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Abstract

Background: Little is known about the extent of exposure to metals and metal mixtures among 

midlife women.

Objectives: We assessed exposure to multiple metals in the Study of Women’s Health Across the 

Nation (SWAN), a multi-site, multi-racial/ethnic cohort of women at midlife.

Methods: We measured urinary concentrations of 21 metals (arsenic, barium, beryllium, 

cadmium, cobalt, chromium, cesium, copper, mercury, manganese, molybdenum, nickel, lead, 

platinum, antimony, tin, thallium, uranium, vanadium, tungsten and zinc) using high-resolution 

inductively coupled plasma-mass spectrometry among 1,335 white, black, Chinese and Japanese 

women aged 45–56 years at the third SWAN annual visit (1999–2000). Least squared geometric 

mean concentrations were compared across race/ethnicity, education, financial hardship, smoking, 

secondhand smoking, seafood intake and rice intake groups. Overall exposure patterns of multiple 

metals were derived using k-means clustering method.

Results: The percentage of women with detectable concentrations of metals ranged from 100% 

for arsenic, cesium, molybdenuMAnd zinc, to less than 5% for platinum; 15 metals had detection 

rates of 70% or more. Asian women, both Chinese and Japanese, had higher urinary 

concentrations of arsenic, cadmium, copper, mercury, molybdenum, lead and thallium, compared 

with other race/ethnic groups, independent of sociodemographic, lifestyle, dietary, and geographic 

characteristics. Seafood and rice intake were important determinants of urinary arsenic, cesium, 

mercury, molybdenum and lead levels. Two distinct overall exposure patterns- “high” vs. “low” -- 

were identified. Women in the “high” overall exposure pattern were more likely to be Asians, 
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current smokers, and to report high consumption of seafood and rice. Black women were less 

likely to have the high exposure pattern.

Conclusions: Metal exposure of midlife women differs by racial/ethnic, sociodemographic, 

lifestyle, dietary, and geographic characteristics. Asian women may be experiencing the highest 

exposures to multiple metals compared with other racial/ethnic groups in the United States.
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INTRODUCTION

Metals occur naturally in the environment and are widely used in industrial, agricultural, and 

manufacturing processes. Individuals are commonly exposed to metals found in soil, water, 

air, dust, food, and consumer products (Alloway, 2013; Bosch et al., 2016; M ohod and 

Dhote, 2013). Arsenic, cadmium, lead and mercury are among the most toxic environmental 

pollutants. Although a remarkable reduction in environmental sources of such toxic metals 

has been achieved in the United States (U.S.) over the last several decades (Calafat, 2012), 

low-to-moderate chronic exposure has been associated with numerous health outcomes, 

including cardiovascular diseases, kidney diseases, metabolic diseases, neurocognitive 

outcomes, some cancers, and mortality (Lanphear et al., 2018; Mohammed Abdul et al., 

2015; Navas-Acien et al., 2007; Satarug et al., 2009; Zahir et al., 2005). Other metals, like 

cobalt, copper, manganese, molybdenum, vanadium and zinc, are necessary for multiple 

biochemical pathways and required for certain enzymes (Fraga, 2005). Given the role of 

essential elements in human nutrition, deficiencies are frequently associated with diseases; 

excessively high concentrations of such metals may also have toxic effects (Fraga, 2005).

Exposure to metals is unequally distributed, and this unequal distribution is often related to 

sociodemographic, lifestyle, dietary and geographic factors. For example, lead body burden 

varies across socioeconomic and racial/ethnic groups (Hu et al., 1996; Theppeang et al., 

2008). Exposure to arsenic, lead, cadmium, mercury, cesium, thallium and antimony has 

been observed as a function of poverty-income-ratio among the U.S. adults (Tyrrell et al., 

2013). Exposures to arsenic, cadmium, mercury and lead with has also been linked to 

lifestyle factors, such as smoking and food/dietary intake, especially seafood and rice 

Wang et al. Page 2

Int J Hyg Environ Health. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Castro-González and Méndez-Armenta, 2008; Gilbert-Diamond et al., 2011; Wang et al., 

2017).

Few studies have evaluated exposures to metals in midlife women despite the growing 

appreciation of the importance of this lifestage to health and wellbeing. The menopausal 

transition is characterized by a shift in women’s sex hormone profile owing to permanent 

changes in ovarian function which is associated with increased risk of chronic diseases, most 

notably cardio-metabolic disorders (S. R. Davis et al., 2012; Kim, 2012; Polotsky and 

Polotsky, 2010; Stuenkel, 2017). Exposure to toxic metals during this window of 

susceptibility may increase the risk of adverse health consequences associated with ovarian 

aging. For example, menopause has been suggested to play an important role in the 

mobilization of lead from bone into the circulation due to an increased bone turnover rate 

(Hernandez-Avila et al., 2000; Tsaih et al., 2001). Bone lead stores accrued from cumulative 

environmental exposures for decades are the major endogenous source of lead (Tsaih et al., 

2001). Lead exposure has been associated with health outcomes such as hypertension and 

coronary heart disease (Ding et al., 2016; Korrick et al., 1999). To date, however, no study 

has examined midlife women’s metal exposure profile comprehensively or identified 

characteristics of highly exposed subpopulations.

Exposures to different metals may be correlated due to common environmental sources or 

similarities in metabolic pathways (Pang et al., 2016). Given the complexity in the 

correlations, simultaneous exposure to multiple metals may result in effects that can depart 

from a simple summation of the effects of single metals (Park et al., 2017, 2014; Wang et al., 

2018). Identification of overall exposure patterns is critical for evaluating the associations 

between metal mixtures and health outcomes. These issues have been recognized by the 

National Institute of Environmental Health Sciences (NIEHS), which has set understanding 

the field of exposures to mixtures of environmental chemicals as one of the goals of the 

2018–2023 Strategic Plan (Birnbaum, 2018).

In this paper, we report on measurements of 21 metals in urine samples collected from the 

Study of Women’s Health Across the Nation (SWAN), a multi-site, multi-race/ethnic cohort 

of women aged 45–56 years at the time of urine collection. The overall objectives were (1) 

to examine the distributions of urinary concentrations of metals, (2) to identify subgroups 

exposed to different patterns of metals using the k-means clustering method, a 

nonparametric clustering method seeking a minimum error sum of squares, which could 

suggest specific exposure patterns of metals (Jain, 2010), and (3) to evaluate associations of 

demographic, socioeconomic, lifestyle, dietary and geographical characteristics with each 

urinary metal, as well as with exposure patterns of multiple metals, in this diverse population 

of midlife women.

METHODS

Study Population

Women in the present study were participants in the SWAN, an ongoing, a multi-site, multi-

ethnic, community-based longitudinal study of the natural history of menopause designed to 

address the effect of the menopausal transition on subsequent health and to identify risk 
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factors for age-related chronic diseases (Sowers et al., 2000). Between 1996 and 1997, 3,302 

women were enrolled from seven study sites, including Boston, MA; Chicago, IL; southeast 

Michigan, MI; Los Angeles, CA; Oakland, CA; Newark, NJ; and Pittsburgh, PA. Each site 

enrolled white women and women from one minority group (black women from Boston, 

Chicago, Southeast Michigan, and Pittsburgh; Chinese women from Oakland; Japanese 

women from Los Angeles; Hispanic women from Newark). Black, Chinese, Japanese, and 

Hispanic women comprised greater proportions of the SWAN population than their 

respective proportions in the general U.S population, reflecting the study design to 

oversample these groups (Sowers et al., 2000). Eligibility criteria for enrollment into the 

SWAN cohort included the following: age 42 to 52 years, intact uterus and at least one 

ovary, no use of exogenous hormones affecting ovarian function in the past 3 months, at 

least one menstrual period in the previous 3 months, and self-identification with a site’s 

designated racial/ethnic groups. Institutional review board approval was obtained at each 

study site, and all participants provided signed informed consent at each study visit.

The SWAN Multi-Pollutant Study used urine samples from the SWAN Repository collected 

during the third SWAN follow-up visit (visit 03, 1999–2000) for environmental exposure 

assessment. A subset of 1,400 SWAN participants from the five SWAN sites who provided 

urine samples to the SWAN Repository (Boston, southeast Michigan, Los Angeles, Oakland 

and Pittsburgh) were assayed for metal concentration determinations. Women from Chicago 

and Newark were excluded because urine samples were not collected in these two sites. This 

subpopulation, by design, included self-identified white, black, Chinese, and Japanese but 

not Hispanic women who were recruited exclusively from Newark. Among these five sites, 

women for whom urine samples were not available were less educated and more likely to be 

current smokers or obese than women with available urine. For this analysis, we excluded 2 

participants with insufficient urine samples such that one or more metal concentrations could 

not be determined, and 63 participants with missing information on core covariates 

(smoking, secondhand smoking, education, financial hardship, seafood intake, rice intake, 

and urinary creatinine concentrations), leaving 1,335 eligible participants (95.6%) for 

analysis. When compared to the 65 excluded women, women eligible for this analysis were 

similar with respect to age and racial distributions. An overview of our sampling procedure 

is illustrated in Figure S1.

Urinary Metals

Urine specimens were collected prior to 11 am in the morning. First morning voided urine 

was collected. Aliquoted specimens were frozen and stored in ultra-low freezers at −80 °C 

until they were later analyzed for the metal content. All specimens were collected and stored 

in the SWAN Repository (http://swanrepository.com/) using a systematic protocol. A total of 

21 metals including total arsenic, barium, beryllium, cadmium, cobalt, chromium, cesium, 

copper, mercury, manganese, molybdenum, nickel, lead, platinum, antimony, tin, thallium, 

uranium, vanadium, tungsten and zinc were measured in the urine samples. All the urinary 

metals were analyzed with high-resolution inductively coupled plasma-mass spectrometry 

(ICP-MS) (Thermo Scientific iCAP RQ, Waltham, MA) by the Applied Research Center of 

NSF International (Ann Arbor, Michigan), a part of the Michigan Children’s Health 

Exposure Analysis Resource (M-CHEAR) Laboratory Hub. We used the CDC method 
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3018.3 (CDC, 2012), with modifications for the expanded metals panel. All standards, 

quality controls (QCs), blanks, rinse solution and urine samples were diluted 10-fold in a 

diluent consisting of 2% HNO3 solution containing the internal standards and gold. The 

samples were analyzed in two analysis modes - standard (default) for the majority of the 

metals, and kinetic energy discrimination (KED) for vanadium, chromium, arsenic, 

molybdenum and cadmium. The following QC procedures was conducted in parallel with 

sample analyses: (a) second source standards and spike and surrogate reco veries were tested 

periodically; (b) linearity and drift checks were performed with each sample batch; and (c) 

metal internal standards were used on each sample. Each sample run contained a minimum 

of 4 calibration standards and a blank. The coefficients of variation were 2.4–34.8% for the 

low QC pools; 1.6–4.0% for the high QC pools; and 1.8–4.0% for the laboratory fortified 

blank. The limits of detection (LODs) of each metal were determined during the method 

validation by running a dilution matrix blank 10 times and then calculating the standard 

deviation of the instrument response. The limit of detection was then defined by calculating 

three times the standard deviation. Metal concentrations below their LODs were assigned the 

LOD divided by the square root of 2.

Covariates

Sociodemographic factors including age, race/ethnicity, educational attainment, and 

financial hardship were assessed at the SWAN baseline examination (1996–1997). Race/

ethnicity was classified into self-identified white, black, Chinese, or Japanese. Education 

was categorized as graduated from high school or less, attended some college, and graduated 

from 4-year college or higher degree. Financial hardship was derived from the question 

“How hard is it for you to pay for the very basics like food, housing, medical care and 

heating?” with the 3-level response indicating “very hard”, “somewhat hard”, and “not hard 

at all” (Hall et al., 2008). Lifestyle variables including cigarette smoking and secondhand 

smoking at home, work, and other social settings were collected at SWAN visit 03 with a 

self-administered questionnaire. Cigarette smoking was categorized as never, former, or 

current smoking. Total person-hours of secondhand smoking exposure per week was 

calculated and categorized as 0 hour per week, less than 5 hours per week and more or equal 

than 5 hours per week. Dietary intake was collected at the SWAN baseline, using a detailed 

semi-quantitative food frequency questionnaire (FFQ) adopted from Block FFQ (Block et 

al., 1986). The 103-food item FFQ included 4 seafood items (fried fish/fish sandwich, tuna 

fish/tuna salad, shellfish, and other fish) and 1 rice item (rice/dishes made with rice). For 

analysis, weekly seafood intake was computed by summing the frequency of intake for the 4 

fish items. To obtain comparable numbers of participants in each group of food intake, we 

categorized seafood intake into tertiles as less than 1 time per week, 1 to 1.9 times per week, 

and greater than or equal to 2 times per week. Rice intake was categorized into tertiles as 

less than 1.5 times per week, 1.5 to 3.4 times per week, and greater than or equal to 3.5 

times per week. Total energy intake was obtained from the FFQ based on each food intake. 

Urine creatinine was determined by the Cobas Mira analyzer (Horiba ABX, Montpellier, 

France) at SWAN visit 03 as makers of urine dilution.
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Statistical Analysis

Means and percentages of participant characteristics were calculated and examined by race/

ethnic groups. Detection rate, geometric mean and distribution percentiles for both the 

volume-based (μg/L) and creatinine-adjusted (μg/g creatinine) concentrations of each 

urinary metal were calculated. Pairwise Spearman correlations among urinary creatinine-

adjusted metal concentrations were calculated and presented via a correlation-matrix heat 

map. To compare metal exposure profiles in SWAN to the concentrations in the U.S. general 

population, median creatinine-adjusted concentrations of urinary metals in white and black 

women aged 45–56 years (the age range of SWAN women) from the National Health and 

Nutrition Examination Survey (NHANES) 1999–2000 were calculated. The complex survey 

design of NHANES was considered using the R ‘survey’ package. We were noTable to 

compare metal concentrations in Chinese and Japanese women between SWAN and 

NHANES due to the limited number of Asian Americans included in the NHANES 1999–

2000 cycle (the category “Non-Hispanic Asian” was not available until NHANES survey 

cycle 2011–2012) (CDC/NCHS, 2018).

We used analysis of covariance (ANCOVA) to examine the influence of race/ethnicity, 

education, financial hardship, smoking, secondhand smoking, seafood and rice intake on 

each natural log-transformed urinary metal concentration, given the right-skewed 

concentration distributions. This model enabled us to compare the expected least square 

geometric mean (LSGM) metal concentrations for selected determinants (e.g., across race/

ethnic groups), which were adjusted statistically so that participants had comparable levels 

of all other covariates in the model. To control for potential confounding, age and study sites 

were adjusted in all models (Santoro et al., 2011). All models were adjusted for urine 

creatinine to account for variations in dilution in spot urine samples (Barr et al., 2005; 

O’Brien et al., 2016). When seafood intake and rice intake were included in the model, we 

also adjusted for total energy intake (Willett et al., 1997). We calculated LSGM metal 

concentrations across the study sites within white and black women respectively, to assess 

potential geographical differences in metal exposures. Geographical differences could not be 

evaluated within the Chinese or Japanese groups as they were sampled at only one site by 

design. We also calculated and compared the LSGM metal concentrations between white 

and Chinese women within the Oakland site, and between white and Japanese women within 

the Los Angeles site, to examine potential race/ethnic differences in metal exposures within 

these sites.

K-means clustering was implemented to identify subgroups of SWAN participants with 

different overall exposure patterns of urinary metals. K-means clustering is a commonly 

used nonparametic clustering method partitioning quantitative variables towards different 

centroids seeking a minimum total within-cluster variation (Jain, 2010). This approach 

creates a single variable with k categories as different clusters where participants within the 

same cluster are as similar as possible and participants from different clusters are as 

dissimilar as possible, in terms of the quantitative variables (i.e., urinary metal 

concentrations). The k-means algorithm (1) randomly selected k centroids in a space of 

urinary metals and assigned each participant to the closest centroid by minimizing the 

distance to the corresponding centroid (within-cluster sum of squares), and (2) updated the 
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centroids as the average of all data points in a cluster and again assigned each participant to 

the closet centroid. Step (2) was iterated until the cluster assignments stopped changing 

(convergence). Each cluster represents a subpopulation with a specific metals exposure 

pattern. All log-transformed urinary metals were standardized to make variables comparable 

before the k-means analysis. The number of optimal clusters (k) was determined based on 

(1) cubic clustering criterion (Warren and Sarie, 1983); (2) Elbow method (plotting total 

within-cluster sum of square vs. num ber of clusters); and (3) average Silhouette method 

(Rousseeuw, 1987).

To identify those risk factors most strongly associated with exposure to individual metals, as 

well as to the overall exposure patterns, variable selection was performed using backward 

elimination with an initial model including race/ethnicity, education, financial hardship, 

smoking and secondhand smoking and a threshold of p < 0.05 for retaining the variables in 

linear regression for individual metals, and logistic regression for the overall k-means 

clustering exposure patterns, respectively. Age, study site, and total energy intake were 

forced into all models to control for confounding. Urinary creatinine was forced into all 

linear regression but not into the logistic regression models since the overall exposure 

patterns were derived based on the creatinine adjusted-metal concentrations. Regression 

analyses and k-means clustering were performed only for metals for which the detection rate 

was ≥ 70%.

To examine analytical consistency and robustness of our findings, we substituted specific 

gravity for urinary creatinine to adjust for urine dilution in all regression analyses, as a 

sensitivity analysis. Specific gravity was measured using a handheld digital refractometer 

(ATAGO model PAL-10S, Tokyo, Japan) at SWAN visit 03. All analyses were conducted 

using R, version 3.4.0.

RESULTS

Table 1 presents participants’ characteristics by racial groups and for the total study 

population. Participants had a mean age of 49.4 years, ranging from 45 to 56 years, which 

was not significantly different across the four racial groups (P = 0.12). There were 

significant differences in education, financial hardship, smoking, secondhand smoking, 

seafood and rice intake between race/ethnic groups (Ps < 0.001). Generally, black women 

reported the lowest socioeconomic status as indicated by education and financial hardship. 

The prevalence of current cigarette smokers was highest in black women and lowest in 

Chinese women. Black women also reported higher exposure to secondhand smoking than 

women of other race/ethnicities. Chinese and Japanese women consumed seafood and rice 

more frequently than white or black women.

Analysis of Individual Metals

The distributions of all 21 metal concentrations (μg/L urine and μg/g creatinine), LODs and 

detection rates are summarized in Table S1. The percentage of women with detectable 

concentrations of an individual metal ranged from 2.6 to 100%. Six metals had detection 

rates less than 70% (beryllium: 16.2%, chromium: 24.3%, platinum: 2.6%, uranium: 33.0%, 

vanadium: 37.2%, tungsten: 29.6%). The median number of metals detected in SWAN 
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participants was 16. Figure 1 shows the Spearman correlation matrix of the 15 creatinine-

adjusted metal concentrations for which detection rates were greater or equal than 70%. In 

general, most metals were modestly and positively correlated with each other. Comparisons 

of creatinine-adjusted median concentrations of urinary barium, cadmium, cobalt, cesium, 

mercury, molybdenum, lead, antimony, and thallium in white and black women from SWAN 

and NHANES 1999–2000 within the same age range are displayed in Figure 2.

The LSGM concentrations of 15 urinary metals detectable in more than 70% of the 

participants are shown in Table S2, stratified by race/ethnicity, education, financial hardship, 

smoking, and secondhand smoking status. Concentration differences for 12 out of 15 metals 

were observed between race/ethnicity groups. Both Chinese and Japanese women had higher 

concentrations of arsenic, cadmium, copper, mercury, molybdenum, lead and thallium than 

white or black women. The most pronounced differences between Asian and white/black 

women were for arsenic and cadmium. For example, on average, arsenic concentrations 

were 95.9% and 121.2% higher in Chinese than in white and black women, respectively, 

while cadmium concentrations were 93.0% higher in Japanese than in white or black 

women. The highest LSGM concentrations of cobalt, cesium and nickel were also detected 

in Chinese participants. Women with higher education had lower concentrations of 

cadmium, antimony and zinc, but higher concentrations of mercury than women with less 

education. Current smoking status was positively associated with cadmium and lead and 

inversely associated with cobalt and nickel concentrations. Higher concentrations of mercury 

and lead were found also among women who had higher exposure to secondhand smoking. 

No significant differences were observed between metal concentrations and financial 

hardship.

The LSGM metal concentrations are presented in Table 2 after further adjustment for 

seafood and rice intake. Higher seafood intake was significantly associated with higher 

concentrations of arsenic, mercury, molybdenum and lead. Rice intake was also positively 

associated with arsenic, cesiuMAnd mercury concentrations. Women who consumed two or 

more seafood meals per week had 55.4% higher mean concentrations of total arsenic in 

urine than did women who reported eating seafood less than 1 time per week. For rice, those 

who consumed 3.5 or more rice meals per week, on average, had 65.5% higher 

concentrations of urinary total arsenic compared with participants in the lowest category of 

rice intake (<1 time per week). To note, seafood and rice intake were only weakly correlated 

(Spearman correlation ρ = 0.25) (data not shown). The race/ethnic differences in LSGM 

concentrations of arsenic, cesium, mercury and molybdenum were attenuated but remained 

significant (Ps < 0.05) after further adjusting for seafood and rice intake (Table 2, Table S2). 

Similar race/ethnic differences in metal exposures were observed when LSGM 

concentrations were compared between white and Chinese women within the Oakland site, 

and between white and Japanese women within the Los Angeles site (Table S3).

The LSGM concentrations within white and black women are presented in Table 3, stratified 

by SWAN study sites. In both racial groups, women in Boston had the highest average 

concentrations of arsenic, cadmium, cesium, mercury and lead; and those at the Pittsburgh 

site had the highest concentrations of barium, nickel and thallium. Women in southeast 

Michigan had the lowest average concentrations of arsenic, cadmium and lead.
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After backward elimination, race/ethnicity was selected as a significant predictor for most 

metals (Table S4). Higher education level remained as a correlate of higher urinary cadmium 

and mercury concentrations. Being a former or current smoker was significantly associated 

with both higher cadmium and lead concentrations. Seafood intake remained as an 

independent predictor of arsenic, cadmium, cesium, mercury and lead. Rice intake was 

associated also with elevated arsenic, cesium, copper, mercury, molybdenum and nickel 

concentrations.

Analysis of Exposure Patterns of Metals

Two clusters of metal exposures were derived by k-means clustering based on the cubic 

clustering criterion, Elbow method and average Silhouette method (Figure S2), which were 

labeled as “high” (n = 562) and “low” (n = 773) for the overall metal exposure patterns. 

Figure 3 shows the mean of each standardized log-transformed creatinine adjusted metal 

concentration corresponding to the high and low clusters (geometric means can be found in 

Table S5). Note that standardized concentrations were comparable within each cluster. No 

cluster had a particularly high or low concentration of specific metals. Odds ratios in the full 

logistic regression model are presented in Table S6. After backward elimination, being black 

was associated with higher odds of being clustered into the “low” overall exposure group, 

while being Chinese or Japanese, being a current smoker, and being in the highest category 

of seafood intake and rice intake were significantly (Ps < 0.05) associated with higher odds 

of being clustered into the “high” group (Table 4).

Use of specific gravity instead of urinary creatinine in models for urine dilution adjustment 

did not alter our findings significantly (Table S7).

DISCUSSION

In this study, we evaluated concentrations of 21 metals in urine samples, identified two 

overall exposure patterns, and examined demographic, socioeconomic, lifestyle, and dietary 

factors associated with both individual metals and metals exposure patterns, in a large 

population-based multi-racial/ethnic, multi-site cohort of midlife women in the U.S. 

Participants sorted into two clusters, suggesting two distinct overall exposure patterns to 

mixtures of multiple metals in the general environment. Interestingly, each exposure pattern 

showed homogeneous distributions of individual metals (standardized concentrations). This 

similarity could be partly explained by the positive correlations among most of the metals 

we measured in urine samples (Figure 1). One recent study of profiles of environmental 

chemical mixture exposure among pregnant women using the same k-means clustering 

method revealed a similar exposure cluster in which some women were consistently exposed 

to high concentrations of metal (Kalloo et al., 2018). Understanding the exposure patterns of 

multiple metals is an important first step before evaluating the association between metal 

mixtures and health outcomes. Our study suggests that k-means clustering is a useful tool to 

identify exposure clusters in the population.

We observed significant race/ethnic differences in the urinary concentrations of metals, i.e., 

higher concentrations of arsenic, cadmium, copper, mercury, molybdenum, lead, and 

thallium in Asian women. Similarly, findings in the U.S. general population for arsenic, 
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cadmium, lead, and mercury suggest that Asians had the highest adjusted geometric mean 

biomarker levels of these metals in NHANES 2011–2012 (Awata et al., 2017a). However, 

most previous epidemiological studies have focused primarily on “priority toxic metals” 

while the racial/ethnic differences in metals such as copper and thallium, as well as the 

overall exposure patterns, have not been adequately captured. Some of the differences in 

metal concentrations between race/ethnic groups may be related to diet, such as higher 

intake of seafood and rice reported by Chinese and Japanese study participants. Regular 

seafood intake, particularly fish and shellfish, contributes to overexposure to methyl 

mercury, total arsenic, organic arsenic (arsenobetaine and arsenocholine), and lead (Awata et 

al., 2017b; Bae et al., 2013; Burger and Gochfeld, 2005; Castro-González and Méndez-

Armenta, 2008; Falcó et al., 2006; Storelli, 2008). Rice consumption has also gained recent 

attention as a potential source of arsenic exposure (Awata et al., 2017b; Azizur Rahman et 

al., 2008; M. A. Davis et al., 2012; Gilbert-Diamond et al., 2011; Melkonian et al., 2013). 

Intake of seafood and rice is an important exposure pathway for explaining racial/ethnic 

differences in, at least, arsenic and mercury. Stronger associations of seafood and rice intake 

with both arsenic and mercury were observed within the two Asian populations compared to 

other race/ethnic populations in this study (data not shown). The seafood intake assessment 

in this study was based on FFQ, adapted to include ethnic specific foods. However, other 

seafood items might not have been captured in the standard FFQ that were often served in 

the Asian diet, such as seaweed, which might be important determinants of the unequal 

metal distributions across racial groups (Lee et al., 2012). Different metal contamination 

levels by different types of rice (i.e., white vs. brown rice) may also explain our findings, if 

the types of rice were different between high and low consumption groups (Consumer 

Reports, 2014). However, the FFQ used in the current study did not distinguish specific 

types of rice. Furthermore, Chinese women had even higher concentrations of cobalt, cesium 

and nickel than Japanese women. The fact that intake of seafood and rice was not different 

between Chinese and Japanese suggests that other environmental exposure sources or 

pathways, may differ across Asian populations or that different levels of unmeasured 

confounding are present within Asian subgroups. The observed differences between Asian 

and other race/ethnic groups could be confounded by geographic location as both Chinese 

and Japanese women were sampled only in California, but not at any of the Midwest or 

Northeast SWAN sites. One recent study conducted in six U.S. cities reported higher arsenic 

concentrations for participants in the Los Angeles compared to the other cities (Jones et al., 

2018). However, we observed distinct race/ethnic differences in metal exposures when 

LSGM concentrations were compared between white and Chinese women within the 

Oakland site, and between white and Japanese women within the Los Angeles site (Table 

S3).

Additionally, we found that geographic location was an important predictor of metal 

concentrations. White and black women in Boston had higher concentrations of arsenic, 

cadmium, cesium, mercury and lead than those at other study sites. A higher seafood intake 

in Boston could potentially account for the observed high metal concentrations. This was 

supported by the significantly higher seafood intake among white and black women at 

Boston site compared with other sites in our study population (data not shown). A possible 

alternative explanation that should be considered is metal contamination of drinking water 
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because of an aging infrastructure. For example, lead in the water supply has been attributed 

to dilapidated drinking water infrastructures, including lead jointed pipelines, end-of-life 

polyvinyl chloride pipes and household plumbing in communities with aging infrastructures 

(Hanna-Attisha et al., 2016; Harvey et al., 2015). Lead exposure could also be higher due to 

older housing stock with lead-based paint another important exposure source (Aschengrau et 

al., 1997).

High exposure to barium, nickel and thallium were consistently observed in both white and 

black women in Pittsburgh. Barium is commonly used in metal alloys, colorant in paints, x-

ray contrast medium, and naturally occurs in groundwater (ATSDR, 2007a). Barium 

concentrations in the drinking water were around 10 times higher in regions of Kentucky, 

northern Illinois, New Mexico, and Pennsylvania in the U.S. (ATSDR, 2007a). Thus 

drinking water from groundwater sources might be a common route of high exposure to 

barium among participants in Pittsburgh. Nickel is used in the manufacturing of electronics, 

metal alloys and batteries. It is released to the atmosphere by combustion of fuel oil, 

municipal incineration, and industries involved in nickel refining, steel production, and other 

nickel alloy production (ATSDR, 2005). Based on the emission data in the EPA 1996 

National Toxics Inventory database, Pennsylvania had one of the highest average 

concentrations of nickel in ambient air among the states in the U.S. (ATSDR, 2005). 

Thallium is another toxic metal that has been widely used in electronics manufacturing in 

the U.S. Its exposure occurs primarily from industrial processes such as coal-burning and 

smelting (Peter and Viraraghavan, 2005). Therefore, higher urinary nickel and thallium 

concentrations among women at Pittsburgh might be attributed to inhalation of contaminated 

ambient air.

Our study found that several other characteristics are also important predictors of metal 

concentrations. The observed decreasing trend in cadmium and antimony with increasing 

education levels accords with previous findings, indicating the role of socioeconomic status 

in determination of high exposure to environmental toxicants (Tyrrell et al., 2013). However, 

higher socioeconomic status is not always associated with lower exposure to toxic metals. 

For example, higher mercury concentrations have been observed in participants with higher 

education levels because individuals of higher socioeconomic position tend to have higher 

regular seafood consumption (Awata et al., 2017a; Buchanan et al., 2015; Mortensen et al., 

2014). We also observed significant positive associations of cigarette smoking with 

cadmium and lead concentrations, again demonstrating that cigarette smoking is one of the 

main sources of cadmium and lead in the general population (ATSDR, 2012; Hu et al., 1996; 

Richter et al., 2013). Secondhand smoking also contributed to increased urinary lead 

concentration, providing support for its role as a modifiable source of lead exposure not only 

in children and adolescents reported previously (Apostolou et al., 2012), but in midlife 

women.

In this study, the creatinine-adjusted median concentrations of most metals were comparable 

to the concentrations in women of the same age range (45–56 years) from NHANES 1999–

2000. Median concentrations of molybdenum in white and black women and of mercury in 

black women in SWAN women seem to be a little bit higher than those in NHANES. 

Seafood intake was shown to be a significant source of both mercury and molybdenum in 
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this study. Higher seafood consumption, especially in an area like Boston that reported the 

highest seafood intake in our analysis, might account for the high metal concentrations in 

SWAN participants compared with those in NHANES. Significantly higher LSGM 

concentrations of mercury and molybdenum were also observed among women at Boston 

site compared with other sites in our study (Table 3). However, we cannot rule out other 

possible exposure pathways that may account for the observed differences. Nonetheless, our 

understanding of sources of metal exposure remains incomplete, however, these findings 

prompt follow-up In a future study.

Our study has several limitations. First, the metals we measured in this study have various 

half-lives in the human body. Urinary concentrations of metals with short half-lives such as 

arsenic, barium, cobalt, cesium, and thallium mainly reflect recent exposures (ATSDR, 

2007a, 2007b, 2004a, 2004b, 1992) and may depend on the participants’ food consumption 

within a few days previous to the urine sample collection (Navas-Acien et al., 2011). In 

contrast, other metals such as cadmium are not rapidly excreted and have very long half-

lives from years to decades (ATSDR, 2012). As health endpoints related to metals are likely 

affected by exposures over time-periods longer than a few days, information on the temporal 

variability of urinary metals concentrations, especially for those with short half-lives, is 

needed to characterize average metals exposures over time in epidemiological studies. 

Second, urine may not be an optimal biological matrix for some metals, such as lead. 

However, urinary lead adjusted for creatinine has been suggested as a good proxy for plasma 

lead, where plasma lead is the most toxicologically active lead component but is difficult to 

measure accurately due to the extremely low concentrations and possible contamination 

from various sources (Tsaih et al., 2001, 1999). Third, in our study only total arsenic 

concentrations were measured; arsenic speciation data were not available. The source and 

toxicity of different arsenic species vary. Major sources of inorganic arsenic in the general 

population are contaminated drinking water and rice intake (Gilbert-Diamond et al., 2011; 

Hughes et al., 2011). Inorganic arsenic has been associated with adverse health outcomes 

such as cardiovascular disease, diabetes, and some cancers (Chen et al., 2013; Maull et al., 

2012; Meliker et al., 2010; Steinmaus et al., 2014). Seafood intake is a major source of 

organic arsenic (Jones et al., 2016), which is generally considered to have low toxicity 

(Cullen and Reimer, 1989). Arsenic speciation would improve assessment of arsenic 

exposures and associated health risks. Fourth, seafood and rice intake in this study was 

obtained from an FFQ adm inistered at the SWAN baseline (1996–1997), whereas the urine 

samples were collected at SWAN visit 03 (1999–2000). This FFQ would not capture 

possible dietary changes that may have occured during the 3-year gap before urine sample 

collection although rapid diet changes are not very likely in this age group (Weismayer et al., 

2006). Dietary assessments were self-reported, and thus subject to recall bias. However, 

statistical adjustment for self-reported energy intake in our regression models helped to 

reduce the influence of response biases since measurement error in both energy intake and 

food intake estimates are correlated (Subar et al., 2015). Finally, participants in our study 

were midlife women. Thus the present findings may not be generalizable to m en or women 

at different lifestages.

This study also has numerous strengths. We systematically examined a suite of 21 metals in 

urine samples in midlife women for whom scant exposure data is available. We used a data-
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driven clustering approach to summarizing information of multiple environmental exposures 

into distinct metal clusters. This approach proved to be a useful tool as it identified different 

overall exposure patterns of metals and the underlying grouping of metals that may be useful 

for future evaluations of metal-mixtures health effects. Further, the wide geographical and 

racial/ethnic coverage of the SWAN participants enabled us to compare differences in 

biomarkers levels across multiple groups and increased the generalizability of our findings.

In conclusion, we observed marked differences in distributions of a comprehensive set of 

metals and in the overall metal exposure patterns, by race/ethnicity, education, smoking, 

secondhand smoking, seafood intake, rice intake and geographic sites, among midlife 

women from the U.S. general population, as represented by participants of SWAN. Chinese 

and Japanese women, had higher urinary concentrations of arsenic, cadmium, copper, 

mercury, molybdenum, lead, thallium, compared with other race/ethnic groups. Women in 

the “high” overall exposure pattern were more likely to be Asians and less likely to be black. 

We confirmed that seafood intake and rice intake were important dietary sources of toxic 

metals including arsenic, lead, cadmium and mercury, which could also explain the observed 

racial differences in arsenic and mercury. Education, smoking, secondhand smoking and 

geographic sites were significant predictors of urinary concentrations of different sets of 

metals. Additional studies are needed to examine other potential sources and 

characterizations of metal exposures, to better understand racial/ethnic inequalities in 

environmental metal exposures. Further research is also needed to investigate whether the 

observed race/ethnic differences in metal exposures may contribute to differences in health 

outcomes.
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Highlights

• Distributions and determinants of 21 urinary metal concentrations were 

examined in midlife women.

• Two distinct overall metal exposure patterns- “high” vs. “low” were 

identified.

• Metal distributions differ by racial/ethnic, sociodemographic, lifestyle, and 

geographic characteristics.

• Asian women experienced the highest exposures to multiple metals compared 

with other racial/ethnic groups.
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Figure 1. 
Spearman correlation matrix of urinary creatinine-adjusted metal concentrations. As: 

arsenic, Ba: barium, Cd: cadmium, Co: cobalt, Cs: cesium, Cu: copper, Hg: mercury, Mn: 

manganese, Mo: molybdenum, Ni: nickel, Pb: lead, Sb: antimony, Sn: tin, Tl: thallium, Zn: 

zinc.
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Figure 2. 
Comparisons of creatinine-adjusted median concentrations of urinary metals in white and 

black women from SWAN and NHANES 1999–2000. NHANES: National Health and 

Nutrition Examination Survey. Ba: barium, Cd: cadmium, Co: cobalt, Cs: cesium, Hg: 

mercury, Mo: molybdenum, Pb: lead, Sb: antimony, Tl: thallium.
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Figure 3. 
Cluster means of the 15 standardized log-transformed urinary metals using k-means in the 

SWAN data. Y-axis (cluster means) represents the mean standardized natural log-

transformed urinary creatinine adjusted metal concentrations. Cluster 1: “high” overall metal 

exposure pattern; cluster 2: “low” overall metal exposure pattern. As: arsenic, Ba: barium, 

Cd: cadmium, Co: cobalt, Cs: cesium, Cu: copper, Hg: mercury, Mn: manganese, Mo: 

molybdenum, Ni: nickel, Pb: lead, Sb: antimony, Sn: tin, Tl: thallium, Zn: zinc.
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Table 4.

Estimated cumulative odds ratio (95% confidence intervals) of being clustered into the “high” exposure 

pattern
a
 by selected determinants in backward elimination

b
.

Selected variables
c Odds ratio 95% CI P-value

d

Black vs. white women 0.39 0.26, 0.56 <.0001

Chinese vs. white women 2.10 1.19, 3.69 0.01

Japanese vs. white women 2.32 1.39, 3.90 0.001

Former vs. never smoker 1.03 0.78, 1.37 0.84

Current vs. never smoker 2.25 1.47, 3.44 0.0002

Seafood intake 1–1.9 /wk vs. <1 time/wk 1.31 0.96, 1.77 0.09

Seafood intake ≥2 vs. <1 time/wk 1.83 1.34, 2.50 0.0001

Rice intake 1.5–3.4 /wk vs. <1.5 times/wk 1.07 0.80, 1.44 0.65

Rice intake ≥3.5 vs. <1.5 times/wk 1.68 1.09, 2.59 0.02

a
Participants with “high” vs. “low” exposure patterns were clustered by k-means clustering method.

b
Initial model included race/ethnicity, education, financial hardship, smoking, secondhand smoking, seafood intake and rice intake. Age, study 

sites, and total energy intake, were forced in model selection.

c
Reference groups: race/ethnicity: white women; smoking: never smoker; seafood intake: <1 time/week; rice intake: <1.5 times/week.

d
Ps <0.05 for all selected variables in backward elimination.
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