14

 
22

.2
8 

 
 

Q
3 

0.
46

 
0.

12
 

1.
86

 
 

 
Q

4
1.

90
 

0.
40

 
9.

10

 
 

Q
4 

1.
22

 
0.

33
 

4.
50

 
 

M
E

C
P

P
 

Q
1

re
fe

re
nc

e 
 

D
Pr

H
pP

 
cx

M
Pr

H
pP

 
Q

1 
re

fe
re

nc
e 

 
 

 
Q

2
2.

62
 

0.
60

 
11

.4
4 

 
 

Q
2 

1.
57

 
0.

43
 

5.
76

 
 

 
Q

3
2.

38
 

0.
54

 
10

.5
4 

 
 

Q
3 

0.
53

 
0.

12
 

2.
37

 
 

 
Q

4
5.

25
 

1.
07

 
25

.7
6 

 
 

Q
4 

1.
10

 
0.

27
 

4.
55

 
 

M
CM

H
P 

Q
1

re
fe

re
nc

e 
 

P
h

th
al

at
es

  
 

 
 

 
 

 
Q

2
1.

51
 

0.
36

 
6.

38
 

D
M

P 
M

M
P 

Q
1 

re
fe

re
nc

e 
 

 
 

Q
3

1.
41

 
0.

35
 

5.
71

 

 
 

Q
2 

0.
39

 
0.

09
 

1.
78

 
 

 
Q

4
2.

60
 

0.
62

 
10

.9
0 

 
 

Q
3 

1.
28

 
0.

32
 

5.
06

 
∑

5 
D

E
H

P
 

 
Q

1
re

fe
re

nc
e 

 

 
 

Q
4 

2.
47

 
0.

65
 

9.
34

 
 

 
Q

2
5.

60
 

1.
16

 
27

.0
5 

D
EP

 
M

EP
 

Q
1 

re
fe

re
nc

e 
 

 
 

Q
3

4.
18

 
0.

87
 

20
.2

2 

 
 

Q
2 

0.
80

 
0.

21
 

3.
11

 
 

Q
4

8.
49

 
1.

71
 

42
.1

0 

 
 

Q
3 

0.
27

 
0.

06
 

1.
16

 
 

 
 

 
 

 

 
 

Q
4 

0.
71

 
0.

19
 

2.
61

 
 

 
 

 
 

 

49



 Ta
bl

e 
2-

7 
(C

on
tin

ue
d)

 

Bo
ld

fa
ce

 v
al

ue
s 

in
di

ca
te

 s
ta

tis
tic

al
ly

 s
ig

ni
fic

an
t d

iff
er

en
ce

s 
w

ith
 re

sp
ec

t t
o 

th
e 

re
fe

re
nc

e 
ca

te
go

ry
 (p

 <
 0

.0
5)

. O
dd

s 
ra

tio
s 

be
tw

ee
n 

ut
er

in
e 

fib
ro

id
s 

an
d 

ur
in

ar
y 

O
PE

s 
an

d 
pl

as
tic

iz
er

 c
on

ce
nt

ra
tio

ns
 (

D
F 

≥
75

%
) 

w
er

e 
es

tim
at

ed
 f

or
 t

he
 1

st  q
ua

rti
le

 a
s 

a 
re

fe
re

nc
e.

 T
he

 t
ar

ge
t 

po
pu

la
tio

n 
nu

m
be

r w
as

 1
11

 (c
as

e 
= 

32
). 

A
dj

us
te

d 
fo

r a
ge

, i
nc

om
e,

 p
ar

ity
, u

rin
ar

y 
co

tin
in

e,
 a

lc
oh

ol
 c

on
su

m
pt

io
n,

 a
nd

 B
M

I. 

O
PE

s: 
or

ga
no

ph
os

ph
at

e 
es

te
rs

, 
A

Ps
: 

al
te

rn
at

iv
e 

pl
as

tic
iz

er
s, 

D
F:

 
de

te
ct

io
n 

fre
qu

en
cy

, 
BM

I: 
bo

dy
 

m
as

s 
in

de
x

50



Table 2-8. Odds ratios (ORs) of uterine fibroids by grouping into two or three 

categories based on the DF range (25% ≤ DF < 75%). 

Parent 
compound 

Target compound 
DF 
(%) 

 OR 95% CI 

OPEs       
TNBP DNBP 30.7 D1 reference   
   D2 0.39 0.12 1.21 
TDCIPP BDCIPP 43.9 D1 reference   
   D2 5.51 1.93 15.76 
TBOEP BBOEP 29.8 D1 reference   
   D2 2.81 1.01 7.83 
 BBOEHEP 45.6 D1 reference   
   D2 2.94 1.05 8.24 
APs      
DEHA OH-MEHA 36.0 D1 reference   
   D2 2.70 0.93 7.82 
 oxoMEHA 46.5 D1 reference   
   D2 1.08 0.42 2.77 
DEHTP OH-MEHTP 31.6 D1 reference   
   D2 3.13 1.11 8.84 
DPrHpP OH-MPrHpP 62.3 T1 reference   
   T2 1.75 0.49 6.29 
   T3 4.40 1.31 14.80 
 oxoMPrHpP 64.0 T1 reference   
   T2 0.85 0.26 2.82 
   T3 1.89 0.57 6.28 
DINCH cxMINCH 63.2 T1 reference   
   T2 0.53 0.16 1.68 
   T3 0.32 0.09 1.10 
 OH-MINCH 28.9 D1 reference   
   D2 4.74 1.63 13.80 
       
Phthalates      
DHxP MHxP 27.0 D1 reference   
   D2 0.30 0.09 1.06 
DEHP MEHP 45.9 D1 reference   
   D2 1.87 0.71 4.94 
DnOP MCPP 45.0 D1 reference   
   D2 1.52 0.55 4.18 
Boldface values indicate a statistically significant difference with respect to the 
reference category (p <0.05). For metabolites with detection frequencies between 50 
and 75%, samples were grouped into three categories: T1 = the non-detected, T2 = 
below the median, and T3 = above the median. For metabolites with detection 
frequencies between 25% and 50%, samples were grouped into two categories: D1 = 
the non-detected, D2 = the detected. ORs were estimated against the first tertile (T1) 
or the non-detected (D1). The target population number was 111 (case = 32). Adjusted 
for age, income, parity, urinary cotinine, alcohol consumption, and BMI. 

OPEs: organophosphate esters, APs: alternative plasticizers, DF: detection frequency, 
BMI: body mass index  
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2.4 Discussion  

 

Frequently detection of DPHP, EHPHP, and BCIPHIPP in the urine shows 

that premenopausal women of Korea were widely exposed to OPEs like 

TPHP, EHDPHP, and TCIPP. The SG adjusted median concentration of 

DPHP measured in the present female population (0.28 ng/ml) was lower than 

those of pregnant women in the US (median 1.3 and 0.93 ng/ml) (Hoffman et 

al., 2017; Castorina et al., 2017), but higher than that reported in Chinese 

adults (median 0.06 ng/ml) (Sun et al., 2018). Among the measured OPE 

metabolites, EHPHP showed the highest median concentration (1.01 ng/ml) in 

the present population. The SG adjusted median concentration of BCIPHIPP 

was 0.42 ng/ml in the control, which was similar to that of the US pregnant 

women (Hoffman et al., 2017), but lower than that of Belgian adults (n = 14, 

3.93 ng/ml unadjusted) (Bastiaensen et al., 2018). The detection frequency of 

BBOEHEP was <60% in the present Korean population (Table 2-5), while 

BBOEHEP, BCIPHIPP, TCEP, and DPHP were most frequently detected in 

the urine samples of Japanese children (Bastiaensen et al., 2019), showing that 

usage patterns vary by country and by population.  

The exposure profiles of APs observed in the present population were 

different from those reported in other countries. Based on our observations, 

Korean women are more frequently exposed to DINCH and DPrHpP than to 

DEHTP. Among the control group, cxMINCH was detected in 68.4% of the 

population with a median concentration of 0.45 ng/ml (Table 2-5). The 
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detection level of cxMINCH was higher than that found in Norwegian adults 

(detection frequency 85%, geometric mean (GM 0.23 ng/ml) (Giovanoulis et 

al., 2016), and in the general German population (detection frequency 88.3%, 

median 0.17 ng/ml) (Schütze et al., 2014). However, the median concentration 

reported for German children (n= 208, 1.14 ng/ml) was higher than that found 

in the present Korean female population (0.33 ng/ml) (Fromme et al., 2016). 

For DPrHpP metabolites, over 70% of the Korean women’s urine samples 

were detected (Table 2-5). Among the present population, oxoMPrHpP was 

detected in 71.9% (case) and 62% (control) of the urines, while in the general 

German population, the detection frequency of oxoMPrHpP was 21.7% (LOQ 

of 0.25 ng/ml) (Schütze et al., 2015). In contrast, OH-MEHTP, a metabolite 

of DEHTP, was detected in only 29.1% of the control urine samples of the 

present population, while being detected in 96% of the US general population 

(Silva et al., 2019). Considering the different exposure profiles by country, 

and the increasing use and exposure to APs such as DINCH, DPHP, and 

DEHTP (Schütze et al., 2015; Silva et al., 2013; 2016), continuous 

surveillance of APs in human urine samples is warranted. 

Our observation suggests that several OPEs are associated with increased 

uterine fibroids. While the low detection frequency of most OPEs did not 

allow logistic regression analysis, the analytical results based on detection 

categories for BDCIPP, BBOEP, and BBOEHEP show clear and significant 

associations of these chemicals with higher ORs for uterine fibroids (Fig. 2-2). 

While the modes of action of OPEs in the development of uterine fibroids are 
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not well understood, one possible explanation can be found from the 

endocrine disruption potential of OPEs. Uterine fibroids are considered to be 

estrogen-dependent and it is well documented that sex regulating hormones, 

such as estrogen and progesterone, promote the growth of uterine fibroids 

(Flake et al., 2003; Parker et al., 2007). Estrogenicity of several OPEs has 

been documented in both in vitro and in vivo studies. TDCIPP and TBOEP 

could influence the synthesis and metabolism of estradiol and TDCIPP could 

behave as an estrogen receptor agonist (Liu et al., 2012; Zhang et al., 2014). 

In humans, an association between OPE exposure and uterine fibroids has 

never been reported. However, its association with sex hormone regulation or 

other reproductive health outcomes has been suggested. TDCIPP 

concentrations in house dust were associated with a prolactin increase in men 

(Meeker and Stapleton, 2010). Prolactin is a reproductive hormone that was 

suggested as an adjuvant biomarker in uterine fibroids (Baban, 2009; Levy et 

al., 2013). Among men and women, urinary concentrations of TDCIPP 

metabolites and ∑OPEs were negatively associated with successful in vitro 

fertilization (Carignan et al., 2017). These epidemiological observations on 

adverse sex hormone and reproductive effects support the observed 

association of OPE exposure with uterine fibroids. 

Significantly high ORs observed for OH-MEHTP and OH-MINCH (Fig. 

2-2, Table 2-8) can be also supported by the estrogenic effects of DINCH and 

DEHTP reported in vitro experimental studies. While further confirmation in 

other populations and the experimental studies are warranted, these 
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observations suggest these APs may not be safer substitutes for DEHP, at 

least in terms of the risk of uterine fibroids. DINCH showed a stimulatory 

effect on steroid production in vitro (Boisvert et al., 2016). DINCH 

metabolites activate nuclear receptors, estrogen receptors (α and β), androgen 

receptors, and peroxisome proliferator-activated receptors (α and γ), 

suggesting weak estrogenic effects related with lipid and glucose metabolisms 

in reporter gene assays (Engel et al., 2018). OH-MEHTP, a DEHTP 

metabolite, has an agonistic effect on estrogen receptors and also increases 

steroid hormone synthesis in vitro (Kambia et al., 2019). For OH-MPrHpP, 

while exposure to DPrHpP appears to increase over time among the general 

population (Schütze et al., 2014), neither experimental nor epidemiological 

reports supporting our observation are not available. 

The significant associations of DEHP metabolites (MEOHP, MEHHP, 

MECPP, and ∑5DEHP) with uterine fibroids have been previously reported 

from several populations (Fu et al., 2017; Huang et al., 2010; Kim et al., 

2016; Sun et al., 2016). The mechanisms of action of DEHP underlying 

pathogenesis of uterine fibroids are not fully understood, but several in vitro 

studies show that DEHP could enhance proliferative activity in myometrial 

and leiomyoma cells (Kim et al., 2017; Kim, 2018). In addition, exposure to 

DEHP was reported to be positively associated with increased uterine volume 

(Zota et al., 2019). While reports of a null association between urinary DEHP 

metabolites and fibroids are available, these results are either based on women 

who underwent laparoscopy recruited from clinical centers of the US or 
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depended on self-reported history of the disease. (Pollack et al., 2015; Weuve 

et al., 2010). Among measured phthalates, urinary MBzP concentrations 

showed a significant association with uterine fibroids, but without a dose-

response relationship (Fig. 2-2, Table 2-7). Because several previous studies 

have reported null associations between MBzP and uterine fibroids, the 

association between MBzP and uterine fibroids should be tested in other 

populations (Huang et al., 2010; Pollack et al., 2015; Kim et al., 2016). 

Considering several suggested theories of initiation uterine fibroids, a few 

hypotheses can be proposed as possible underlying mechanisms. One 

hypothesis is that chemical exposure may promote the uterine fibroids 

through an increase of estrogen or progesterone levels. Two hormones, 

estrogen, and progesterone have been recognized as a promoter of uterine 

fibroids, and the effects of endocrine-disrupting chemicals such as phthalates 

on sex hormonal change have been well investigated (Lee et al., 2019a; Sohn 

et al., 2016). Another hypothesis is the mediation of the nuclear receptor such 

as estrogen receptors which is an important signaling process in 

differentiation and regulating cell proliferation in uterine myometrium cells 

(Bakas et al., 2008; Luo et al., 2014). The target chemicals or their 

metabolites in this present study such as TDCPP, BBzP, and DINCH may act 

as weak agonists of the estrogen receptor (Engel et al., 2018; Mankidy et al., 

2013; Zhang et al., 2014). Finally, the developmental exposure to endocrine-

disrupting chemicals may induce genetic and epigenetic regulation of stem 

cells which lead to uterine fibroids development (Katz et al., 2016). Even 

56



  

though several studies have reported the epigenetic changes in uterine fibroids 

(Navarro et al., 2012; Yang et al., 2016), the specific mechanism is largely 

unclear. Identification of the role of epigenetics in the tumorigenesis of 

uterine leiomyoma warrants further investigations.  

There are limitations to the present study. First, the participating women 

had fasted for > 8 hr before the urine collection. Because of the short half-

lives of target chemicals, the concentrations of metabolites may be lower than 

those expected in normal situations. Second, observations from the cross-

sectional case and control design cannot explain causality. Third, the limited 

sample size may have insufficient statistical power to find significant 

associations and therefore chance findings cannot be ruled out. Despite these 

shortcomings, we found that, for the first time, several new consumer 

chemicals including OPEs (TDCIPP and TBOEP) and APs (DEHTP, DPrHpP, 

and DINCH) are associated with uterine fibroids among women of 

reproductive age. While the results of this study should be validated by further 

experimental and epidemiological studies, our observations could be 

supported by previous experimental and epidemiological studies that reported 

sex hormones related to disruptive effects. Our observations suggest that 

several OPEs and APs may not be safer alternatives to more conventional 

flame retardants and plasticizers. 
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Chapter 3 Urinary levels of phthalates and 
DINCH metabolites in Korean and Thai pregnant 
women across three trimesters 

 

3.1 Introduction  

 
Due to a wide range of physico-chemical properties, phthalates have been 

used in numerous consumer applications, including food packaging, 

cosmetics, paintings, medical devices, and building materials. Because 

phthalates are not chemically bound with the products, these chemicals can 

easily leach out of the products and eventually enter the body. Major exposure 

routes to humans include consumption of foods and drinking water, 

inadvertent dust ingestion, dermal absorption from cosmetic use, and, to a 

lesser extent, inhalation of indoor or outdoor air (Fromme et al., 2013a; 

Koniecki et al., 2011; Serrano et al., 2014). Consequently, phthalates have 

been frequently detected in human urine samples worldwide (Koch et al., 

2017; Park et al., 2017; Centers for Disease Control and Prevention, 2019). 

Phthalates and their metabolites have been frequently demonstrated for 

endocrine-disrupting effects in experimental studies (Lee et al., 2019a; Sohn 

et al., 2016). For example, following prenatal exposure to di(2-ethylhexyl) 

phthalate (DEHP), disruption in sex hormone balances were reported in adult 

rats (Martinez-Arguelles and Papadopoulos, 2016). Due to increasing health 

concerns on phthalates, their uses in many applications were regulated in 

recent decades worldwide (Directive 2005/84/EC; CPSIA, 2008; KATS, 
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2010). Subsequently, alternative plasticizers, e.g., di-(iso-nonyl)-cyclohexane-

1,2-dicarboxylate (DINCH) and di(2-ethylhexyl) terephthalate (DEHTP) have 

been used in increasing amount (Bui et al., 2016; Schütze et al., 2014). 

However, biomonitoring studies for these alternative plasticizers are mostly 

limited to several European countries, and a few other countries, such as 

Australia and Israel (Correia-Sá et al., 2017; Fromme et al., 2016; 

Giovanoulis et al., 2016; Gomez Ramos et al., 2016; Machtinger et al., 2018; 

Schütze et al., 2014). For many Asian countries, information related to 

exposure to alternative plasticizers is largely unknown. 

Available experimental and human observational studies suggest that 

pregnancy is one of the most vulnerable windows for phthalate exposure 

(Ferguson et al., 2014; Martino-Andrade et al., 2016; Zarean et al., 2019). 

Because prenatal exposure to phthalates could affect the fetal development 

and the health of later life stages (Kim et al., 2018; Zarean et al., 2019), it is 

important to evaluate and manage phthalate exposure during pregnancy. 

Exposure profiles of major phthalates during the gestation period have been 

reported worldwide, but most studies used limited number of spot urine 

samples (generally 1 or 2) to characterize phthalate exposure (Bornehag et al., 

2015; Kobrosly et al., 2014; Zhao et al., 2015). However, because of short 

biological half-life of phthalates in the body, the use of spot urine has limited 

value (Koch et al., 2005). In addition, due to substantial changes in behavior 

and physiology of pregnant women, phthalate exposure is expected to vary 

significantly over the course of pregnancy (Hsieh et al., 2019; Serrano et al., 

2014; Zhao et al., 2018). Recent studies suggest that the temporal variability 
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of phthalate exposure during pregnancy can be huge depending on the timing 

of sampling, sample size, and study population (Braun et al. 2012; Huang et 

al., 2017; Li et al., 2019; Martino-Andrade et al., 2016; Warembourg et al., 

2019; Watkins et al., 2017).  

In the present study, we recruited women in early pregnancy from Korea 

and Thailand, and investigated the exposure profile of major phthalates and an 

alternative plasticizer using urine samples collected in each trimester. Because 

of different climate and lifestyle, the exposure pattern was also expected to be 

different by country. While a convenience sampling design was employed and 

therefore the participating women may not be representative of each country, 

the information gleaned from the present study will provide a novel insight 

into the exposure profiles, temporal variations, and associated risks of 

phthalates and their alternative over the course of pregnancy in each country. 
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3.2 Materials and methods 

3.2.1 Study population and sample collection  

Healthy women in early pregnancy (<14weeks of gestation) were recruited 

from obstetrics and gynecology hospitals in Seoul, Korea and an antenatal 

care clinic of a health promoting hospital in Bangkok, Thailand, between May 

and December 2016. Among the women recruited, those with endocrine 

diseases or pregnancy-related medical histories were excluded from the 

further assessment. The final number of participants was 81 in Korea and 102 

in Thailand. The participating women were sampled for spot urine for three 

times during pregnancy, generally one sample in each trimester. The first 

trimester (T1) was defined as before 14 gestational weeks, the second 

trimester (T2) was defined as between weeks 15 and 28, and the third 

trimester (T3) was defined as from week 29 until term delivery. Urine 

samples were collected in polypropylene tubes and stored at −40°C until 

analysis. In the cases where more than one urine sample were collected in a 

given trimester, an average of the measurements for the samples was used to 

represent the level of exposure for the trimester. The cases where more than 

one sample were collected in a given trimester were 19 (11 and 8 for the 

second and third trimester, respectively) in Korea, and 28 (22 and 6 for the 

second and third trimester, respectively) in Thailand. A questionnaire survey 

was carried out, and demographic and physiological characteristics, such as 

age, alcohol consumption, smoking status, body mass index (BMI) before 

pregnancy and the gestational period, were obtained. The Institutional Review 
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Boards of the School of Public Health, Seoul National University (SNU), and 

Mahidol University (MU) approved the study (No. 1604/ 001-012 for SNU 

and No. 2016-018-01 for MU), and informed consent was obtained from the 

participating women. All samples and data were processed blindly.  

  

3.2.2 Measurement of urinary plasticizers  

Metabolites of major phthalates and DINCH were analyzed in the urine 

(Table 3-1). Monohydroxyisononyl phthalate (OH-MiNP), mono-(7-carboxy-

2,7-dimethylheptyl) phthalate (cx-MiDP), cyclohexane-1,2-dicarboxylate-

mono-4-methyloctyl ester (MINCH), cyclohexane-1,2-dicarboxylate-mono-

(7-hydroxy-4-methyl)octyl ester (OH-MINCH), mono(2-

ethylhexyl) terephthalate (MEHTP), and OH-MINCH-d8 were purchased 

from Toronto Research Chemical (North York, ON, CA), and the rest were 

purchased from Cambridge Isotope Laboratory (Andover, MA, USA). After 

enzymatic hydrolysis, the samples were pretreated using the Strata X SEP 

Cartridge (30 mg/cc, Phenomenex, USA), following Servaes et al. (2013) 

with a minor modification (Fig. 3-1). For measurement, ultra-high 

performance liquid chromatography (UHPLC-MS/MS) was used (UHPLC 

Nexera X2, Shimadzu Corporation, Kyoto, Japan, and API 4500, AB SCIEX, 

Ontario, Canada). The UHPLC-MS/MS conditions, multiple reaction 

monitoring parameters, and information regarding quality assurance and 

quality control, including the limit of detection (LOD), are shown in Tables 3-

2 – 3-4. 
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Fig. 3-1. Procedures of sample pretreatment. 
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3.2.3 Estimation of daily intake and associated risk  

The concentrations of target metabolites are shown following specific gravity 

(SG) adjustment using the following equation to correct for urine dilution. 

The reasons for using SG as correction factors for urine dilution were 

physiological characteristics, such as age, pregnancy, physical activity, and 

disease, could affect to creatinine levels (Boeniger et al., 1993). Especially, 

physiologic increase in glomerular filtration rate during pregnancy results in 

changes in concentration of serum creatinine (Maynard and Thadhani, 2009). 

In addition to, creatinine adjusted phthalates concentration might not be 

appropriate for phthalates because organic compounds that are glucuronidated 

in the liver, like phthalates, are eliminated by active tubular secretion 

(Boeniger et al., 1993; Hauser et al., 2004). Creatinine, however, is a low 

molecular weight, its passage is accomplished through glomerular filtration, 

not re-absorbed by renal tubules (Boeniger et al., 1993). 

SG-adjusted concentration  

= (chemical concentration) × [(SGmedian − 1)/(SG − 1)] 

SG of urine was measured using a handheld digital refractometer (Master-

SUR/Na; Atago Co, Tokyo Japan). The median specific gravity of the urine 

samples was determined at 1.012 and 1.008 in Korea and Thailand, 

respectively.  Daily intake amount of a given plasticizer was estimated using 

the following equation (Fromme et al., 2013b): 

Daily intake (DI) (μg/kg bw-day)  

where UC was the SG adjusted urinary concentration of a metabolite 

(μg/L), UV was the total urine volume per day (2 L/d from a Norwegian 
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mother and child cohort study) (Ye et al., 2009), MWp and MWm are the 

molecular weights of the parent plasticizer and the given metabolite (g/mol), 

respectively, and kgbw was the body weight. The urinary excretion fraction 

(fue) for monomethyl phthalate (MMP), monoethyl phthalate (MEP), mono-

isobutyl phthalate (MiBP), and mono-n-butyl phthalate (MnBP) was 0.69 

(Anderson et al., 2001; Itoh et al., 2007), and that for monobenzyl phthalate 

(MBzP) was 0.73 (Anderson et al., 2001). For mono(2-ethylhexyl) phthalate 

(MEHP), mono(2-ethyl-5-carboxypentyl) phthalate (MECPP), mono-[(2-

carboxymethyl)hexyl] phthalate (MCMHP), mono(2-ethyl-5-hydroxyhexyl) 

phthalate (MEHHP), and mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), fue 

values of 0.059, 0.18, 0.042, 0.23 and 0.15 were used, respectively (Koch et 

al., 2005). In addition, fue values for OH-MiNP and OH-MINCH, were 0.202 

(Koch and Angerer, 2007) and 0.107 (Koch et al., 2013a), respectively. The 

HQ was calculated by dividing the estimated daily intake of a given 

compound by the dose at which no adverse health effects are expected, e.g., 

reference dose (RfD) or tolerable daily intake (TDI), whichever was more 

conservative. HQ greater than unity was considered to have potential risk. The 

RfD values for benzyl butyl phthalate (BBzP) and DEHP were 200 and 

20μg/kgbw/day, respectively (US EPA, 1987; US EPA, 1988). The TDI values 

for diethyl phthalate (DEP), di-n-butyl phthalate (DnBP), and di-isononyl 

phthalate (DiNP) were 500, 10, and 150μg/kgbw/day, respectively (WHO, 

2003; EFSA, 2005a,b). The TDI for di-2-isobutyl phthalate (DiBP) was not 

available; therefore, the TDI for DnBP were used instead. RfDs for dimethyl 

phthalate (DMP) and DINCH were 375 and 700μg/kgbw/day, respectively 
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(Giovanoulis et al., 2016; Bhat et al., 2014). DI for DEHP was derived from 

the fue weighted average of each metabolite, that is, MEHP, MEOHP, 

MEHHP, and MECPP (Christensen et al., 2014). The hazard index (HI) was 

estimated as the sum of HQs calculated for the measured phthalates (DMP, 

DEP, DiBP, DnBP, BBzP, DEHP, DiNP and DINCH). Contribution of each 

phthalate to the HI was derived by dividing the HQ calculated for a given 

phthalate by the HI summed up for all phthalates for each trimester, and 

averaging ratios for three trimesters. Relative proportions of each DEHP 

metabolite (fi), i.e., the ratio of a DEHP metabolite (i) to the sum of all five of 

its metabolites, were calculated using the following equation: fi=Ci/ΣCi * 

100% where Ci is the molar concentration (mol/ L) of each DEHP metabolite, 

i.e., MEHP; MEHHP; MEOHP, MECPP or MCMHP (Hauser et al., 2006; 

Zhao et al., 2018). 

 

3.2.4 Statistical analysis 

For statistical analyses, the metabolites detected in 70% and more of the 

samples were used. For these chemicals, the non-detected values were 

substituted with the LOD divided by the square root of 2. Those that were 

detected in <70%, while statistical comparison was not conducted, the non-

detected were regarded as zero for other presentation. To determine the 

differences in urinary chemical concentrations between the two countries, 

analysis of covariance (ANCOVA) was conducted using PROC GLM of SAS 

9.4 (SAS Institute Inc., Cary, NC, US). For regression analyses, urinary 
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phthalate metabolite concentrations were log-transformed because of their 

right-skewed distributions. In full statistical models, covariates such as age, 

pre-pregnancy BMI (continuous variables), education (categorical: less than 

or equal to high school graduate and greater than or equal to undergraduate 

school), and income level (categorical: low, low-middle, middle, upper 

middle, and high) were included, based on previous reports (Kobrosly et al., 

2012; Rodríguez-Carmona et al., 2019). To determine the differences among 

the trimesters, Wilcoxon signed-rank test was used because of the abnormally 

distributed data. For this analysis, SAS 9.4 was employed. Statistical 

significance was defined as p <0.05. For multiple comparison, the Bonferroni 

adjusted p value was used. Intraclass correlation coefficients (ICCs) for the 

three trimesters were calculated as the ratio of the between-person variance to 

the total (between+within) variance employing the Statistical Package for 

Social Sciences for Windows version 25 (SPSS, IBM, Armonk, NY). 
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3.3 Results  

 

3.3.1 Characteristics of the study population 

Average age (± SD) in Korean and Thai pregnant women were 31.6 (± 3.3) 

and 27.4 (± 5.2) years, respectively. The pre-pregnancy BMI ranged between 

17.2 kg/m2 and 38.8 kg/m2 for Korean pregnant women, and between 15.4 

kg/m2 and 30.9 kg/m2 for Thai women (Table 3-5). For income, we used 

categorical variables after adjustment of the relative income levels for each 

country because the absolute income level is different between the two 

countries. Between two populations, several characteristics such as age, 

alcohol consumption, education, and income levels of participants, were 

significantly different (Table 3-5). 
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Table 3-5. Characteristics of the participating women by country. 

Country Korea Thailand P 
value Characteristic N (%) N (%) 

Total 81 102  
Age (years) mean±SD  
(range) 

31.6±3.3  
(26, 42) 

27.4±5.2  
(17, 39) 

<0.000* 

<30 15 (23.4) 69 (67.6)  
≥30 49 (76.6) 33(32.4)  
No response 20 0  

Stages of pregnancy, N (mean±SD)   - 

1st trimester (T1) 63 (10.5±2.0) 76 (9.8 ± 2.7)  
2nd trimester (T2) 57 (23.8 ± 3.7) 96 (25.2 ± 2.7)  
3rd trimester (T3) 59 (35.3 ± 2.8) 102 (32.8 ± 1.8)  

Pre-pregnancy BMI (kg/m2), 
mean±SD (range) 

21.6±3.5  
(17.2, 38.8) 

21.8±3.1 (15.4, 
30.9) 

0.285 

Underweight (<18.5) 8 (12.5) 12 (12.2)  
Normal weight(18.5 to <23) 41 (64.1) 56 (57.1)  
Overweight (23 to <25) 7 (10.9) 17 (17.4)  
Obese (>25) 8 (12.5) 13 (13.2)  
No response 17 4  

Smoking status during pregnancy   0.4179 
Yes 1 (1.6) 0 (0.0)  
No 63 (98.4) 89 (100)  
No response 17 13  

Alcohol consumption during 
pregnancy 

  0.030* 

Yes 2 (3.1) 14 (14.1)  
No 62 (96.9) 85 (85.9)  
No response 17 3  

Education   <0.000* 
Less than high school 0 (0.0) 31 (30.4)  
High school or equivalent 5 (7.7) 33 (32.4)  
Undergraduate degree (including 

college) 48 (73.9) 36 (35.3)  

More than a graduate school 12 (18.5) 2 (2.0)  
No response 16 0  
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Table 3-5. (Continued) 

Country Korea Thailand P 
value Characteristic N (%) N (%) 

Total 81 102  
Income levela   <0.000* 

Low income 2 (3.2) 10 (10.3)  
Lower middle income 11 (17.5) 45 (46.4)  
Middle income 18 (28.6) 25 (25.8)  
Upper middle income 14 (22.2) 11 (11.3)  
High income 18 (28.6) 6 (6.2)  
No response 18 5  

a Low income: < 2 million KRW/ < 10,000 THB, Lower middle income: < 4 

million KRW/ < 20,000 THB, Middle income: < 6 million KRW/ < 30,000 THB, 

Upper middle income: < 10 million KRW/ < 50,000 THB, High income: > 10 million 

KRW/ > 50,000 THB (KRW: Korea Won, THB: Thailand Bah). For comparing two 

countries, statistical analysis was conducted by the Wilcoxon rank-sum test for 

continuous variables, age, and pre-pregnancy BMI, and the Fisher’s exact test for 

categorical variables with expected frequency less than 5, i.e., smoking status, alcohol 

consumption, education, income. 
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3.3.2 Urinary concentrations of target metabolites and potential exposure 

sources 

In both countries, MMP, MEP, MiBP, MnBP, MBzP, metabolites of 

DEHP (MEHP, MEOHP, MEPHHP, MECPP, and MCMHP), and OH-MiNP 

were detected in ≥ 70% of the urine samples (SG-adjusted), regardless of 

trimester (Table 3-7). OH-MINCH, a secondary metabolite of DINCH, was 

detected in 44 - 73% of the urine samples. However, mono-isopropyl 

phthalate (MiPP), mono-n-pentyl phthalate (MPeP), monocyclohexyl 

phthalate (MCHP), monohexyl phthalate (MHxP), monooctyl phthalate 

(MnOP), mono-isononyl phthalate (MiNP), mono-isodecyl phthalate (MiDP), 

MEHTP, and MINCH were detected in < 40% of the urine (Table 3-6). 

Korean women showed higher concentrations of MMP, MiBP, MEHP, 

MEOHP, and MEHHP in the urine samples, compared to the Thai women 

(Table 3-7). The detection frequency and median level of cx-MiDP were 

higher in Korea. On the other hand, MEP and mono(3-carboxypropyl) 

phthalate (MCPP) concentrations were detected at significantly higher 

concentrations in the urine of Thai women (Table 3-7). The ratio of DINCH to 

DEHP metabolites (molar concentrations) was significantly higher in the 

urine of Thai women than that of Korean women (Fig. 3-2). 

Several factors were identified to be associated with higher or lesser levels 

of phthalate metabolites in urine samples (Tables 3-8 and 3-9). Among the 

behavior factors, moping the floor and hand washing were identified to be 

negatively correlated with urinary MMP and MEP in Korean women. 
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Frequencies of electronic mosquito repellent incense use were positively 

correlated with urinary metabolites of DEHP in Korean women. The use of 

optical media such as CD and DVD was positively correlated with most of 

metabolites of phthalate in Thai women. 
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Table 3-6. Detection frequency (DF) of the test metabolites which exhibited 
low detection frequency (< 40%) in the urine samples in Korean (T1: n = 63, 
T2: n = 57, T3: n = 59) and Thai (T1: n = 76, T2: n = 96, T3: n = 102) 
pregnant women. 

Parent 
compound 

Metabolite Stages 
Korea Thailand 
DF 
(%) 

DF 
(%) 

DiPP MiPP T1 15.9 1.3 
T2 10.5 2.1 
T3 10.2 4.9 

DPeP MPeP T1 3.2 25.0 
T2 7.0 38.5 
T3 0.0 20.6 

DCHP MCHP T1 3.2 0.0 
T2 6.5 0.0 
T3 0.0 1.0 

DHxP MHxP T1 27.0 19.7 
T2 14.0 10.4 
T3 10.2 5.9 

DnOP MnOP T1 0.0 0.0 
T2 0.0 0.0 
T3 0.0 0.0 

DiNP MiNP T1 0.0 0.0 
T2 0.0 1.0 
T3 0.0 0.0 

DiDP MiDP T1 3.2 1.3 
T2 5.3 0.0 
T3 22.0 0.0 

DEHTP MEHTP T1 6.3 9.2 
T2 24.6 4.2 
T3 33.9 5.9 

DINCH MINCH T1 14.3 7.9 
  T2 22.8 13.5 
  T3 16.9 12.7 
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3.3.3 Comparison of urinary metabolite concentrations by trimester 

The concentrations of urinary metabolites (SG-adjusted) measured in each 

trimester are shown in Fig. 3-3. Over the course of pregnancy, the levels of 

most metabolites varied (lower ICC) among Korean women (Table 3-10). 

Among Thai women, moderate ICC, e.g., > 0.5, was observed for most 

metabolites such as MMP, MEP, MiBP, MBzP, MEHP, MEOHP, and 

MEHHP (Table 3-10). 

Among Korean women, the MEP and MiBP concentrations were 

significantly higher in the T3 urine compared to those collected in T1 and T2 

(Fig. 3-3). In contrast, MnBP, MBzP, and most DEHP metabolites were 

significantly lower in the urine of T2 or T3 compared to those of T1. In Thai 

women, the MEP concentration was significantly lower in the urine of T3, 

and the MEOHP concentration was significantly higher in the urine of T3. 

The ratio of MEHP to the sum of DEHP metabolites was significantly lower 

but that of MEOHP was significantly higher in T3 urine samples in both 

countries (Fig. 3-3). 

87



89
 

 
 

Concentriaon (SG adjusted ng/ml) 0.
010.

111010
0

10
00

1s
t t

rim
es

te
r

2n
d 

tri
m

es
te

r
3r

d 
tri

m
es

te
r

D
E

H
P

M
M

P
M

E
P

M
iB

P
M

nB
P

M
B

zP
M

E
H

P
M

E
O

H
P

M
E

H
H

P
M

E
C

P
P

M
C

M
H

P

D
M

P
D

E
P

D
iB

P
D

nB
P

D
B

zP
M

C
P

P
O

H
M

iN
P

cx
M

ID
P

D
nO

P
D

iN
P

D
iD

P

A
B

A

B

A
A

B

B

A
B

B

A
A

B
B

A
B

A
B

(A
) 

K
or

ea
n

 p
re

gn
an

t 
w

om
en

O
H

M
IN

C
H

D
IN

C
H

A
A

B
B

A
A

B
B

A
A

B
B

Concentriaon (SG adjusted ng/ml) 0.
010.
111010
0

10
00

D
E

H
P

M
M

P
M

E
P

M
iB

P
M

nB
P

M
B

zP
M

E
H

P
M

E
O

H
P

M
E

H
H

P
M

E
C

P
P

M
C

M
H

P

D
M

P
D

E
P

D
iB

P
D

nB
P

D
B

zP

M
C

P
P

O
H

M
iN

P
cx

M
ID

P

D
nO

P
D

iN
P

D
iD

P

A
A

B
B

A

B
B

(B
) 

T
h

ai
 p

re
gn

an
t 

w
om

en

A
B

A
B

O
H

M
IN

C
H

D
IN

C
H

 

88



Fi
g.

 3
-3

. C
om

pa
ris

on
 o

f u
rin

ar
y 

pl
as

tic
iz

er
 m

et
ab

ol
ite

s 
co

nc
en

tra
tio

n 
by

 tr
im

es
te

rs
: (

A
) K

or
ea

n 
pr

eg
na

nt
 w

om
en

 (T
1:

 n
 =

 6
3,

 T
2:

 n
 =

 5
7,

 T
3:

 n
 =

 5
9)

, 

an
d 

(B
) T

ha
i p

re
gn

an
t w

om
en

 (T
1:

 n
 =

 7
6,

 T
2:

 n
 =

 9
6,

 T
3:

 n
 =

 1
02

). 
To

 d
et

er
m

in
e 

th
e 

sta
tis

tic
al

 d
iff

er
en

ce
 a

m
on

g 
tri

m
es

te
rs

, t
he

 W
ilc

ox
on

 si
gn

ed
-ra

nk
 

te
st 

w
as

 c
on

du
ct

ed
. S

ta
tis

tic
al

 si
gn

ifi
ca

nc
e 

w
as

 d
ef

in
ed

 a
t p

 <
 0

.0
16

7,
 a

fte
r a

dj
us

tm
en

t b
y 

th
e 

Bo
nf

er
ro

ni
 c

or
re

ct
io

n 
(0

.0
5/

n,
 n

 =
 3

; n
um

be
r o

f h
yp

ot
he

sis
). 

Th
e 

m
ed

ia
n 

is 
de

pi
ct

ed
 a

s 
a 

lin
e 

sp
lit

tin
g 

th
e 

bo
x 

an
d 

th
e 

ed
ge

 o
f t

he
 b

ox
 in

di
ca

te
d 

th
e 

in
te

rq
ua

rti
le

 ra
ng

e 
(IQ

R,
 Q

1 
an

d 
Q

3)
. T

he
 e

nd
s 

of
 th

e 
w

hi
sk

er
s 

re
pr

es
en

te
d 

th
e 

m
ax

im
um

 a
nd

 m
in

im
um

 o
f 

th
e 

da
ta

 (
Q

1-
1.

5*
IQ

R,
 Q

3+
1.

5*
IQ

R)
. 

M
et

ab
ol

ite
s 

w
ith

 l
ow

 d
et

ec
tio

n 
fre

qu
en

cy
 w

er
e 

no
t 

sh
ow

n.

89



  

Table 3-10. Intraclass correlation coefficients (ICC) of urinary metabolite 

concentrations measured across trimesters in Korean and Thai pregnant 

women. 

Parent 
compound 

Metabolite 
Korean Pregnant 
woman (n = 29) 

Thai Pregnant 
woman (n = 70) 

DMP MMP -0.074 0.709** 

DEP MEP 0.201 0.501** 

DiBP MiBP 0.247 0.780** 

DnBP MnBP -0.172 0.316* 

BBzP MBzP 0.210 0.505** 

DEHP MEHP 0.332 0.540** 

 MEOHP 0.230 0.541** 

 MEHHP 0.155 0.509** 

 MECPP 0.281 0.561** 

 MCMHP 0.350 0.115 

DnOP MCPP -0.018 0.030 

DiNP OH-MiNP 0.362 0.314* 

DiDP cx-MiDP 0.146 - 

DINCH OH-MINCH - - 

* P < 0.05, ** p < 0.01 
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Fig. 3-4. Comparison of the percentage of each DEHP metabolite in different 

trimester of pregnant women in Korea (T1: n = 63, T2: n = 57, T3: n = 59) and 

Thailand (T1: n = 76, T2: n = 96, T3: n = 102). f(i) = Ci/ΣCi ×100 % (Ci: molar 

concentration (mol/L) of the individual monoesters). To determine the statistical 

difference among trimesters, the Wilcoxon rank-sum test was conducted. Statistical 

significance was defined at p < 0.0167 after adjustment by the Bonferroni correction 

(0.05/n, n = 3; number of hypothesis). 
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3.3.4 Risk assessment 

Based on the calculated HIs, up to 11.9% of the women were determined 

to be at potential risk due to exposure to phthalates. By trimester, 7.9% (T1), 

10.5% (T2), and 11.9% (T3) of Korean women were found to be at risk, i.e., 

HI>1. In Thai women, 5.3% (T1), 4.2% (T2), and 3.9% (T3) of the women 

were identified at risk (Fig. 3-5). Among the measured phthalates, DiBP, 

DEHP, and DnBP were identified as the most important contributors of the 

risk, explaining 41.8%, 35.3%, and 20.4% of the HI in Korean pregnant 

women. In Thai pregnant women, DnBP, DEHP, and DiBP contribute 41.4%, 

37.8%, and 14.8% of the HI, respectively (Fig. 3-5). 
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3.4 Discussion  

The present study reports the exposure profiles of major phthalates and 

alternative plasticizers across three trimesters in pregnant women of Korea 

and Thailand. Our results show that variations in urinary metabolite levels by 

trimester are different by country. In addition, the levels of urinary phthalate 

metabolites were clearly different by country. Our observations highlight the 

importance of source identification and exposure mitigation measures specific 

to each country.  

 

3.4.1. Difference in urinary metabolite levels by trimester 

Several metabolites showed significantly different levels by trimester, 

while some difference was observed by country (Fig. 3-3). In particular, 

among Korean women, urinary MEHP, MEHHP, MECPP, and MCMHP 

concentrations were significantly lower at T2 or T3 compared to T1 urine, 

while the opposite pattern was observed for MEOHP among Thai women. 

This observation suggests that the amount of DEHP exposure decreases over 

the course of gestation among Korean women, while such change was not 

notable among Thai women. Similar temporal patterns of DEHP exposure 

during gestation have been reported in other countries. The urinary levels of 

MEHHP, MEOHP, and MECPP were lower in T2 compared to T1, and 

recovered slightly in T3 urine in China (n = 847) and the USA (n =482) 

(Ferguson et al., 2014; 2016, Zhao et al., 2018). Another study also reported a 

similar U-shaped trend across the three trimesters during pregnancy (Li et al., 
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2019). Relatively higher level of DEHP metabolites in T1 urine of Korean 

pregnant women warrants caution, because early stage of pregnancy is 

considered as vulnerable window of phthalate exposure. Exposure to anti-

androgenic chemicals in the first trimester may be associated with permanent 

adverse outcomes such as hypospadias and cryptorchidism 

(Martino Andrade et al., 2016; Swan et al., 2015). 

A recent study that reported different DEHP metabolite levels during 

gestation suggested that physiological changes that occur during pregnancy 

might lead to different metabolic activities and finally explain different levels 

of DEHP metabolites in the urine during the gestation period (Zhao et al., 

2018). The f(MEHP) and f(MEHHP) were significantly decreased at T3, but the 

f(MEOHP) was significantly increased at T3 in both countries, indicating that the 

metabolism of DEHP was more effective in T3 than in T1 or T2 (Fig. 3-4). 

Our observation, which showed a similar pattern of change in the relative 

composition of each DEHP metabolite by trimester, may in part support the 

hypothesis of changing metabolic activities during pregnancy. The fact that 

the levels of DEHP metabolites in Thai women, however, showed virtually 

negligible differences by trimester also implies that the concentrations of 

DEHP metabolites in different trimesters may simply reflect the different 

patterns of exposure over time.  

The higher ICC values generally observed for Thai women suggest that 

exposure to phthalates is relatively consistent over the course of gestation in 

Thai women. In contrast, in Korean women, greater variation of phthalate 

exposure during pregnancy was observed. Studies have shown that ICCs 
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derived for phthalate metabolites over the course of gestation varied by 

population. In the USA, the urinary levels of MnBP (ICC = 0.45) and MEP 

(ICC = 0.50) in pregnant women were relatively stable, while those of MBzP 

(ICC = 0.25) and ΣDEHP (ICC = 0.08) were not (Braun et al., 2012). 

Additional studies are needed to further identify the main causes of this 

variation in Korean pregnant women population. 

 

3.4.2. Difference in urinary metabolite levels by country 

Most frequently detected phthalate metabolites in the present study, i.e., 

DnBP, BBzP, and DEHP, were generally comparable to those frequently 

reported in other populations (Lin et al., 2011; Shapiro et al., 2015). However, 

the levels of major phthalate metabolites were clearly different between 

Korean and Thai women. The levels of DMP, DiBP, and DEHP metabolites 

were significantly higher in Korean women than in Thai pregnant women, 

while those of MEP and MCPP were two- to three-fold higher in Thai 

pregnant women, after adjustment for relevant covariates by ANCOVA 

(Table 3-7). The different level of exposure between countries may be 

partially explained by different exposure sources for each population. Food or 

non-food consumption has been suggested as the major source of exposure to 

DEHP and DiBP, respectively (Koch et al., 2013b), while indoor air has been 

associated with exposure to DMP (Wormuth et al., 2006). Dermal exposure 

by the use of personal care products is known to be an important exposure 
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source of DEP (Koniecki et al., 2011), and the use of sun cream has also been 

associated with DnOP exposure (Lee et al., 2019b). 

Urinary DEHP metabolite levels among Korean pregnant women are 

similar or even higher than those of the USA, Puerto Rico, and China (Li et 

al., 2019; Martino-Andrade et al., 2016; Sun et al., 2018), but much lower 

than those of Mexican and Spanish pregnant women (Valvi et al., 2015; 

Watkins et al., 2017) (Table 3-11). The urinary MEP concentrations of Thai 

pregnant women are not higher than those of the USA, Canada, Mexico, and 

Spain (Fisher et al., 2015; Martino-Andrade et al., 2016; Valvi et al., 2015; 

Watkins et al., 2017), but are two to three times higher than those of Chinese 

pregnant women (Li et al., 2019; Sun et al., 2018) (Table 3-11). Further 

studies are warranted to identify major sources and pathways of exposure to 

these phthalates among pregnant women of both countries. 

OH-MINCH, one of the metabolites of DINCH, was detected in more than 

two-thirds (67.4%) of Korean women and approximately a half (44.9%) of 

Thai women (Table 3-7). The level of DINCH metabolite (median 0.2 ng/ml 

in Korean pregnant women) are generally comparable to those reported in 

other populations, including Israeli pregnant women (median of 0.6ng/mL), 

the German general population (median of 0.39ng/mL), and the Norwegian 

general population (median of 0.25ng/mL) (Giovanoulis et al., 2016; 

Machtinger et al., 2018; Schütze et al., 2014). Our observations suggest that 

DINCH has been used by our pregnant women in both countries. The ratio of 

DINCH to DEHP metabolites, which was significantly higher among Thai 

women (Fig. 3-2), suggests that even though the absolute level of OH-
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MINCH was lower among Thai women, the extent of replacement of DEHP 

with DINCH might be greater in Thailand. DINCH was introduced into the 

world market in 2002, but the timing of introduction and amounts of use may 

vary by country. Because the use of other alternative plasticizers, including 

adipates and terephthalates, should be different by country, further effort is 

warranted to profile patterns of exposure to major alternative plasticizers. 

 

3.4.3. Risk assessment of phthalate exposure during pregnancy 

Population at risk who showed HI>1 in the present study, i.e., 11.9% 

(Korean women) and 5.3% (Thai women), was generally lower than other 

populations, including French pregnant women (approximately 30%), Belgian 

children (25%), and Chinese young adults (39.8%), but similar to Belgian 

adults (6.2%) (Dewalque et al., 2014; Gao et al., 2016; Zeman, et al., 2013). 

In Korean pregnant women, the contributions of DiBP, DEHP, and DnBP 

were major, i.e., explaining 41.8%, 35.3% and 20.4% of HI, respectively (Fig. 

3-5). Among Thai women, DnBP was the most important risk contributor 

(41.4%), followed by DEHP (37.8%). Similarly, DEHP, DnBP and DiBP 

have been reported as major risk contributors in other populations, such as in 

Belgium, China, Denmark, the USA, and France (Christensen et al., 2014; 

Dewalque et al., 2014; Gao et al., 2016; Søeborg et al., 2012; Zeman et al., 

2013). The risk estimated for DiNP and DINCH was negligible. However, 

considering the increasing levels of occurrences of alternative plasticizers in 

both the environment and urine (Bui et al., 2016; Weiss et al., 2018), 
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continuous monitoring and risk assessment of these alternative plasticizers are 

warranted. 

 

Risk estimates derived for pregnant women should be interpreted with 

caution because exposure to phthalates during pregnancy may influence the 

not only health of exposed women but also their fetuses (Bornehag et al., 

2015; Kobrosly et al., 2014; Swan et al., 2005; Valvi et al., 2015). The long-

term adverse health consequences of phthalate exposure during pregnancy are 

not well understood and hence not reflected in their RfDs established for 

phthalates. Therefore, efforts to identify sources and mitigate exposure during 

pregnancy are crucial. 
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3.4.4. Limitations and implication 

Limited sample size should be considered as a major limitation of the 

present study. Reduced statistical power resulting from small sample size may 

lead to difficulties in detecting variability among the trimesters and 

differences between two countries. In addition, lack of information on 

potential exposure sources and pathways for the study populations should be 

noted. Finally, the participants recruited from the hospitals in the capital cities 

were not representative of the pregnant women of each country, thus findings 

may lack generalizability. However, the present study provides a new 

information on temporal variation of phthalates exposure over the course of 

pregnancy, and identifies priority phthalates among the pregnant women in 

each country. The results of this study will facilitate follow up studies 

focusing on exposure assessment for phthalates and their alternatives among 

pregnant women, and potential health outcomes associated with phthalate 

exposure during this critical window of susceptibility. 
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Chapter 4 Variability of urine correction factors 
during pregnancy: phthalates as a case study 

 

4.1 Introduction  

 

Biomonitoring has been widely utilized for exposure assessment of many 

environmental chemicals worldwide. Urine is one of the most frequently and 

widely used biological specimen for biomonitoring of a wide range of many 

chemicals such as phthalates, phenolic compounds, polycyclic aromatic 

hydrocarbons, and metals among many. With relevant pharmacokinetic 

information, e.g., urinary excretion fractions or Fues, one can estimate daily 

intake amount of a given chemical, e.g., di(2-ethylhexyl) adipate (DEHA) or 

propylparaben, by measuring its metabolites in the urine sample (Nehring et 

al., 2019; Shin et al., 2019). 

Urinary biomonitoring data are subject to variation due to dilution of urine 

driven by hydration status of a given individual (Middleton et al., 2019). 

Therefore, the 24 h urine collection is often employed for exposure 

assessment, in order to address diurnal variation in hydration status or urinary 

dilution within a subject. However, because of cost and difficulty of sampling, 

the 24 h urine collection is not feasible in most biomonitoring studies. For one 

time or spot urine sample, creatinine, and specific gravity are often used in 

order to correct urinary dilution. Creatinine is a breakdown product of muscle 

tissue, and is thought to be excreted in relatively constant excretion rate 
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through kidneys to urine, depending on age and sex. Studies indicate that 

urinary creatinine excretion could be influenced by several demographic 

factors such as age, sex, and BMI. Specific gravity has been also used to 

correct the urinary dilution, as this is thought to be less influenced by these 

factors (Sauvé et al., 2015). However, what is the best approach for correcting 

urinary dilution is still controversial (Boeniger et al., 1993; Heavner et al., 

2006; O’Brien et al., 2016; 2017; Yeh et al., 2015). 

Another important source of variation in urinary analyte concentrations is 

changes in toxicokinetics (Sauvé et al., 2015). Normally, intra-individual 

changes in toxicokinetics that may result in significant variations in urinary 

concentrations of analytes may not be as big as those of intra-individual. 

However, during pregnancy remarkable physiological changes in kidney 

function occur and may lead to significant fluctuations in urinary chemical 

concentrations. Over the course of pregnancy, the kidneys become larger 

because of fluid retention, and GFR rises to a peak of 40 – 50% that of pre-

pregnancy (Katharine et al., 2013; Soma-Pillay et al., 2016). Moreover, 

urinary volume also tended to increase during pregnancy (Maikranzetal., 

1989). These structural and functional changes of kidney may affect urine 

flow during pregnancy and factors that have been used to correct urinary 

dilution, such as the urinary creatinine, specific gravity (SG) and osmolality.  

Dramatic changes in renal excretion during pregnancy could directly affect 

the levels of urinary analytes and may possibly bias the true associations 

between exposure and health outcomes. A recent study indeed showed that the 
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associations between chemical exposure and oxidative stress biomarkers in 

pregnant women were different by the method of urine dilution adjustment 

(Ferguson et al., 2019). Most of biomonitoring research for pregnant women 

used spot urinary concentration of analytes following adjusting with 

creatinine or SG (Huang et al., 2017; James-Todd et al., 2018; Li et al., 2019; 

Warembourg et al., 2019). Urine osmolality was also suggested as an 

alternative correction method for urinary dilution (Middleton et al., 2016; Ye 

et al., 2015). Indeed, previous studies suggested higher reproducibility of 

specific gravity than that of creatinine of repeat urine sample during 

pregnancy (Adibi et al., 2008; MacPherson et al., 2018), there is still lack of 

information on urinary dilution of pregnant women. 

Considering the importance of chemical exposure during pregnancy and 

increasing number of epidemiological studies that involve biomonitoring of 

chemicals in urine, understanding the variation of the factors for correcting 

urinary dilution over the course of pregnancy is essential. However, to date, 

temporal variation in major adjusting factors such as urinary creatinine, 

specific gravity, and osmolality, has seldom been assessed among pregnant 

women, especially in Asia. In the present study, we aimed to investigate the 

variation of creatinine, SG, and osmolality of urine that were collected each 

trimester during pregnancy. For this purpose, Korean and Thai pregnant 

women were recruited in Seoul and Bangkok in order to see potential 

differences in these adjusting parameters due to different ethnicity, climate, 

and lifestyle. In addition, implication of the variation of these urinary 
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measurements was demonstrated by showing associated changes in 

concentrations of major phthalate metabolites in urine after the adjustment. 

Information obtained from the present study will provide new insight into the 

exposure assessment of chemicals in pregnant women. 
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4.2 Materials and methods 

 

4.2.1 Study population and sample collection  

Healthy women in their early pregnancy (<14 weeks of gestation) were 

recruited from two obstetrics and gynecology hospitals in Seoul, Korea and an 

antenatal care clinic of a health-promoting hospital in Bangkok, Thailand, 

between May and December 2016. Those with endocrine diseases or 

pregnancy-related medical histories were excluded from recruitment. In 

addition, those with <2 times of urine collection were excluded. The final 

number of pregnant women was 69 in Korea and 102 in Thailand. The 

participating women were sampled for spot urine for three times during 

pregnancy, generally one sample in each trimester. The first trimester (T1) 

was defined as before 14 gestational weeks; the second trimester (T2), 

between weeks 15 and 28; and the third trimester (T3), from week 29 until 

term delivery. Urine samples were collected in polypropylene tubes and 

stored at –40  ℃ until analysis. In the cases where more than one urine sample 

was collected in a given trimester, an average of the measurements for the 

samples was used to represent the level of exposure for the given trimester. 

The number of cases where more than one sample was collected in a given 

trimester was 18 (10 and 8 for the second and third trimester, respectively) in 

Korea and 28 (22 and 6 for the second and third trimester, respectively) in 

Thailand. 
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A questionnaire survey was carried out, and demographic and 

physiological characteristics, such as age, alcohol consumption, smoking 

status, and body mass index (BMI) before pregnancy and the gestational 

period, were obtained. The Institutional Review Boards of Seoul National 

University (SNU), and Mahidol University (MU) approved the study (No. 

1604/001-012 for SNU and No. 2016-018-01 for MU), and informed consent 

was obtained from the participating women. All samples and data were 

processed blindly. 

 

4.2.2 Measurement and adjustment of urinary correction factors 

Three of urinary correction factors were used for adjustment for urine 

dilution. Urinary creatinine, SG and osmolality were measured by the Jaffe 

reaction (Modular P800, Roche), by a handheld digital refractometer (Atago 

Master-SUR/Na), and by freezing point depression method (Advanced ® 

Model 2020 Multi-sample Osmometer), respectively. Concentrations of 

urinary phthalate metabolites were adjusted by three urinary correction factors 

using the following equation, respectively. 

Creatinine-adjusted concentrations (μg/g creatinine)  

= chemical concentration (ng/ml) / creatinine concentrations (md/dL)  × 

100 

 SG-adjusted concentration (ng/ml)  
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= chemical concentration (ng/ml) × [(SGmedian − 1)/(SG − 1)] 

Osmolality-adjusted concentrations (ng/ml)  

= chemical concentration (ng/ml) × (Osmolalitymedian/Osmolality) 

The median SG values of the samples of each trimester were 1.014 for T1, 

1.010 for T2, and 1.010 for T3 in Korea, and 1.007, 1.008, and 1.008 in 

Thailand. The median osmolality values of the urine samples for each 

trimester were 654 mOsm/kg for T1, 427 mOsm/kg for T2, and 463 mOsm/kg 

for T3 in Korea, and 339.5 mOsm/kg, 383.5 mOsm/kg and 315.5 mOsm/kg in 

Thailand, respectively. 

 

4.2.3 Measurement of urinary phthalates metabolites and health related 

indicators  

Metabolites of major phthalates were analyzed in the urine. These 

phthalate metabolites included monomethyl phthalate (MMP) of dimethyl 

phthalate (DMP), monoethyl phthalate (MEP) of diethyl phthalate (DEP), 

mono-2-isobutyl phthalate (MiBP) of di-2-isobutyl phthalate (DiBP), mono-n-

butyl phthalate (MnBP) of di-n-butyl phthalate (DnBP), mono(2-ethylhexyl) 

phthalate (MEHP), mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), mono(2-

ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono(2-ethyl-5-carboxypentyl) 

phthalate (MECPP), and mono-[(2-carboxymethyl)hexyl] phthalate 

(MCMHP) of di(2-ethylhexyl) phthalate (DEHP), mono(3-carboxypropyl) 
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phthalate (MCPP) of dioctyl phthalate (DnOP), and mono-hydroxy-isononyl 

phthalate (OH-MiNP) of di-isononyl phthalate (DiNP) (Table 4-1). For 

measurement, ultra-high performance liquid chromatography (UHPLC-

MS/MS) was used (UHPLC Nexera X2, Shimadzu Corporation, Kyoto, Japan, 

and API 4500, AB SCIEX, Ontario, Canada). The UHPLC-MS/MS 

conditions, multiple reaction monitoring parameters, and information 

regarding quality assurance and quality control, including the limit of 

detection (LOD) can be found elsewhere (Lee et al., in press) 
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4.2.4 The Korean National Environmental Health Survey (KoNEHS) 

2015-2017 

A dataset from the Korean National Environmental Health Survey 

(KoNEHS) 2015-2017 was used to obtain urinary concentrations of urinary 

creatinine concentration and SG of the non-pregnant women of matching age. 

KoNEHS is a nationwide population-based survey of Korea, which has been 

conducted since 2009, which was designed to determine the exposure level of 

environmental chemicals among the Korean population (Park et al., 2016). 

For the present study, only the data from KoNEHS 2015-2017 survey were 

used because this was the only cycle that measured both urinary creatinine 

and SG. A total of 249 non-pregnant women were chosen by matching the age 

and pre-pregnancy BMI. KoNEHS survey was approved by the Research 

Ethics Committee of the National Institute of Environmental Research (NIER), 

and all participants provided informed consent. 

 

4.2.5 Statistical analysis 

The non-detected values were substituted with the LOD divided by the 

square root of 2 (Hornung and Reed, 1990). Non-parametric statistical 

analyses were conducted because of the abnormally distributed data. 

Wilcoxon signed-rank test was used to determine the significant difference 

across the trimesters when the urine samples were collected more than two 

times per each person. The number of participants in Korea was 55 at T1, 53 
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at T2, 59 at T3, and those of Thailand were 76 at T1, 96 at T2, and 102 at T3. 

Mann-Whitney U test was used to determine the significant difference 

between pregnant women and non-pregnant women from KoNEHS. 

Spearman's correlation coefficients were estimated between the arithmetic 

mean of adjusted urinary concentrations of the phthalate metabolites in three 

trimesters: unadjusted, creatinine adjusted, SG adjusted, or osmolality 

adjusted. The coefficients were scored on a scale of 1 to 4, 1 with ρ ≥ 0.6, 2 

with ρ≥ 0.7, 3 with ρ ≥ 0.8, and 4 with ρ ≥ 0.9. The rank-sum was the 

sum of all phthalate metabolites. Data analysis was performed using SAS 9.4 

(SAS Institute Inc., Cary, NC, US). Statistical significance was defined as p < 

0.05. For multiple comparisons, the Bonferroni adjusted p-value was used. 

Intraclass correlation coefficients (ICCs) for the three trimesters were 

calculated as the ratio of the between-person variance to the total (between + 

within) variance, employing the Statistical Package for Social Sciences for 

Windows version 25 (SPSS, IBM, Armonk, NY). ICC was calculated only 

among the participants who had three urine measurements (n = 29 in Korean 

and n = 70 in Thai pregnant women). 
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4.3 Results  

 
4.3.1 Characteristics of the study population 

The mean ± SD of age in Korean and Thai pregnant women was 31.8 ± 3.3 

and 27.4 ± 5.2 years, respectively, which are significantly higher in Korean 

women (Table 4-2). One of the Korean pregnant women did smoke and 

approximately 3.8% (Korean women) and 14.1% (Thai women) did drink 

alcohol during pregnancy. The pre-pregnancy BMI ranged between 17.2 

kg/m2 and 38.8 kg/m2 in Korea and between 15.4 kg/m2 and 30.9 kg/m2 in 

Thailand, respectively (Table 4-2). The age and (pre-pregnancy) BMI of the 

non-pregnant Korean women population from KoNEHS were not statistically 

different from those of pregnant Korean women.  
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Table 4-2. Characteristics of the target population. 

 Pregnant women 
Non-
pregnant 
women 

Category 
Korea 
n (%) 

Thailand 
n (%) 

KoNEHSa 
n (%) 

Total n 69 102 249 

Age (years) mean±SD (p value) 
31.8 ± 3.4 
(reference) 

27.4 ± 5.2 
(<0.000) 

32.3 ± 5.8 
(0.100) 

No response  17 0 0 
Stages of pregnancy    

1st trimester (T1)  55  76 - 
2nd trimester (T2)  53 96  - 
3rd trimester (T3)  59  102 - 

(Pre-pregnancy) BMI (kg/m2)     

p value (reference) 0.485 0.313 
Underweight (<18.5)  7 (13.2) 12 (12.2) 19 (7.6) 
Normal weight(18.5 to <23)  32 (60.4) 56 (57.1) 161 (64.7) 
Overweight (23 to <25) 6 (11.3) 17 (17.4) 35 (14.1) 
Obese (>25) 8 (15.1) 13 (13.3) 34 (13.7) 
No response 16 4 0 

Present smoking status  

 p value reference 0.373 0.260 
Yes 1 (1.9) 0 (0.0) 13 (5.2) 
No 52 (98.1) 89 (100) 236 (94.8) 
No response 16 13  

Present alcohol consumption   
p value reference 0.054 <0.000 
Yes 2 (3.8) 14 (14.1) 214 (85.9) 
No 51 (96.2) 85 (85.9) 35 (14.1) 
No response 16 3 0 

Education  
 p value reference <0.000 0.000 

Less than high school 0 (0.0) 31 (30.4) 3 (1.2) 
High school or equivalent 5 (9.3) 33 (32.4) 54 (21.7) 
Undergraduate degree 38 (70.4) 36 (35.3) 177 (71.1) 
More than a graduate school 11 (20.4) 2 (2.0) 15 (6.0) 
No response 15 0 0 

a The Korean National Environmental Health Survey (KoNEHS) 2015-2017. For 

comparison between ‘Korean and Thai pregnant women’ or ‘pregnant and non-

pregnant women in Korea’, statistical analysis was conducted by the Wilcoxon rank-

sum test for continuous variables, age, and pre-pregnancy BMI, and the Fisher’s exact 

test for categorical variables with expected frequency less than 5, i.e., smoking status, 

alcohol consumption, and education. 
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4.3.2 Concentration of urinary correction factors for dilution 

Descriptive statistics of urinary correction factors for dilution, creatinine, 

SG, and osmolality, are shown in Table 4-3. In Korean (Thai) women, median 

of urinary creatinine during T1, T2, and T3 were 97.3 (44.2) mg/dL, 59.9 

(41.2) mg/dL, and 57.2 (41.8) mg/dL, respectively. Urinary correction factors 

at each trimester were not significantly different by age, pre-pregnancy BMI 

and sampling season, but by nationality in the present population (Table 4-4). 

Urinary concentrations of creatinine and osmolality were lower at T3 

compared to T1 in Korea, while the concentrations were stable during 

pregnancy among Thai women (Fig. 4-1). Urine creatinine and SG of Korean 

pregnant women were significantly lower at T3 than those of non-pregnant 

women from KoNEHS 2015-2017. Compared with the results from previous 

studies, the trend of variation of urinary creatinine and SG across three 

trimesters was varied by country (Fig. 4-2). 
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4.3.3 Variation of urinary phthalate metabolites by urine correction factors 

Urinary phthalate metabolites by each urine correction factors were shown 

in Fig. 4-3. Levels of several phthalate metabolites, such as MnBP, MBzP, 

MEHP, MEOHP, MEHHP, MECPP and MCMHP, were significantly variable 

across the trimesters of gestation and their variations were altered depending 

on the method used for urine dilution adjustment. The concentrations of MMP, 

MEP in Thailand and MiBP in Korea were stable during gestation. Only 

variation of MCPP during pregnancy was held regardless of correction factors 

in Thai pregnant women. 
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Fig. 4-3. Adjusted urinary phthalates metabolites (A) MnBP, (B) MBzP, (C) MEHHP, 

(D) MECPP, and (E) MCPP depending on urinary correction factors across trimester 

of gestation in Korean women (T1: n = 55, T2: n = 53, T3: n = 59, total: n = 69), and 

Thai pregnant women (T1: n = 76, T2: n = 96, T3: n = 102, total: n = 102). Different 

letters (A, B) represent significant differences across trimesters determined by 

Wilcoxon signed-rank test. The significance was defined at p < 0.0167 adjusted by 

the Bonferroni correction. 
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4.3.4 Intraclass correlation coefficients (ICC) across three trimesters and 

Spearman’s correlation of adjusted urinary concentrations of the phthalate 

metabolites  

During pregnancy, ICCs of SG adjusted phthalate metabolites were <0.4, 

while those of unadjusted, creatinine adjusted and osmolality adjusted 

concentrations were mostly higher than those of SG adjusted in Korean 

pregnant women (Fig. 4-4, Table 4-5). ICCs of unadjusted phthalate 

metabolites during three trimesters were relatively higher than those of 

adjustment for creatinine, SG and osmolality in Thai pregnant women. Most 

of the adjusted phthalate metabolites by different correction factors were 

highly correlated with one another (Table 4-6). The highest correlated 

phthalate metabolites levels were adjusted by osmolality and SG in Korea. 

Among Thai women, urinary phthalate metabolites level adjusted by 

osmolality and creatinine were highly correlated.  
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4.4 Discussion  

 

Among Korean pregnant women, urinary concentrations of creatinine and 

osmolality were significantly lowered at T3 than T1 suggesting more hydrated 

urine as later stages of pregnancy (Fig. 4-1). Although SG was not 

significantly decreased during pregnancy, SG of pregnant women at T2 and 

T3 was significantly lower than that of non-pregnant women from KoNEHS 

2015 – 2017. These variations of urine dilution during pregnancy may be 

partially explained by physiological changes in pregnancy. Increases of 

glomerular filtration rate and creatinine clearance result in lower serum 

creatinine (Katharine and Lafayette, 2013; Odutayo and Hladunewich, 2012). 

At the same time, however, urine volume increases (Maikranz et al., 1989), 

and consequently, urinary creatinine might decrease. Mean urinary volume 

was 1.78 L/d (Chen et al., 2018) in Norwegian women, but the median urinary 

volume was 2 L/d at 20 weeks of gestation (T2) in Norwegian pregnant 

women (Ye et al., 2009).  

Urinary correction factors were decreased during pregnancy in Korean 

women, but those factors were stable across the trimester of gestation in Thai 

women (Fig. 4-1). Renal physiological changes during pregnancy would be 

similar for all women, but differences in lifestyle (water intake) depending on 

the climate might make these differences of urine dilution during pregnancy. 

Three urinary correction factors, creatinine, SG, and osmolality, in Thai 

pregnant women, were significantly lower than those of Korean pregnant 
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women at all three trimesters following the adjustments for age, pre-

pregnancy BMI, and nationality (Table 4-4). The stable and low levels of 

urine correction factors in Thai pregnant women might be because their 

baseline of urine was already diluted. The levels of urinary creatinine in Thai 

were also lower than that of Korean in other age groups of population; mean 

urinary creatinine levels are 104.0 mg/dL in Thai children (12 – 13 years) 

(Panuwet et al., 2009), but 134.6 mg/dL and 162.3 mg/dL in Korean children 

(12 and 13 years, respectively) (Kwon and Na, 2014). Daily drinking water 

intake was also huge different; 2.05 L/d for 19 y to 35 y of Thai (National 

Bureau of Agricultural Commodity and Food Standards, 2006), but 1.06 L/d 

for the 30s of Korean general women (Park et al., 2019). Further studies are 

warranted to compare important parameters affecting urine correction factors 

of pregnant women by country.  

Variation profiles of urinary dilution during pregnancy could be different 

between countries. Korean and Japanese pregnant women showed a similar 

decrease in urine dilution at T2 and T3 than T1 (Fig. 4-2). On the other hand, 

urinary creatinine concentrations of pregnant women in Canada (n = 80) were 

slightly increased during pregnancy (median 84.9 mg/dL, 91.6 mg/dL, and 

109.8 mg/dL at T1, T2, and T3, respectively) (MacPherson et al., 2018). The 

base levels of creatinine and SG are different by age, sex, ethnicity, and BMI 

(Barr et al., 2005; Macpherson et al., 2018). The lifestyle might be the other 

determinant factor of the urinary hydration status of pregnant women. The 

median SG of pregnant women was 1.008 in Thai, 1.012 in Korean, 1.015 in 
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American, 1.016 in Canadian, 1.020 in Puerto Rican, (Ferguson et al., 2015; 

MacPherson et al., 2018; Watkins et al., 2015). The urinary correction factors 

were not different by age, pre-pregnancy BMI, and sampling season, but the 

country in the present study (Table 4-4). Even though the creatinine and 

osmolality concentrations were not statistically different by sampling season 

in Korean, those concentrations showed about two orders difference. The 

reason might be that the sample size of Korean pregnant women is not enough 

to estimate the statistical significance. Further multiple comparison studies of 

urinary correction factors depending on the country or other demographic 

factors are warranted in a large population. 

The exposure profile of phthalates metabolites during pregnancy was 

changed according to the methods of urine correction. Various exposure 

profiles of MnBP, MBzP, MEHHP, and MECPP showed depending on the 

urine correction factors (Fig. 4-3). To describe the variation of phthalate 

concentrations adjusted by only one correction factor across the trimesters of 

pregnancy may drive an incomplete conclusion. Urine dilution adjustment 

could affect the results to not only exposure estimation but also risk 

assessment and association studies. Recent literature shows that associations 

between chemical exposure and oxidative stress biomarkers in pregnant 

women were different based on the method used for urine dilution adjustment 

(Ferguson et al., 2019). These results imply that understanding urine dilution 

profiles during pregnancy is important to study exposure biomarkers in 

pregnant women. 
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 ICCs of unadjusted DEHP metabolites were mostly higher than those of 

creatinine, SG, and osmolality adjusted concentrations in both countries (Fig. 

4-4). These findings might suggest that variations of urine correction factors 

could affect concentrations of adjusted phthalate metabolites. Even though 

urinary correction factors of Thai pregnant women were relatively stable, 

ICCs of unadjusted phthalate metabolites were higher than those of adjusted 

concentrations except MMP and MEP. These results suggest that the 

variations of urinary correction factors could make the uncertainty 

propagation in exposure assessment of chemicals for pregnant women with 

urine samples. It, therefore, is necessary to understand the changes in urinary 

dilutions by trimesters for a reduction in exposure misclassification of 

pregnant women. 

Adjusted phthalate metabolites concentrations by creatinine, SG and 

osmolality were highly correlated with each other (ρ ≥0.7) (Table 4-5). For a 

comparison of differently adjusted phthalate concentrations, it is more reliable 

to compare among only adjusted concentrations (or only unadjusted 

concentrations) than between unadjusted and adjusted concentrations. The 

highest correlated phthalate metabolites levels were adjusted by osmolality 

and SG in Korea (ρ ≥0.9) and by osmolality and creatinine in Thai. Urinary 

SG was depending on the weight of urinary solutes. Relatively heavy 

molecules like albumins will be major factors of urinary SG than small 

molecules like creatinine in urine. Osmolality is the number of dissolved 

particles per unit of water in the urine. Because both the number and weight 
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of particles were considered in osmolality, SG (or creatinine) and osmolality 

adjusted concentrations may be highly correlated.  

Limited sample size and missing values of covariates should be considered 

as a limitation of the present study. Reduced statistical power resulting from a 

small sample size may lead to difficulties in detecting important demographic 

factors related to urine correction factors during pregnancy. Pregnant women 

recruited from the hospitals in capital cities were biased, thus findings may 

lack generalizability. The present study, however, provided new information 

on variations of urine dilution throughout pregnancy by country with three 

different urine correction factors, creatinine, SG and osmolality. Adjusted 

concentrations of phthalates metabolites by each correction factor, were 

compared by ICCs and correlations coefficients.  

In summary, our observations showed that urinary dilution during pregnancy 

due to physiological change was variable. Different lifestyles depending on 

countries may affect the changes in urinary dilution during pregnancy. 

Phthalate metabolites during pregnancy showed various exposure profiles 

depending on the urine correction factors. ICCs of unadjusted phthalate 

metabolites concentrations across three trimesters were relatively higher than 

those of the adjusted one. These results suggest that the variations of urinary 

correction factors may make the uncertainty propagation in exposure 

assessment of chemicals for pregnant women with urine samples. It, therefore, 

is necessary to understand the changes in urinary correction factors for 

dilution by trimesters and the country for a reduction in exposure 
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misclassification of pregnant women. It also needs to be careful at 

understanding the exposure biomarker during pregnancy in terms of the 

changes in urine volume or a series of characteristics related to the absorption, 

distribution, metabolism, and excretion (ADME) of chemicals in the body. 
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Chapter 5 Summary and conclusions 

To evaluate the risk of exposure to plasticizers and characteristic exposure 

profiles in women of reproductive age, a series of studies carried out. 

Associations between exposure to plasticizers and uterine fibroids, the most 

common disease in women of reproductive age, were investigated using a 

case-control study in Chapter 2. We described general exposure profiles of 

major plasticizers across three trimesters in pregnant women in Chapter 3. We 

tried to explain the various exposure profiles of plasticizers across trimesters 

with variations of urinary dilution status during pregnancy. We described 

exposure profiles of urinary correction factors, such as creatinine, SG, and 

osmolality, across three trimesters of gestation in Chapter 4. This series of 

studies suggest new insight into risk and exposure management of emerging 

plasticizers in women of reproductive age.  

In Chapter 2, we identified, for the first time, several alternative 

plasticizers, such as DEHTP, DPrHpP, DINCH, TDCIPP, and TBOEP, which 

were associated with uterine fibroids among women of reproductive age. 

These positive associations of new plasticizers could be supported by 

previous experimental and epidemiological studies. Sex hormone-related 

disruptive effects of new plasticizers might be related to uterine fibroids 

through estrogen receptor binding or increase of estrogen and progesterone 

levels. While the results of this study should be validated by further 

experimental and epidemiological studies, our observations suggest that 
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several alternative plasticizers may not be safer alternatives to more 

conventional plasticizers. 

In Chapter 3, we showed exposure profiles of major phthalates and an 

alternative plasticizer across three trimesters in pregnant women of Korea and 

Thailand. Our observations showed that phthalate exposure profile during 

gestation is variable and also different by country. Compared to later stages of 

pregnancy, DnBP, BBzP, and DEHP metabolites were higher in the first 

trimester among Korean women. This finding suggests that the measurement 

of spot urine collected in later stages of pregnancy may underestimate the 

extent of phthalate exposure among Korean pregnant women. Moreover, we 

found that the frequency of detection for a DINCH metabolite was up to two-

thirds of the population and recommend long-term surveillance for the use of 

alternative plasticizers. Considering the vulnerability of growing fetuses, 

further studies are warranted to identify major sources of exposure to these 

plasticizers during pregnancy. 

In chapter 4, our observations showed that urinary hydration status during 

pregnancy due to physiological change was variable. Nationality or lifestyle 

may affect the changes in urinary dilution status during pregnancy. The 

correlations between unadjusted and adjusted phthalate concentrations during 

pregnancy were less than those of each adjusted phthalate concentrations. 

These results suggest that the variations of urinary correction factors may 

make the uncertainty propagation in exposure assessment of chemicals for 

pregnant women with urine samples. It is necessary to understand the changes 
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in urinary correction factors for dilution by trimesters and nationality for a 

reduction in exposure misclassification of pregnant women. In addition, it 

needs to be careful at understanding the exposure biomarker during pregnancy 

in terms of the changes in urine volume or a series of characteristics related to 

the absorption, distribution, metabolism, and excretion (ADME) of chemicals 

in the body. 

Limited sample size and missing values of covariates should be considered 

as a major limitation of the present study. Reduced statistical power resulting 

from a small sample size may lead to difficulties in detecting variability 

among the trimesters. In addition, a lack of information on potential exposure 

sources and pathways for the study populations should be noted. Finally, 

participants (both pregnant and non-pregnant women) recruited from the 

hospitals were biased, thus findings may lack generalizability. However, we 

determined the association between exposure to new plasticizers and 

reproductive health outcomes, uterine fibroids. The present study also 

provided new information on temporal variations of phthalates exposure 

throughout pregnancy and explained the variation with urine dilution status. 

The results of this study will facilitate follow up studies focusing on exposure 

assessment for plasticizers among pregnant women, and potential health 

outcomes associated with plasticizer exposure during this critical window of 

susceptibility. 
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국문 초록(Abstract in Korean) 

 
가임기 여성의 프탈레이트 및 그 대체 물질의 

노출 특성과 생식 건강 영향 

 

가임기 여성의 내분비계교란물질(endocrine disrupting chemicals, 

EDCs)의 노출은 노출과 건강 영향 측면에서 중요하다. 개인생활용품 

사용을 통해 노출되는 EDCs 의 경우, 여성은 남성보다 개인생활용품을 

더 자주, 그리고 더 많은 양을 사용하므로 그 노출량이 여성에서 훨씬 

크다.  EDCs 노출은 생식에 직접적인 영향을 줄 수도 있다. 특히 가장 

민감한 시기라고 할 수 있는 임신기의 EDCs 노출은 태아의 초기 발달과 

태어난 이후 평생에 걸쳐 건강에 영향을 미칠 수 있다. 그러므로 가임기 

여성을 대상으로, 특히 노출과 건강 영향에 민감한 시기인 임신중 

EDCs 의 노출과 영향을 평가하고 관리하는 것은 중요하다.  

가소제로 사용되는 프탈레이트는 항안드로겐성 및 약한 

에스트로겐성을 보이는 대표적인 EDCs 이며, 내분비계 교란을 통해 

사람의 건강에 영향을 미친다. 그 독성 때문에 여러 국가에서는 

프탈레이트의 사용을 제한하고 있으며, 이로 인해 대체 가소제의 사용이 

점점 증가하고 있다. 프탈레이트의 내분비교란성을 고려했을 때, 

구조적으로 유사한 대체 가소제 역시 내분비계 교란을 일으킬 가능성이 

있지만, 관련된 건강 영향 연구는 매우 부족한 실정이다. 특히나 대체 

가소제의 바이오모니터링 연구는 대부분 유럽국가를 대상으로만 

수행되었으며, 아시아 지역에서의 보고는 미미하다. 

본 연구는 가임기 여성에서 프탈레이트 및 대체 물질의 생식건강 

영향을 평가하고, 특히 화학물질 노출에 민감한 시기인 임신기의 가소제 
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노출 특성을 파악하고 평가하기 위해 수행되었다. 프탈레이트 및 

대체물질 노출의 여성 생식 건강 측면에서 중요성을 파악하기 위해, 

자궁근종 환자 대조군 연구를 수행하였다. 이를 위해 가임기 여성을 

모집하여 자궁근종 진단을 위한 부인과 초음파 검사를 수행하였다. 검사 

결과를 바탕으로 32 명의 환자와 79 명의 대조군을 선택하고 

소변시료에서 프탈레이트와 대체 가소제, 유기인계난연제의 대사체 

수준을 측정하였다. 가장 민감한 시기인 임신기의 가소제 노출 특성을 

파악하기 위해, 한국과 태국에서 각 81 명과 102 명의 임산부를 

모집하였다. 임신 분기별 각 1 회, 즉 임신중 총 3 회 수집된 소변시료에서 

총 15 종 프탈레이트의 24 종의 대사체를 측정하였다.  임신기 소변 

시료를 이용한 노출평가에서, 임신중 소변의 특성 변화를 이해하기 위해 

소변보정지표인 크레아티닌, 비중, 삼투질농도를 측정하여 그 변이를 

기술하였다. 전체 연구는 세 부분으로 나누어 다음과 같이 수행하였다.  

첫번째 연구는 여성 생식 건강 측면에서 프탈레이트를 포함한 신규 

가소제류의 노출의 중요성을 자궁근종 사례연구로 확인하기 위하여 

수행되었다. 대체 가소제인, i-isononyl phthalate (DINP) 와 di(2-

propylheptyl) phthalate (DPrHpP) 대사체가 소변중 75% 이상 검출되었고, 

가소제로도 사용되는 유기인계난연제의 대사체중에는 diphenyl 

phosphate (DPHP), 2-ethylhexyl phenyl phosphate (EHPHP), 1-hydroxy-2-

propyl bis(1-chloro-2-propyl) phosphate (BCIPHIPP)가 80% 이상 

검출된것으로 보아, 우리나라 가임기 여성에서 대체가소제가 널리 

사용되고 있음을 의미한다. 대조군보다 환자군에서 DEHP 대사체 

농도의 총합이 유의하게 높았고, (2-ethylhexyl) terephthalate (DEHTP), 

DPrHpP, DINCH, tris(1,3-dichloro-2-propyl) phosphate (TDCIPP), tris(2-

butoxyethyl) phosphate (TBOEP)의 노출이 자궁근종에 대한 오즈비를 

증가시키는 것으로 나타났다. 이러한 연관성에 대한 생물학적인 

기전으로는 DEHTP, DINCH, TDCIPP, TPOEP 물질의 estrogenic 한 
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성질이 자궁근종을 일으키는데 기여했을 것으로 생각된다. 이 연구는 

대체 가소제류와 자궁근종간의 연관성을 보고한 첫 연구이다.  

두번째 연구는 임신기 프탈레이트와 대체 가소제의 노출 양상을 

기술하고 위해도가 큰 주요한 물질을 찾기 위해 수행되었다. 한국 

임산부에서 프탈레이트 대사체 중 몇 종의 농도는 임신 시기에 따라 큰 

변화를 보였지만, 상대적으로 태국 임산부에서는 그 변이가 작았다.  

태국 임산부의 diethyl phthalate (DEP)와 dioctyl phthalate (DnOP) 

대사체의 농도가 한국 임산부에서보다 2 – 3 배 높았으며, 노출원을 

고려했을 때, 태국 임산부의 화장품사용과 관련이 있을 것으로 보인다. 

대체 가소제인 di-(iso-nonyl)-cyclohexane-1,2-dicarboxylate (DINCH) 

대사체 검출빈도는 한국에서 67.4%, 태국에서 44.9%였다. 프탈레이트 및 

대체 가소제의 위해성평가 결과, 한국에서는 11.9%, 태국에서는 5.3%의 

산모가 위해 지수 1 을 초과하였으며, 두 국가 모두에서 di(2-ethylhexyl) 

phthalate (DEHP), di-n-butyl phthalate (DnBP), di-2-isobutyl phthalate 

(DiBP)의 노출이 주요 요인인 것으로 나타났다.  이러한 결과는 가소제 

노출 특성은 임신기간에 따라, 또한 국가에 따라 분명한 차이가 있음을 

나타낸다.  

세번째 연구에서는 임신기 소변의 특성 변화를 이해하고, 임신으로 

인한 생리학적 변화가 노출평가에 갖는 중요성을 강조하였다. 두번째 

연구에서 수집한 임산부 소변시료에서 소변 묽기 보정 지표 세가지를 

측정하여 그 변이를 기술하였다. 한국 산모에서는 크레아티닌과 삼투질 

농도가 임신 전기보다 후기에서 낮아졌는데, 이는 임신 후반기로 갈수록 

소변이 더 묽어진다는 것을 의미한다. 그러나 태국 임산부에서는 임신 

3 분기 동안 소변 묽기보정 인자의 수준이 일정했다. 캐나다, 일본 

산모연구 결과와 함께 고려했을 때, 임신중 소변 묽기보정 인자의 

변화가 국가 또는 생활 방식에 따라 다르게 나타날 수 있음을 의미한다. 
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임신중 프탈레이트 노출량은 소변 묽기 보정을 한 농도간 높은 연관성을 

보이며, 이에 비해 묽기 보정 전후간 연관성은 낮게 나타났다. 소변 

보정지표의 선택에 따라 임신 3 분기 프탈레이트 농도 변화 양상의 

통계적 유의성에 차이를 나타냈다. 이 결과는, 임신중 체내 생리학적 

변화로 인한 소변 보정 지표의 변화가 임산부의 화학물질 노출평가의 

불확실성을 크게 만들 수 있음을 의미한다. 그러므로 임신기 소변중 

오염물질의 측정을 통한 노출평가에서 임신 분기별, 국가별로 소변 

묽기보정 인자의 변화 양상을 이해해야 한다. 또한 임신중 소변량의 

변화나 체내 화학물질의 ‘흡수, 분배, 대사, 배출’과 관련된 일련의 특성 

변화를 함께 고려하여 임신중 노출 바이오마커를 해석해야 할 것이다. 

프탈레이트를 포함한 가소제를 중심으로, 가임기 여성 집단에서의 

EDCs 노출과 관련된 여성 생식 건강 영향과 노출 특성을 관찰한 세 단면 

연구를 통해, 대표적인 여성 생식 질환인 자궁근종과 연관성을 보이는 

신규 가소제 물질을 파악하였다. 또한, 가장 민감한 임신기의 

프탈레이트류 노출 양상이 임신 분기에 따라 다양하며, 임신중 소변 

묽기가 변하는 양상이 국가별로 다양하다는 것을 확인하였다. 이 결과는 

임산부의 소변 샘플을 사용한 바이오모니터링 연구에서, 연구 설계 및 

결과 해석 과정에서 노출 및 관련 인자의 변이를 고려해야 함을 

시사한다. 또한, 대체 가소제의 증가하는 사용 추세로 미루어, 향후 

다양한 신규 가소제에 대한 지속적인 노출 및 건강 영향 평가가 필요할 

것이다. 본 연구 결과는 적은 수의 표본을 통해 도출되었기 때문에, 더 큰 

표본수의 인구집단을 대상으로 하는 후속 연구 혹은 실험연구를 통한 

보완되어야 할 것이다. 본 연구는 민감인구에서 EDCs 의 노출을 정확히 

평가하고, 관리하는데 기여할 수 있을 것이다. 이를 통해 사회 

전반적으로 EDCs 노출을 줄여나가는 노력에 도움이 될 수 있을 것으로 

기대한다.  
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어려운 공부 한다고 늘 응원해주시고, 든든하게 지원해주시고, 사랑해주신 

아버님, 어머님께도 감사드립니다. 마지막으로, 이 모든 과정을 처음부터 

끝까지 바로 옆에서 함께해준 남편, 김동연, 그리고 예쁜 천사 서윤이에게 

사랑하고, 고맙다고 이야기하고 싶습니다. 감사합니다. 
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