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Abstract of Dissertation 

 

 

Metal(loid)s as Potential Endocrine Disrupting Compounds and the Relationship with 

Anthropomorphic Measures and Semen Quality Endpoints 

 

This dissertation entailed two separate yet related projects. Both the gonads and 

adipose tissue play a vital role in the production and regulation of hormone activity in the 

human body. Understanding the nature of hormone action is the first step to 

understanding how exposure to endocrine disrupting compound (EDCs), such as 

metal(loid)s, can impact human health. While some metal(loid)s are essential for human 

life, others may have health implications for spermatogenesis at environmentally relevant 

concentrations. The role that environmental chemicals play in fat metabolism and storage 

is more unclear.  Organic tin (Sn) compounds may impact the body’s ability to regulate 

fat cell growth and production as well as other processes related to glucose and lipid 

regulation. Although the health effects of Sn compounds have been examined in animal 

studies, few human studies have examined organic Sn compounds in relation to weight 

and obesity. 

In the first study, we conducted a cross-sectional study of 4,462 adolescents (aged 

12-19 years) and adults (aged 20-59 years) using the 2011-2016 cycles of the National 

Health and Nutrition Examination Survey (NHANES) and examined whether urinary 

total Sn, lead (Pb), and cadmium (Cd) concentrations independently predicted BMI, waist 

circumference (WC), or sagittal abdominal diameter (SAD). Results were weighted to be 

representative of the U.S. population, and reflected that higher quartiles of urinary Sn and 

Cd were associated with higher BMI and WC when compared to the lowest quartile, 

based on multivariate linear regression models adjusted for race, age, gender, SES, 
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physical activity, and urinary flow rate. There were significant increases in SAD, WC, 

and BMI (β = 1.11, 3.63, and 1.60, respectively) in participants in the highest versus 

lowest quartiles of urinary Sn concentrations. Similar positive associations were found 

between BMI, SAD, and WC outcomes and Cd. These findings are novel, particularly for 

Sn, and demonstrate that metals such as Sn and Cd may influence adiposity in humans. 

Heavy metals in the environment and their influence on fat metabolism and storage need 

further study, given the potential for human exposure. 

The second study assessed the association between 15 creatinine-adjusted 

metal(loid)s and 7 measures of semen quality among 413 reproductive-aged men 

recruited from 16 U.S. counties between 2005–2009. Multi-metal(loid) multivariate 

linear regression models estimated the association between urinary concentrations of Cr, 

Co, Cu, Mo, Se, Zn, Sb, As, Ba, Cd, Pb, Tl, Sn, W, and U and semen quality endpoints. 

Models were selected based on results from LASSO regression. A positive association 

was observed between Sn and sperm morphology (β= 4.92 p= 0.045). Cr (β= 1.87, p= 

0.003) and Cu (β= -1.30, p= 0.028) were positively and negatively associated with total 

sperm count, respectively. Cd (β= 12.73, p= 0.036) was positively associated with DNA 

fragmentation, whereas Cr negatively associated with (β = -5.08, p = 0.001). In this 

cohort of population-based men, we found evidence of both detrimental and beneficial 

associations between specific metal(loid)s and semen quality. Taken together, these 

dissertation findings, demonstrate the importance of EDCs, specifically metal(loid)s in 

explaining etiologic risk factors for hormone-mediated processes such as adiposity and 

spermatogenesis. 
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Chapter 1. Dissertation Introduction and Purpose 

 

 

1.1 Introduction to Metal(loid)s and Study Purpose 

1.1.1 Metals and Metalloids 

There has been increasing concern about the human health effects of environmental 

contamination by metals and metalloids. Although all elements are toxic at high 

concentrations, the terms “toxic” and “heavy” are often used interchangeably to describe 

dense metals and metalloids that can induce toxicity at relatively low levels of exposure. 

Metals and metalloids are also sometimes considered “trace elements” because of their 

presence in small amounts (parts per billion range to less than 10 parts per million) in 

environmental matrices, like air, water, soil, etc. (Tchounwou et al. 2012). Merriam 

Webster defines a metal as “any [element] of various opaque, fusible, ductile, and 

typically lustrous substances that are good conductors of electricity and heat, form 

cations by loss of electrons, and yield basic oxides and hydroxides”, and a metalloid as 

“an element that has some characteristics of metals and some of nonmetals”. Because 

metals and metalloids are often studied together in the literature, and because there is no 

consensus as to which elements are appropriately classified as metalloids (Vernon 2013), 

the term “metal(loid)” will be used to describe any potential combination of metals and 

metalloids.  

Most human exposure to metal(loid)s results from anthropogenic activities, such 

as mining and smelting operations, industrial production and use, and domestic and 

agricultural use of metal(loid)s and metal(loid)-containing compounds (Dinis and Fiúza 

2011; Tchounwou et al. 2012). People in the general population living near these 

activities or industries and in areas where metal(loid)s are naturally occurring may be 
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exposed to higher than average levels. Certain metal(loid)s like manganese (Mn) and zinc 

(Zn) are essential nutrients that are required by living organisms; while others, such as 

arsenic, cadmium, and lead, are toxic, have no known vital or beneficial effect on 

organisms, and their accumulation over time in the human body can cause serious illness. 

The former can be considered “non-essential metal(loid)s” and the latter “essential 

metal(loid)s” 

 

1.1.2 Metal(loid)s as Endocrine Disruptors 

The Endocrine Society defines endocrine disrupting compounds (EDCs) as, “…an 

exogenous chemical, or mixture of chemicals, that interferes with any aspect of hormone 

action” (Gore et al. 2015; Zoeller et al. 2012).  EDCs are typically classified by their 

intended use, like pesticides, or by their mechanism of action (MOA), like estrogenic or 

androgenic (Casals-Casas and Desvergne 2011; Iavicoli et al. 2009). Numerous chemical 

substances have been classified as endocrine disrupting, including various pesticides, 

plasticizers, and other industrial compounds (Iavicoli et al. 2009). Some metal(loid)s are 

now recognized as EDCs with either agonist or antagonist endocrine effects in humans 

and animals (Georgescu et al. 2011; Iavicoli et al. 2009) because they can interfere with 

the biosynthesis or activity of several endogenous hormones (Georgescu et al. 2011; 

Iavicoli et al. 2009). A review by Iavicoli et al. (2009) described the known health effects 

metal(loid)s, such as cadmium, arsenic, lead, manganese, and zinc, on the endocrine 

system and how they may impact many different endocrine functions, including effects 

on spermatogenesis and other reproductive health endpoints (Table 1.1) (Iavicoli et al. 

2009). Metal(loid)s have exhibited endocrine-disrupting activity in animal experiments 
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(Georgescu et al. 2011). These metal(loid)s have been identified as affecting the 

endocrine system by producing alterations in various physiological functions, including 

interruption of sex hormones and adrenal cortex hormone steroidogenesis to alter 

reproduction and sex differentiation, inducement of pancreatic cell lesions, and altering 

metabolism (Georgescu et al. 2011; Iavicoli et al. 2009). 

According to the Endocrine Society, the mechanisms by which EDCs may interfere 

with hormone action can be quite complex (Zoeller et al. 2012). Hormones exert their 

physiological actions through receptors and, therefore, hormone action is saturable, in 

terms of both ligand-binding and effect, which could lead to effects seen at high doses of 

a chemical being greater or lesser than the effects observed at lower doses. Low doses of 

endogenous hormones are present and fluctuating in the human body, and small increases 

or decreases may have a significant impact. Because of the role of receptors in mediating 

hormone effects, and because hormones exhibit nonlinear dose-response characteristics, 

EDCs will necessarily replicate these characteristics. 

Thus due to the nature of hormonal action, the shape of the dose-response curves 

observed are not linear but, rather, usually more of a sigmoidal shape (Zoeller et al. 

2012). Furthermore, high-dose inhibition can occur, i.e., the overstimulation of hormone 

receptors (binding saturation) which down-regulates the receptor, leading to changes in 

abundance of the receptor and a decrease in sensitivity of the cell to the hormone. This 

inhibition creates a type of nonmonotonic dose response curve shaped like an “inverted 

U” in which low doses increase the response, and high doses decrease the response. The 

existence of nonmonotonic dose responses is universally acknowledged by endocrine 

researchers and has been extensively reviewed (Vandenberg et al. 2012; Zoeller et al. 
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2012). Understanding the nature of hormone action is the first step to understanding how 

exposure to EDCs, like metal(loids), can impact human health. 

 

1.1.3 Purpose of the Dissertation 

This dissertation studied the endocrine disrupting effects of metal(loid) exposure in 2 

parts, specifically by examining associations with adiposity and semen quality. Using two 

distinct populations, this dissertation evaluated 1) whether metals are significantly 

associated with anthropomorphic measures and 2) whether metal(loid)s are significantly 

associated with semen quality endpoints. Parts 1 and 2 form the basis for the two research 

papers (Chapters 2 and 3) required for this dissertation. Emphasis will be placed on 

establishing metal(loid)s as potential obesogens and reproductive toxicants, describing 

the state of the recent literature, defining the two study populations used in this research, 

describing methods of analysis and results, and discussing the potential impact.  

 

1.2 Introduction to Metals and Anthropomorphic Measures 

1.2.1 Problem Statement: The Obesity Epidemic 

Approximately 35% of U.S. adults and approximately 17% of children and 

adolescents aged 2-19 years are obese (Ogden et al. 2014; 2015; 2016). Obesity 

prevalence among adults has persistently increased since the 1980s (Hales et al. 2018). 

Obesity rates leveled off among youth between 2003 and 2014 (Hales et al. 2018); 

however, these rates are historically high (Janesick and Blumberg 2012; Ogden et al. 

2014). For example, obesity rates in U.S. children aged 6-19 years increased 2.3-fold to 

3.3-fold between 1971 and 1999 (Ebbeling et al. 2002). Prior to the plateau over the last 

decade, there was an approximate 50% increase in the rates of obesity among U.S. 
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children and adolescents aged 2-19 years between 1988-1989 and 2003-2004 (Ogden et 

al. 2016). The prevalence of moderate obesity [Body Mass Index (BMI) 30 – 40] may be 

stabilizing, but the prevalence of morbid obesity rates (BMI >40) in the U.S. continues to 

increase, although less rapidly in more recent years (Ogden et al. 2016; Sturm and Hattori 

2013). Globally, mean body mass index (BMI) has also been increasing since 1980 

(Sturm and Hattori 2013), although the U.S. has some of the highest among high-income 

countries (Finucane et al. 2011). 

In 2002, Paula Baillie-Hamilton was one of the first researchers to notice that the 

rise in adult obesity in the U.S. nearly paralleled the rise of chemical production (Baillie-

Hamilton 2002) prompting concerns about the links between obesity and the many 

chemicals to which human population are routinely exposed. Toxic chemicals can be 

found in the environment in the form of metals and many others (Baillie-Hamilton 2002). 

As human populations and economies have increased worldwide, metals and industrial 

mineral use has increased concomitantly (Rogich and Matos 2008). More recently it has 

been recognized that this dramatic growth in metals has serious implications on human 

health and the health of the environment.  

Years following Baillie-Hamilton’s discovery, the term “obesogen” was coined to 

refer to a chemical that inappropriately alters lipid homeostasis and fat storage, changes 

metabolic setpoints, disrupts energy balance or modifies the regulation of appetite and 

satiety to promote fat accumulation and obesity (Kirchner et al. 2010). Obesogens are 

also thought to act prenatally by eliciting epigenetic modifications that alter the 

expression of key genes in the adipogenic pathway (Janesick and Blumberg 2012); 

however, the epigenetic changes caused by obesogens are not well understood (Grün and 
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Blumberg 2009a). Exposure to several types of metals have been directly linked to 

increased obesity, and other metabolic disorders, such as abnormal hepatic steatosis, and 

elevated plasma cholesterol or triglycerides, or dyslipidemia (Heindel et al. 2017).  

An important step in addressing the obesity epidemic is to further our 

understanding of the relative contribution of environmental chemicals, particularly 

metals, on obesity. Many studies have been conducted more recently to determine what 

role, if any, environmental metals play in obesity risk, but more research is needed to 

assess the overall burden that metals contribute to the human body’s growth and 

development. Despite recent attention to this question in the literature (Chamorro-García 

and Blumberg 2014; La Merrill and Birnbaum 2011; Thayer et al. 2012; Zoeller and 

Heindel 2017), most studies to date are limited to in vitro and animal in vivo research and 

are focused mainly on organic metals, such as tributyltin (TBT) and triphenlytin (TPT).  

The magnitude of the relation between total metals exposure and obesity in humans 

remains an important data gap in population health.  

 

1.2.2 Measures of Adiposity 

Anthropomorphic measurements, such as BMI and waist circumference (WC), are 

used to assess the size, shape and composition of the human body. Simple anthropometric 

measurements and indices, like BMI, WC, and skin-fold indices, are the most commonly 

used tools for assessing body composition. Methods to measure body fatness, including 

dual-energy X-ray absorptiometry (DXA), underwater weighing, and total body 

potassium, are more accurate than simpler methods, but are limited by their complexity 

and cost to research settings (Zimmermann et al. 2004). Measurement of body mass 
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index (BMI; in kg/m2) is a practical and reproducible method for classifying overweight 

in adults (Zimmermann et al. 2004) and is increasingly recommended for screening 

overweight in children and adolescents. Per the Centers for Disease Control and 

Prevention (CDC) guidelines (Ogden and Flegal 2010), an adult is considered obese 

when they reach a BMI of 30 or higher; and, for children and teens of the same age and 

sex, obesity is defined as a BMI at or above the 95th percentile.  

Skin-fold thickness (SFT) measurements involve a special caliper to measure the 

thickness of a double layer of skin and the fat beneath it in predetermined sites (Hu 

2008). SFT measurements are commonly used as indirect assessments of body-fat 

distribution (Hu 2008); however, these measurements have limited precision 

(Zimmermann et al. 2004) in the context of reported inter-observer error and the inability 

of skinfold thickness in prediction of morbidity and mortality (Hu 2008).  

In addition to more common measures, sagittal abdominal diameter (SAD) is a 

simple anthropometric index of visceral adiposity. Although there is a lack of reference 

ranges and cutoffs to assign risk categories based on a representative U.S. population, 

SAD is well correlated with obesity-related metabolic disturbances, and is thought to be a 

better predictor of cardiovascular disease than any other anthropometric measurements 

including BMI and waist circumference (CDC 2011).  

 

1.2.3 Background: Endocrine Function of Adipocytes 

 Obesogenic chemicals are those that directly or indirectly lead to increased fat 

accumulation and altered glucose metabolism. Until the late 1990s, fat cells or 

“adipocytes” were considered to be just energy storage depots (Newbold, R. R. 2011; 

Ronti et al. 2005). It has since become obvious that adipose tissue also displays 
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characteristics of an endocrine organ releasing a number of adipocyte-specific factors 

(proteins, metabolites and hormones) known as adipokines. Knowledge of both the 

number of adipokines secreted by adipose tissue as well as the functions associated with 

known adipokines has expanded significantly in the past decade (Gimeno and Klaman 

2005). The adipokine leptin has been found to have a prominent role in the regulation of 

whole-body metabolism by stimulating energy expenditure, inhibiting food intake and 

restoring euglycemia (Galic et al. 2010).  

Whereas it is known that the adrenal gland and gonads are the primary source of 

circulating steroid hormones, adipose tissue expresses a full arsenal of enzymes for 

activation, conversion, and inactivation of steroid hormones (Kershaw and Flier 2004). 

The relative contribution of adipose tissue to whole-body steroid metabolism is 

significant, with adipose tissue contributing up to 100% of circulating estrogen in 

postmenopausal women for example, and 50% of circulating testosterone in 

premenopausal women (Bélanger et al. 2002; Meseguer et al. 2002). Several adipose 

tissue-derived hormones have been identified, but even the factors that are relatively well 

characterized, like leptin, require further evaluation to more precisely define their 

physiological roles. 

 

1.2.4 Literature Review: Metals and Anthropomorphic Endpoints 

Following the discovery of adipocytes’ endocrine function, a body of 

epidemiologic evidence supported by animal research has emerged to suggest that that 

there is a link between heavy and trace metals and the development of overweight and 

obesity. Particularly, exposure to organic tin (Sn) compounds, or organotins, and various 

other organometallic compounds can lead to alterations in fat storage and metabolism. 
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Organotins have been commonly used in industrial applications, and can be found in 

PVC polymers, fungicides, and biocides in antifouling boat paints (Hoch 2001; Sousa et 

al. 2014). The organotin tributyl tin (TBT) has been used as a biocide in marine paints 

and in textile products, such as carpets, and it is a persistent organic pollutant (POP) that 

is fairly ubiquitous in the environment (ATSDR 2005; Hoch 2001; Sousa et al. 2014). 

Multiple animal studies have demonstrated that TBT induces the differentiation of 

adipocytes (fat cells) in vitro and increases adipose mass in vivo (Grün and Blumberg 

2006; Inadera and Shimomura 2005; Kanayama et al. 2005). TBT is now seen as a 

"model obesogen” that can predispose to weight gain. Developmental or chronic lifetime 

exposure to TBT and other organotins may therefore act as a chemical stressor for obesity 

and related disorders. 

Both in vivo and in vitro studies have demonstrated that TBT enhances 

adipogenesis and triglyceride storage, leads to increases in adipogenic capacity, and alters 

adipocyte differentiation (reviewed in Rantakokko et al. 2014). Organotins interact with 

two receptors known to promote adipocyte differentiation, namely peroxisome 

proliferator-activated receptors (PPAR) and retinoid X receptors (RXR) (Grün and 

Blumberg 2006; Thayer et al. 2012).  

The association of cadmium and lead with metabolism and weight has not been 

well-studied. Several animal studies have shown null or negative associations; however, 

human evidence remains lacking. Padilla et al. (Padilla et al. 2010) examined a 

population of National Health and Nutrition Examination Survey (NHANES) participants 

and found a negative association between waist circumference (WC) and BMI and 

cadmium and lead. Other studies have seen null or negative associations between 
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anthropomorphic measures and both lead (Cassidy-Bushrow et al. 2016; Choi et al. 2017; 

Delvaux et al. 2014; Huzior-Bałajewicz et al. 2001; Kim et al. 1995; Ronco et al. 2010; 

Scinicariello et al. 2013) and cadmium (Huzior-Bałajewicz et al. 2001; Tian et al. 2009). 

Based upon a careful literature review, it appears that only one study has been 

conducted to assess the association between organotins and anthropomorphic measures in 

humans. Rantakokko et al. (2014) studied the association of organotins in placenta with 

growth and ponderal index among newborns and saw a trend towards higher weight gain 

from birth to 3 months of age with increasing placenta TBT concentrations.  

 

1.2.5 Research Questions, Objectives, Hypotheses: Paper #1 

As described above: 1) humans in the general population can be exposed to 

metals, 2) some metals have endocrine disruption functions that influence weight 

gain/loss and  metabolism, and 3) adipose tissue has active endocrine functions that may 

be reactive to metals. To test these assertions, Paper #1 of this dissertation explored 

associations between urinary metal concentration and 3 measures of adiposity among 

children and adults in the U.S. general population. The distribution of metal levels in a 

nationally representative U.S. sample of adults and children was characterized; and, 

associations between obesity and levels of urinary tin, cadmium, and lead were 

examined.   

The objective of this study was to evaluate the association between waist 

circumference, body mass index, and sagittal abdominal diameter and urinary levels of 

tin, cadmium, and lead in a nationally representative U.S. sample of adults and children. 

The associations with each of these potentially harmful metals were explored, adjusted 

for covariates relevant for each of the anthropomorphic outcomes. Higher levels of 
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urinary tin, cadmium, and lead compounds are hypothesized to be positively associated 

with BMI, WC, and SAD, after controlling for potential confounders. 

 

1.3 Introduction to Metal(loid)s and Semen Quality 

1.3.1 Problem Statement:  Declines in Male Reproductive Health 

Data from the National Survey of Family Growth (NSFG) using the current 

duration method to estimate infertility reflect that approximately 15% of all U.S. females 

aged 15-44 years (Thoma et al. 2013) and approximately 12% of all U.S. men aged 15-44 

years (Fredo Louis et al. 2013) experience some type of infertility.  

Male factors account for approximately 40-50% of all couple infertility (Kumar 

and Singh 2015). Semen volume, total sperm number, sperm concentration, sperm 

motility, sperm morphology and other semen parameters are most commonly used as 

markers of male fecundity in clinical and epidemiological settings. Some evidence 

suggests that DNA damage may be a better predictor of male fertility than the standard 

parameters measured in a semen analysis (Erenpreiss et al. 2006; Giwercman et al. 2010). 

The sperm of infertile men has been observed to contain more DNA damage than fertile 

men, suggesting that DNA damage has a negative impact on sperm fertility potential 

(Evenson et al. 1999; Guzick et al. 2001; Zini. et al. 2001). However, this finding is often 

not corroborated in the general population of men (not seeking clinical care), at least 

when assessed relative to couple fecundability as measured by time-to-pregnancy (Buck 

Louis et al. 2014). 

Meta-analyses have suggested a population-wide decline in the quality of semen 

over the past 50 years (Levine et al. 2017). Environmental and occupational exposures, 
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such as metal(loid)s, are suspected to contribute to declining human sperm quality in 

industrialized countries (Bergman et al. 2013; Rolland et al. 2013; Swan et al. 2000).  

While many studies have been conducted looking at the effects of metal(loid)s on 

semen quality parameters, to date, few epidemiologic studies have: 1) been conducted in 

the U.S., which has lower overall metal(loid) exposures compared to other countries 

studied; 2) used multivariable analyses to account for potential confounding factors; and, 

3) assessed interactions.  

 

1.3.2 Measures of Semen Quality 

Semen quality is used as a surrogate measure of male fecundity in clinical 

practice and for research purposes. Semen consists of two quantifiable components: the 

spermatozoa and the seminal fluid (World Health Organization 2010). The nature of the 

spermatozoa and the composition of seminal fluid are important for sperm function 

(World Health Organization 2010). The primary parameters commonly assessed in a 

semen analysis are the semen volume, sperm count and concentration, sperm motility, 

and sperm morphology. Semen volume is the amount seminal of fluid produced by the 

accessory glands; sperm count is the number of spermatozoa in the semen sample; and, 

sperm concentration is the number of sperm divided by the volume of semen (Patel et al. 

2018; World Health Organization 2010). Sperm motility is defined as the percentage of 

sperm that show signs of movement (either progressive or non-progressive movement), 

and the sperm morphology is the percentage of sperm observed to have a normal cellular 

structure (Patel et al. 2018; World Health Organization 2010). 
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In addition to the traditional measures of semen quality, the sperm chromatin 

structure assay (SCSA) was introduced by Evenson et al. (1980) as a method to 

determine the susceptibility of sperm DNA to denaturation and how those results relate to 

fertility (Love 2005). The SCSA measures the percentage of sperm with a high 

susceptibility to DNA denaturation and is expressed as the DNA fragmentation index 

(DFI) (Virro et al. 2004). In addition to quantifying DNA strand breaks through DFI, the 

SCSA also identifies the percentage of sperm with immature nuclear development (Virro 

et al. 2004). High sperm DNA stainability (HDS) is a measure of the compactness or 

condensation of the sperm nucleus in these immature sperm (Zini et al. 2009).  

 

1.3.3 Background: Disruption of Male Reproductive Endocrine Function 

The testis, an organ that produces spermatozoa and testosterone, is both an endocrine 

gland and a reproductive organ, responsible for the production of hormones and male 

gametes and an important target for endocrine disruption (Pizent et al. 2012). Testicular 

functions, like spermatogenesis, are regulated in part by two neuroendocrine glands: the 

hypothalamus and the pituitary gland. Endocrine signaling in the testis is regulated by 

release of gonadotropin-releasing hormone (GnRH) from the hypothalamus and 

luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the pituitary, 

both of which have distinct roles in testicular steroidogenesis and spermatogenesis, 

respectively (Phillips and Tanphaichitr 2008). Testosterone is subsequently aromatized to 

estradiol, which is proposed to have a paracrine and autocrine role on Sertoli cell 

functions via estrogen receptors (ERs) alpha and beta (O’Donnell et al. 2001; Phillips and 

Tanphaichitr 2008). Sertoli cells are somatic cells of the testis that are essential for testis 
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formation and spermatogenesis and are regulated by FSH and paracrine actions of 

testosterone (Griswold 1998).  

There are many mechanisms by which endocrine disrupters might impair 

spermatogenesis. Perhaps the most well-characterized mechanism is estrogenic disruption 

of the testis. Estrogen receptors alpha and beta are found throughout the male 

reproductive tract and represent a transcriptional mechanism by which endocrine 

disrupters may alter gene expression (Eddy et al. 1996; Pizent et al. 2012). The stage of 

cell differentiation during which disruption of spermatogenesis occurs in men can have 

considerable impact on the severity and type of effect, but the primary target of a toxicant 

is typically cells at early stages of spermatogenesis (Mangelsdorf et al. 2003). 

Researchers have recently explored the possible effects of pollutant exposure on the 

processes of spermatogenesis.  

 

1.3.4 Literature Search:  Metal(loid)s and Semen Quality 

Although definitions can vary (NICHD 2015), Buck Louis and Platt (2011) define 

fecundity as the biologic capacity of males and females for reproduction, irrespective of 

pregnancy intentions, and fertility as demonstrated fecundity, as evident by live births. 

While research strongly supports declines in human fecundity over the past decade (Buck 

Louis et al. 2013; Levine et al. 2017; Skakkebæk et al. 2006), there has also been 

growing evidence to suggest that exposure to metal(loid)s have deleterious effects on 

fertility (Bloom et al. 2011; Buck Louis, Sundaram et al. 2012b; Buck Louis et al. 2013; 

Tanrikut et al. 2014).  
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Metal(loid)s can significantly reduce human semen quality and can impair male 

reproductive endocrine function through the influencing of reproduction hormones 

(Pizent et al. 2012). Metal(loid)s may affect the male reproductive system indirectly, 

when they act on the neuroendocrine system, or directly, when they target specific 

reproductive organs (Pizent et al. 2012). These effects can be long lasting and irreversible 

if Sertoli cells are disrupted during fetal development (Monsees et al. 2000). Sertoli cells 

proliferate only during the fetal, neonatal and pre-pubertal periods of life, which are 

particularly sensitive to the adverse effects of metal(loid)s (Griswold 1998; Monsees et 

al. 2000; Sharpe et al. 2003). Because each Sertoli cell can support only a fixed number 

of germ cells, failure of Sertoli cells to proliferate normally in these early-life periods will 

result in reduced production of spermatozoa in adulthood (Monsees et al. 2000; Sharpe et 

al. 2003). The disruption of spermatogenesis in men at any stage of cell differentiation 

can decrease the total sperm count, increase the abnormal sperm count, impair the 

stability of sperm chromatin, or damage sperm DNA (Pizent et al. 2012). Metal(loid)s 

accumulated in the epididymis or seminal fluid may impair progressive sperm motility 

(Hess 1998).  

In addition to direct/indirect “hormonal” related pathways, metal(loid)s can also 

interfere with cell signaling via generation of reactive oxygen species (ROS).  Oxidative 

stress has commonly been implicated in the pathogenesis of male infertility. Several 

metal(loid)s, including iron, copper, nickel, lead, and cadmium, may increase ROS 

production, decrease glutathione and other antioxidant levels, enhance the lipid 

peroxidation of the cell membrane, cause apoptosis, and contribute to the oxidative 

damage of DNA (Jomova and Valko 2011; Valko et al. 2005). Damage to the sperm 
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membrane reduces sperm motility and ability to fuse with the oocyte, whereas damage to 

sperm DNA compromises paternal genomic contribution to the embryo and increases the 

risk of infertility, miscarriage, or serious disease in the offspring (Agarwal, Ashok et al. 

2008; Aitken and Koppers 2011; Tremellen 2008). The etiology of DNA fragmentation 

in human spermatozoa is closely correlated with oxidative stress and evidence of 

impaired spermiogenesis (Aitken and Koppers 2011). 

Among the research studies published to date, many have found that higher 

concentrations of metal(loid)s, like cadmium, arsenic, and lead, have harmful effects on 

reproduction and semen quality (Table 1.1 and Table 1.2). In animals, other documented 

reproductive effects of lead and cadmium include reduction in gonadal size/weights 

(Sarkar et al. 2003; Tam and Liu 1985) and gonadal damage and reduced 

spermatogenesis (Kotsonis and Klaassen 1977).  Zinc, one of the few metal(loid)s 

essential for human health, is also a suspected reproductive health toxicant affecting 

spermatogenesis at high concentrations (Ali et al. 2007; Yuyan et al. 2008) and can be 

found in plants and vegetables, natural waters, households, and industrial settings. Zinc is 

known to interact with other essential nutrients, such as copper and iron and non-essential 

metal(loid)s, such as lead and cadmium (Hernández-Ochoa et al. 2005).  

Of human studies, many have found that higher concentrations of cadmium and 

lead exposure have harmful effects on semen quality. Cadmium has been negatively 

associated with sperm motility (Akinloye et al. 2006; Benoff et al. 2009; Mendiola et al. 

2011; Telisman et al. 2000), concentration (Akinloye et al. 2006; Benoff et al. 2009; Pant 

et al. 2003), morphology (Akinloye et al. 2006; Telišman et al. 2007; Zeng et al. 2015), 

count (Akinloye et al. 2006; Zeng et al. 2015), and viability (Jeng et al. 2014). Lead has 
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been negatively associated with semen volume (Hernández-Ochoa et al. 2005; Telisman 

et al. 2000), sperm concentration (Alexander et al. 1996; Meeker, Rossano et al. 2008a; 

Pant et al. 2003), count (Alexander et al. 1996; Telisman et al. 2000), motility 

(Eibensteiner et al. 2005; Hernández-Ochoa et al. 2005; Kasperczyk et al. 2008; Meeker, 

Rossano et al. 2008a; Mendiola et al. 2011; Pant et al. 2003; Telisman et al. 2000), 

morphology (Hernández-Ochoa et al. 2005; Telisman et al. 2000; Telišman et al. 2007), 

and vitality (Eibensteiner et al. 2005; Hernández-Ochoa et al. 2005; Telisman et al. 

2000).   

Some studies have found no association between cadmium and sperm parameters 

(Hovatta et al. 1998; Kasperczyk et al. 2008; Keck et al. 1995; Lenters et al. 2015) or 

sperm parameters and lead (Hovatta et al. 1998; Lenters et al. 2015; Xu et al. 2003; Zeng 

et al. 2015). Fewer studies have examined the association between zinc and semen 

quality, and those have found protective effects for semen quality or null associations 

(Jeng et al. 2014; Kasperczyk et al. 2008; Meeker, Rossano et al. 2008a; Telisman et al. 

2000; Zeng et al. 2015). 

 Despite the large number of studies, important data gaps remain, including 

research that: a) includes participants from the general population rather than 

occupational or clinic/hospital based settings; b) identifies important trends in metal(loid) 

exposure and semen quality outcomes; c) considers emerging methods of evaluating male 

fertility, such as SCSA, and d) explores mixture effects from multiple metal(loid) 

compounds. This project aims to address these research gaps.  
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1.3.5 Research Questions, Objectives, Hypotheses: Paper #2 

The objective of the metal(loid)s and semen endpoint analyses is to explore the 

association between 12 non-essential metal(loid)s (As, Sb, Ba, Be, Cd, Pb, Pt, Te Tl, Sn, 

W, and U), and 8 essential metal(loid)s (Cr, Co Cu, Mn, Mo, Ni, Se, and Zn) in relation 

to 7 semen quality endpoints (total count, concentration, volume, motility, morphology, 

SCSA-HDS, and SCSA-DF) to assess changes in male fecundity. 

The objective of this study was to examine the association between urinary 

metal(loid)s of both known and unknown essentiality and semen quality endpoints in the 

LIFE Study. When a mixture or combination of metal(loid)s are assessed simultaneously, 

higher concentrations of urinary non-essential metal(loid)s and lower concentrations of 

urinary essential metal(loid)s are expected to be associated with poorer semen quality 

endpoints in continuous associations after controlling for potential confounders.  
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Chapter 2. Urinary Metals and Anthropomorphic Measures among U.S. 

Adolescents and Adults: NHANES 2011-2016 

 

 

2.1 Background 

Approximately 35% of U.S. adults (Ogden et al. 2014; 2015) and approximately 

17% of children and adolescents aged 2-19 years are obese, and rates remain at 

historically high levels (Hales et al. 2018; Janesick and Blumberg 2012; Ogden et al. 

2014). Prior to a plateau between 2003 and 2014 (Hales et al. 2018), there was an 

approximate 50% increase in obesity rates among U.S. children and adolescents aged 2-

19 years between 1988-1989 and 2003-2004 (Ogden et al. 2015; 2016). While U.S. 

prevalence rates of moderate obesity (BMI 30 - 40) appears to be stabilizing, morbid 

obesity rates (BMI >40) continue to increase (Ogden et al. 2016; Sturm and Hattori 

2013). 

Globally, mean BMI has also been increasing since 1980 (Sturm and Hattori 

2013), although the U.S. has some of the highest average BMIs among high-income 

countries (Finucane et al. 2011). While many factors influence obesity, such as dietary 

intake, physical activity, sleep patterns, age, genetics, and built environment (Newbold, 

Retha R. 2010; NHLBI 1998), there is little known about the role of environmental 

chemicals in weight gain or loss. Studies have only recently examined what role, if any, 

environmental metals may play in obesity, underscoring critical data gaps. 

Obesogens are commonly defined as chemicals that negatively alter lipid 

homeostasis, fat storage, metabolism, energy balance, or the regulation of appetite and/or 

satiety to promote fat accumulation and obesity (Kirchner et al. 2010). Obesogens are 

hypothesized to act prenatally by inducing epigenetic modifications that alter the 
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expression of key genes in the adipogenic pathway (Janesick and Blumberg 2012); 

however, the epigenetic changes potentially induced by obesogens are not well 

understood (Grün and Blumberg 2009b). Exposure to several types of metals have been 

directly linked to increased obesity and other metabolic disorders, such as abnormal 

hepatic steatosis, elevated plasma cholesterol or triglycerides, or dyslipidemia (Heindel et 

al. 2017).  

A growing body of animal research suggests a link between heavy and trace 

metals and increased adiposity. Particularly, exposure to organic Sn compounds, or 

organotins, and various other organometallic compounds can lead to alterations in fat 

storage and metabolism. Organotins have been commonly used in industrial and 

agricultural applications, and can be found in PVC polymers, fungicides, and biocides in 

antifouling boat paints (Hoch 2001; Sousa et al. 2014). The organotin tributyltin (TBT) is 

used as a biocide in marine paints and in textile products, such as carpets, and it is a 

persistent organic pollutant (POP) that is fairly ubiquitous in the environment (ATSDR 

2005; Hoch 2001; Sousa et al. 2014). Multiple studies have demonstrated that TBT 

induces the differentiation of adipocytes (fat cells) and alters adipocyte differentiation 

(Rantakokko et al. 2014) in vitro and increases adipose mass in vivo (Grün et al. 2006; 

Inadera and Shimomura 2005; Kanayama et al. 2005). Organotins are suspected to 

interact with two receptors known to promote adipocyte differentiation, peroxisome 

proliferator-activated receptors (PPAR) and retinoid X receptors (RXR) (Grün and 

Blumberg 2006; Thayer et al. 2012). Thus, developmental or chronic lifetime exposure to 

TBT and other organotins may act as a chemical stressor in the etiology of obesity and 

related disorders. 
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The obesogenic effects of other metals such as cadmium and lead on metabolism 

and weight have not been well studied though available data are equivocal. Padilla et al. 

(2010) reported a negative association between waist circumference and BMI and 

cadmium and lead among NHANES (1999-2002) participants. Other studies have 

reported null or negative associations between anthropomorphic measures and both 

concentrations of lead (Cassidy-Bushrow et al. 2016; Delvaux et al. 2014; Kim et al. 

1995; Ronco et al. 2011; Scinicariello et al. 2013) and cadmium (Tian et al. 2009). 

Despite recent attention to obesogens (Chamorro-García and Blumberg 2014; La 

Merrill and Birnbaum 2011; Thayer et al. 2012; Zoeller and Heindel 2017), very few 

studies have focused on human environmental exposure to Sn and other heavy metals. 

We undertook an investigation of urinary total Sn, Cd, and Pb and anthropometric 

endpoints [i.e., body mass index (BMI), and waist circumference (WC), and sagittal 

abdominal diameter (SAD)] among a U.S. nationally-representative sample between 

2011 and 2016.  

 

2.2 Methods 

2.2.1 Study population  

The study population comprised participants from the 2011–2012, 2013–2014, 

and 2015–2016 cycles of the NHANES, a nationally representative sample of the U.S. 

civilian non-institutionalized population. This sample was selected because it was the 

first to report urinary Sn data in addition to Cd and Pb. There were 8,585 participants in 

these three cycles who had measurements for urinary metals. The sample was restricted 
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to male and female participants aged 12 - 59 years with complete data on physical 

activity and urine flow rate (n= 4,462 for BMI; n=4,338 for WC; and n=4,237 for SAD).   

2.2.2 NHANES Heavy and Trace Metal Measurements 

Urinary metals were measured in approximately one-third of NHANES 

participants. Concentration data for Sn, Cd, and Pb were downloaded from the NHANES 

website in November 2018. Spot urine samples were collected from participants in the 

Mobile Examination Center and stored at –20°C or colder prior to shipment to CDC’s 

National Center for Environmental Health for analysis. Analytical methods have been 

described in detail elsewhere (NCHS 2012; 2014; 2016a). Concentrations of all metal 

metabolites were quantified using inductively coupled plasma-mass spectrometry.  

As a value approaches zero, there is a point where any signal due to the 

contaminant cannot be significantly differentiated from the background noise (Croghan 

and Egeghy 2003). Analytical laboratories often do not report these values and label them 

as “below detection limit”, “nondetect” or “<LOD” in lieu of the actual values. This 

practice creates a left-censored distribution of data and results in the loss of valuable 

information at lowest concentrations. In the absence of observed data <LOD, there are 

several accepted ways to characterize nondetect values. The common solution to this 

problem is to substitute a constant [e.g., LOD / sqrt(2)] for the nondetects, especially 

when reporting data. This method works well when there are relatively few nondetect 

observations (i.e.,<30%)(Hornung and Reed 1990a; Smith et al. 2006); however, if the 

proportion of such values is sizable, a skewed distribution will be observed and the 

standard deviation among other measures of dispersion may be underestimated. This, in 

turn, could lead to a violation of model assumptions and bias results.  
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In this NHANES dataset, approximately 85% of the urinary Sn data, 77% of 

urinary Cd data, and 96% of urinary Pb data were at or above the limit of detection (LOD 

(ug/L); 0.220, 0.056, 0.080 respectively for the 2011-2012 cycle, and 0.090, 0.036, 0.030, 

respectively, for the 2013-2016 cycles). The NCHS substituted all values <LOD with 

LOD / sqrt(2) (NCHS 2012; 2014; 2016a). The observed concentrations <LOD could not 

be obtained from CDC (personal communications, 2017), so we are unable to use 

machine-read values <LOD for these analyses. While this may preclude us from 

determining trends for effect at the lowest exposed in the population, it does not 

undermine the importance of the associations seen at higher exposure concentrations. 

There are a number of techniques for substituting or imputing data  <LOD that are more 

accurate and reliable than substituting with LOD/sqrt(2) (Hornung and Reed 1990b; Nie 

et al. 2010; Schisterman et al. 2006; Succop et al. 2004); however, substituting with LOD 

/ sqrt(2) is a simpler method that produces sufficiently accurate confidence limits on the 

geometric mean or in hypothesis testing when there are few nondetects (Hornung and 

Reed 1990b). Because the data used in our study are lognormal with the percentage of 

nondetect <30%, we are confident the substitution of nondetects with LOD / sqrt(2) 

yields correct inferences (Hornung and Reed 1990b; Schisterman et al. 2006). 

 

2.2.3 Sagittal Abdominal Diameter, Waist Circumference and Body 

Mass Index 

Adiposity was assessed using the SAD, WC, and BMI, all of which were 

collected at the Mobile Examination Center (MEC) by trained health technicians. Briefly, 

BMI was estimated using measured height and weight values [weight (kilograms)/height 

(meters squared)]. WC in centimeters was measured after placing a tape measure around 
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the participant’s abdomen. SAD in centimeters was measured after placing an abdominal 

caliper on the front of the abdomen to the small of the back at the level of the iliac crest. 

Participants received two SAD readings total, which was averaged to obtain the mean 

SAD. An additional 3rd or 4th SAD reading may have been collected for a participant if 

the difference between the 1st and 2nd readings were greater than 0.5 cm, in which case 

the three closest SAD measurements were used to obtain the mean SAD.  

 BMI categories for adolescents aged 12 to 19 years were based on the 

CDC's sex-specific 2000 BMI-for-age growth charts for the United States (Kuczmarski et 

al. 2000). BMI for all participants were dichotomized: underweight/normal weight 

(adolescents, BMI < 85th percentiles; adults, BMI <25) and overweight/obese 

(adolescents, BMI ≥ 85th percentile; adults, BMI ≥ 25) (NHLBI 2000).  

WC was categorized as low risk (adolescents, < 90th percentile; adults, WC < 89 

cm for females or <102 cm for males) and high risk (adolescents, ≥ 90th percentile; 

adults, WC ≥ 89 cm for females or ≥102 cm for males) (Bassali et al. 2010; Maffeis et al. 

2001; NHLBI 1998). There is a lack of established reference ranges for use of SAD 

measurements in determining obesity, so we tested our hypothesis using cutoffs similar to 

those proposed by Radholm et al. (2017) and Al-Daghri et al. (2010). Average SAD was 

broken into low risk [adolescents aged 12-17 years, average SAD < 17 cm (60th 

percentile); participants aged >17 years, average SAD < 26 cm] and high risk 

(adolescents aged 12-17 years, average SAD ≥ 17 cm; participants aged >17 years, 

average SAD ≥ 26 cm). 
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2.2.4 Assessment of Potential Confounders  

Confounders were determined a priori based on associations with exposure and 

outcome reported in prior studies. Race-ethnicity was grouped as non-Hispanic (NH) 

black, NH white, Hispanic, and all other races/ethnicities not fitting the previous 

categories were grouped into “other” race/ethnicity. Age was modelled continuously. The 

family poverty-income ratio (PIR) was used as a measure of socio-economic status and is 

defined by the U.S. Census Bureau as the total family income divided by the poverty 

threshold (US Census Bureau 2018). PIR values <1 were below the official poverty 

threshold, whereas 1 denoted those income at or above the poverty level (Shargorodsky 

et al. 2011). Missing values (8%) for PIR were imputed with the mean. All models were 

also adjusted for urinary flow rate to account for urine dilution (Bulka et al. 2017). Up to 

3 urine collections were made for each participant. A urinary flow rate variable was 

constructed as a composite of the volume of urine collected and time between urination 

from the first, second, and third urine collections. 

Physical activity (PA) was assessed via self-report and classified into categories 

according to intensity and total volume of activity (Churilla and Fitzhugh 2012). The 

metabolic equivalent or MET, was used to estimate energy expenditure during PA 

(Haskell et al. 2007). The METs were used to derive categories for PA based on those 

frequently used with the global questionnaire (IPAQ Research Committee 2005), a 

validated instrument for cross-national monitoring of PA and inactivity (Craig et al. 

2003). Based on NHANES recommendation, the following MET scores were used to 

calculate MET minutes/week for individual walking/biking activities, moderate activities 

(leisure and work), and vigorous activities (leisure and work):  3.3 MET for walking, 4 
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MET for moderate activities, and 8 MET for vigorous activities (IPAQ Research 

Committee 2005). All activity was summed to provide a composite PA variable.  

Participants were categorized as highly active, moderately active, or inactive 

(IPAQ Research Committee 2005). “Highly active” was defined as having vigorous-

intensity activity on at least 3 days and accumulating at least 1500 MET min/week OR 7 

or more days of any combination of walking, moderate-intensity or vigorous intensity 

activities achieving a minimum of at least 3000 MET-minutes/week. “Moderately active” 

was defined as having 3 or more days of vigorous activity of at least 20 minutes per day 

OR 5 or more days of moderate-intensity activity or walking of at least 30 minutes per 

day OR 5 or more days of any combination of walking, moderate-intensity or vigorous 

intensity activities achieving a minimum of at least 600 MET-min/week. “Inactive” was 

defined as individuals who did not meet criteria for the other 2 activity levels. 

2.2.5 Statistical Analysis 

The means for each anthropomorphic measure (SAD, BMI, and WC) and each 

metal (Sn, Cd, and Pb) were calculated for each category of age, sex, race-ethnicity, PIR, 

and PA, and differences in means were compared using ANOVA. Geometric means, 

percentages of <LOD, and various distribution percentiles of Sn, Cd, and Pb exposure 

were also examined.  

Total concentrations of Sn, Pb and Cd were examined by quartiles to observe any 

potential nonlinear associations. The associations between metal quartiles and measures 

of adiposity were assessed using multivariate linear regression models, and individual 

models were run for each metal and anthropometric outcome. Multivariate logistic 

regression was also performed with categorical SAD, BMI, and WC being regressed for 
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each metal (in quartiles). All regression models were adjusted for age (continuous), sex 

(categorical), race/ethnicity (categorical), PIR (continuous), physical activity 

(categorical), and urine flow rate (continuous). Sensitivity analysis was performed to 

evaluate the degree that smoking, as measured by serum cotinine (continuous), affected 

the measured associations between metals and adiposity. Additional sensitivity analyses 

were conducted modelling the age covariate categorically (ages 12-15, 16-19, 20-29, 30-

39, 40-49, and 50-59) rather than continuously. All analyses incorporated sampling 

weights, primary sampling units, and strata for generalizability or external validity 

purposes and to account for NHANES complex sampling design. Because three cycles of 

NHANES data were combined, the sample weight was constructed by multiplying the 

laboratory subsample A weights by 1/3. All analyses were adjusted for the non-random 

sampling design and the sample population weights (NCHS 2018). A (two-sided) P-value 

<0.05 was considered statistically significant. Trend analyses were conducted using 

weighted ANOVA. All analyses were conducted in STATA v15.1. 

 

2.3 Results 

The study population included NH white (33%), middle income (45%) and was 

made up largely of adults (76%) (Table 2.1). Significant differences were observed for 

mean SAD, BMI, and WC by specific sociodemographic characteristics (Table 2.1). 

Females had higher mean BMIs (28.6 kg/m2) and lower mean WC (94.4 cm) and SAD 

(21.2 cm) than males (27.9 kg/m2, 97.3 cm, and 22.2 cm, respectively). NH blacks had 

higher mean BMI, WC, and average SAD (30.3 kg/m2, 97.6 cm, and 22.9 cm, 

respectively) than other races/ethnicities. Those who were physically inactive had higher 
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mean BMI, WC, and average SAD (30.5 kg/m2, 23.8 cm, and 23.2 cm, respectively) than 

more active participants. 

Significant differences were also observed for mean Sn, Cd, and Pb by 

sociodemographic characteristics of the sample (Table 2.2). Mean urinary Cd and Pb 

concentrations were positively associated with age (p<0.001). Higher mean Sn and Cd 

concentrations were observed for blacks (1.83 g/mL and 0.33 g/mL, respectively) 

compared to all other races/ethnicities, physically inactive persons (1.29 g/mL and 0.30 

g/mL, respectively) compared to moderately active and highly active persons, and 

persons with the lowest household income (1.27 g/mL and 0.26 g/mL, respectively) 

compared to those from medium and high income households. 

Geometric means and distributions of urinary Sn, Cd, and Pb are presented in 

Table 2.3. Cd, Pb, and Sn concentrations were >LOD for the majority of participants 

(83.5%, 96.8%, and 86.0% >LOD, respectively). 

Significant positive adjusted associations were observed for Sn and Cd and 

continuous anthropometric outcomes when metals were analyzed as quartiles (Table 2.4). 

Specifically, SAD, WC, and BMI were on average 1.11cm, 3.63cm, and 1.60 kg/m2 

higher in participants in the highest quartile of urinary Sn concentrations compared with 

those in the lowest quartile, respectively, with a significant (<0.05) trend (Table 2.4). 

Similarly, SAD, WC, and BMI were higher for participants in the 3rd versus 1st quartile of 

urinary Cd (i.e., 0.87 cm, 3.59 cm, and 1.46 kg/m2), respectively, with a significant 

(<0.05) trend.  

Table 2.5 provides odds ratios for the adjusted associations between the quartiles 

of metals and dichotomous anthropometric outcomes (high risk/low risk). In terms of 
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adiposity, the odds of being in the high versus low risk group of SAD, WC, and BMI 

were 1.90, 1.57, and 1.57 times higher, respectively, for participants in the highest versus 

lowest quartile of urinary Sn concentrations (p-trendSn < 0.05). Increased odds of high-

risk WC were observed for those in the higher quartiles of Cd compared to quartile 1 

(ORQ3 = 1.60, ORQ4 = 1.45) and BMI (ORQ3 = 1.32), with no associations observed with 

SAD. No associations were observed with Pb and adiposity in either the linear or logistic 

models. Sensitivity analyses resulted in similar effect estimates. 

 

2.4 Discussion 

This is the first nationally representative U.S. study to examine associations 

between urinary Sn and measures of adiposity. We observed a significant positive 

association between Sn and Cd concentrations and anthropomorphic measures of BMI, 

WC, and SAD after controlling for relevant confounders. 

Our results were different than patterns seen in prior, albeit limited, analyses of 

NHANES data, including those that found Pb and Cd to be inversely or negatively 

associated with markers of obesity. Specifically, Padilla et al. (2010) found significant 

inverse associations between urinary Cd and Pb with WC and BMI in an analysis of 

pooled 1999-2002 NHANES adults and adolescents. Riederer et al. (2013) saw an inverse 

association between BMI and urinary Cd in NHANES 1999-2008 adults and adolescents, 

while Shao et al. (2017) observed negative associations with urinary Pb and Cd in 1999-

2012 children and adolescents. Schwartz (1986) saw a highly significant negative 

association between height, weight, and chest circumference with increased blood Pb 

levels among NHANES 1976-1980 children, and Scinicariello et al. (2013) found higher 
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blood Pb levels were associated with lower BMI in 1999-2006 NHANES children, 

adolescents, and adults. 

Differences in the associations observed between this study and other NHANES 

studies could be explained by: 1) differences in how urinary dilution was modeled, with 

many prior studies using creatinine adjustment whereas our study used urine flow rate 

adjustment, and 2) the absence of adjustment for physical activity in the prior studies. 

NHANES’s first population-based biomonitoring of urinary Sn occurred in the 2011-

2012 cycle, and this study is the first to report on these data and anthropomorphic 

measures. 

Our review of the prior literature found only one study that assessed the 

association between Sn and anthropomorphic measures in humans. Rantakokko et al. 

(2014) studied the association of placental organotin concentrations and birth size and 

growth up to age 18 months. A positive association was observed for weight gain with 

increasing placental TBT concentrations among newborns between birth and 3 months of 

age (β = 0.024, CI 0.003 - 0.044).  

While BMI and WC are the most widely used measures of adiposity, SAD is an 

anthropometric index of abdominal or visceral adiposity that is well correlated with 

obesity-related metabolic changes (e.g., lipid, insulin, C-peptide, glucose, and uric acid 

levels), blood pressure, and lung function (NCHS 2016b). Studies have suggested that 

subcutaneous adipose tissue (SAT) is better predicted by BMI, but that visceral adipose 

tissue (VAT), which has a stronger correlation to these obesity-related disorders (Fox et 

al 2007), is better predicted by SAD and possibly WC (Risérus et al. 2004; Stevens et al. 

2008; Suliga 2009; Yim et al. 2010). 
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SAD is often underutilized in research studies, due to the lack of established 

reference ranges or cutoffs to assign risk categories  (NCHS 2016b). In addition to a 

continuous SAD measure, our study implemented dichotomous risk cutoffs based on 

prior studies by Rådholm et al. (2017) for adults (26cm) and Al-Daghri et al. (2010) for 

children (~60th percentile). Further investigation is needed to define reference ranges 

corresponding to health risk for SAD specific to the U.S. for children, adolescents, and 

adults. However, we observed positive associations when SAD was modelled as both 

continuously and dichotomously, the findings for SAD were consistent with those for 

BMI and WC, indicating that Sn and Cd leads to increases in both total and visceral 

obesity irrespective of established reference ranges.  

When urinary creatinine replaced urinary flow in our sensitivity analyses (data not 

shown), we observed significant inverse associations between Sn, Cd, and Pb and BMI 

and WC, similar to the previous NHANES studies examining other urinary metals and 

body composition. However, urinary creatinine concentrations have been posited as a 

collider in the causal pathway between urinary metal concentrations and 

anthropomorphic measures (Bulka et al. 2017). Urinary creatinine concentrations are 

influenced by body composition and hydration status and obese individuals excrete more 

creatinine than normal-weight counterparts (Gerchman et al. 2009); therefore, controlling 

for urinary creatinine in these analyses could lead to biased associations. We adjusted for 

urine dilution using the urine flow rate as a potentially less biased alternative (Bulka et al. 

2017). Based on a directed acyclic graph (DAG) of urinary metal concentration and 

anthropomorphic measures proposed by Bulka et al. (2017), urinary dilution fails to meet 

the standard definition of a confounder [i.e., the variable causes the outcome, is 
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associated with exposure, and is not caused by either the exposure or outcome (Greenland 

et al. 1999)]. We conducted additional sensitivity analyses by rerunning our multivariable 

models without controlling for urine flow rate (data not shown), and no major differences 

were seen, with the exception of the associations between Sn, Cd, and SAD being slightly 

greater in magnitude and statistical significance when controlling for urine flow rate 

compared to the sensitivity analysis. Whereas the magnitude and statistical significance 

for the associations between Sn and Cd and WC was greater when urine flow rate was 

omitted in the sensitivity analyses compared to the primary analyses.  

PA is theoretically correlated with both the exposures and the outcome and was 

treated as a confounder in our associations. Inhalation rates are known to increase with 

PA, which could lead to greater intake of air pollutants, like metals, in the body (Dong et 

al. 2018; Hankey et al. 2012), and PA’s inverse association with total and abdominal 

adiposity is well-established (LaMonte and Blair 2006; Ortega et al. 2007).  

Studies using human data other than NHANES have also reported null or negative 

associations between anthropomorphic measures and concentrations of blood or bone Pb 

(Cassidy-Bushrow et al. 2016; Choi et al. 2017; Delvaux et al. 2014; Huzior-Bałajewicz 

et al. 2001; Kim et al. 1995; Ronco et al. 2010) and blood Cd (Huzior-Bałajewicz et al. 

2001; Tian et al. 2009). Dhooge et al. (2010) also observed a negative association 

between BMI and urinary Cd and blood Pb in a Flemish population of adolescents and 

adults. In animals, Kawakami et al. (2010; 2012) examined heavy metals Cd, Co, As, 

Mn, and Hg, and found that exposure to these compounds resulted in decreases in white 

adipose tissue (WAT) weight and enlarged adipocytes in mice fed a high-fat diet. Further 

observations were reported for reduced PPARα and PPARγ mRNA expression in these 
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mice, which resulted in suppressed adipose differentiation (Kawakami et al. 2012). This 

finding suggests that metals can not only activate PPARs, as has been widely accepted, 

but they can also lead to down-regulation of PPAR expression. Further studies are needed 

to better elucidate the mechanisms by which metals affect adipocyte differentiation and 

size. 

It is possible that metal exposure has a bidirectional impact on anthropometry. 

Endocrine disrupting compounds often have biphasic dose-response curves which show 

ascending and descending phases in relation to dose (Vandenberg et al. 2012; Zoeller et 

al. 2012). The non-monotonic shape of these dose-response curves makes it difficult to 

predict responses, especially at the low-dose range which is most often found in the 

general environment. When comparing normal BMI (18.5 to 25) with other categories in 

our models, we observed significant associations between urinary Sn and a higher odds of 

having a non-normal BMI (i.e., underweight, overweight, or obese) (data not shown), 

indicating a potential for Sn to alter weight and body composition in both directions. 

There are important limitations to consider when interpreting our findings. 

NHANES is a cross-sectional survey and can only provide a “snapshot” at one timepoint, 

which precludes an ability to establish a causal association. Given the likely 

multifactorial etiology of adiposity coupled with the observational design, we cannot 

eliminate the possibility of residual confounding. Due to the structure and complexity of 

the dietary data collected by NHANES, dietary factors were not included in these 

analyses. No single question or small subset of questions could adequately represent the 

diet, not to mention nutritional status, which could include the combined assessment of 

dietary intake, anthropometric measurements, laboratory tests, and clinical findings; and 
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the addition of numerous diet variables would reduce the power of our analyses 

(Ahluwalia et al. 2016). As a proxy for diet, we conducted sensitivity analyses using 

variables for the amount of fast food eaten and the number of meals eaten outside of the 

home. These proxy variables were not significantly associated with either the outcome or 

the independent variables of interest and were not included in our primary analysis to 

avoid overadjustment.  

There is also a difference between total Sn (as measured in NHANES) and 

specific organotin compounds, such as TBT (as measured in many obesogenic studies). 

While analytic methods exist to measure specific organotin compounds in urine, they are 

more difficult and less well developed than are methods for the determination of total Sn 

(ATSDR 2005); total Sn was considered in this study as a proxy measure for organotin. 

While small amounts of Sn can usually be found in the human body (ATSDR 2005), 

because the organic derivatives of most metals are more readily absorbed than the 

inorganic derivatives (Friberg et al. 1986), it can be assumed that the Sn exposure for this 

sample was primarily organotin. Inorganic metal compounds have also been associated 

with effects on adipogenesis (Kawakami et al. 2012), but without further information on 

exposure source, we are unable to distinguish organotin from inorganic Sn compounds in 

this population, and the potential for misclassification bias exists. This bias would likely 

be non-differential toward the null. 

  

2.5 Study Conclusions: 

Our findings suggest that higher urinary Sn and Cd concentrations may lead to 

weight gain in humans. These findings are consistent with mechanistic research reporting 



 

35 

that Sn activates PPAR and alters adipocyte differentiation. Urinary Pb concentrations 

were not significantly associated with any measure of adiposity. Further insight is needed 

as to the role of metals pharmacodynamics in these adiposity associations, as well as the 

precise mechanisms by which metals interact with hormone receptors.   
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Chapter 3. Metal(loid)s and Human Semen Quality: the LIFE Study 

 

 

3.1 Background 

There is growing literature suggesting a population-wide decline in semen quality 

over the past 20 years (Jensen et al. 2004; Levine et al. 2017; Romero-Otero et al. 2015; 

Skakkebæk, et al. 2006; Swan et al. 1997). Male factors account for approximately 40-

50% of all infertility (Kumar and Singh 2015), and data from the National Survey of 

Family Growth (NSFG) reflect that approximately 12% of all U.S. men aged 15-44 years 

report experiencing infertility (Fredo Louis et al. 2013). While the causes of these 

declines in semen quality are largely unknown, the increasing circulation of metal(loid)s 

in commerce, and the testicular toxicity of some has prompted research focusing on 

environmental metal(loid)s and male infertility (Bloom et al. 2011; Buck Louis, 

Sundaram et al. 2012a). Moreover, recent evidence suggests a positive relation between 

semen quality and overall health (Eisenberg et al. 2014), underscoring the importance of 

understanding environmental influences on semen quality. 

Metal(loid)s can potentially reduce human semen quality and affect the male 

reproductive system by acting upon the neuroendocrine system or directly targeting 

specific reproductive organs (Pizent et al. 2012). In addition to direct/indirect hormone 

related pathways, metal(loid)s can also induce oxidative stress, which has commonly 

been implicated in the pathogenesis of male infertility. Several metal(loid)s, including Pb 

and Cd, may increase production of reactive oxygen species and contribute to the 

oxidative damage of DNA (Jomova and Valko 2011; Valko et al. 2005). As such, DNA 

fragmentation in human spermatozoa, a common measure of semen quality, is closely 
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correlated with oxidative stress and evidence of impaired spermiogenesis (Aitken and 

Koppers 2011). 

The endocrine toxicity of particular metal(loid)s, like Cd, Pb, and As, has been 

the most commonly studied, and these meta(loid)s are often negatively associated with 

various human semen quality endpoints (Akinloye et al. 2006; Alexander et al. 1996; 

Benoff et al. 2009; Eibensteiner et al. 2005; Hernández-Ochoa et al. 2005; Kasperczyk et 

al. 2008; Meeker, Rossano et al. 2008b; Mendiola et al. 2011; Pant et al. 2015; Telisman 

et al. 2000; Wang, Y. X. et al. 2017; Zeng et al. 2015); other metal(loid)s such as Sn have 

not been well studied. Most research to date has relied upon occupational or clinical 

study populations with limited attention to men in the general population with potentially 

environmentally relevant metal(loid) concentrations. Such data suggests that Cd and Pb 

are marginally associated with detrimental changes in semen parameters such as sperm 

concentration (Hernández-Ochoa et al. 2005; Jeng et al. 2014) and semen volume 

(Hernández-Ochoa et al. 2005; Li, Y. et al. 2016). In animal studies, Pb and Cd are 

associated with a wide range of male reproductive effects, including reduction in gonadal 

size/weight (Sarkar et al. 2003; Tam and Liu 1985), testicular necrosis (Goyer et al. 2004; 

Thompson and Bannigan 2008), oxidative damage (Ayinde et al. 2012; Liu et al. 2009; 

Nava-Hernández et al. 2009; Wang, L. et al. 2011), spermatocyte DNA damage (Blanco 

et al. 2010; Nava-Hernández et al. 2009), and reduced spermatogenesis (Kotsonis and 

Klaassen 1977). 

Some metal(loid)s (e.g., Zn, Cu, and Mg) have known essential biological 

functions at trace levels, while other metal(loid)s (e.g., As and Cd) have no known 

essential biological functions. The standard criteria for determining whether an element is 
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essential or not for human health are based upon whether untoward functional or 

structural abnormalities manifest in the absence/reduction of that compound, or the 

reversal of the state with supplementation of the element (World Health Organization 

1996). When accumulated in large amounts, both essential and non-essential metal(loid)s 

may lead to metabolic disruptions which could compromise male fertility (Tvrda et al. 

2015). Studying effects/associations between single metal(loid)s presents its own 

challenges; however in natural environments, toxicants never occur as single 

contaminants. Metal(loid) compounds may behave agonistically or antagonistically 

depending on the biological pathway (Vandenbrouck et al. 2009). In mixture, metal(loid) 

interactions can highly influence the overall impact of chemical stressors on male 

reproductive function.  

Currently, there is only a limited number of studies that have applied variable 

selection techniques for evaluation of mixture toxicity (Czarnota et al. 2015; Lenters et 

al. 2016; Meeker, Rossano et al. 2008b). Some studies have looked at the effects of 

various metal(loid)s on semen quality parameters, though none to our knowledge has 

focused on U.S. men recruited from the general population in whom mixtures of 

metal(loids) have been quantified and evaluated in relation to various semen quality 

endpoints. This study context is important for exploring whether environmentally 

relevant exposures (both singly and in mixture) are associated with semen quality in a 

general population of men motivated in part by concerns about declining male fecundity. 
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3.2 Methods  

3.2.1 Study Population and Data Collection 

The study population comprised men participating in the Longitudinal 

Investigation of Fertility and the Environment (LIFE) study, a population-based 

preconception cohort study, for whom urinary concentrations of trace elements were 

quantified along with semen quality endpoints. The study population and data collection 

methods for the parent cohort have been described in detail elsewhere (Buck Louis et al. 

2011). Briefly, the cohort comprises 413 of 501 (83%) male partners of couples from 16 

counties in Michigan and Texas who were discontinuing contraception to try for 

pregnancy. Eligibility criteria were aged 18+ years, married or in a committed 

relationship, able to communicate in English or Spanish, and no physician-diagnosed 

infertility. Men were interviewed upon enrollment to assess medical history and lifestyle 

followed by anthropometric assessment for the measurement of BMI. Urine and semen 

samples also were collected. Among the 501 eligible men, 28 (6%) did not provide semen 

samples, 55 (11%) did not have residual urine for the quantification of metal(loid)s, and 5 

(1%) were azoospermic in both semen samples. 

3.2.2 Semen Collection 

Men were provided with two at-home semen collection kits and instructed in their 

proper use. Briefly, following two days of abstinence, men collected the first semen 

sample the day following the enrollment interview and a second sample approximately 

one month later. Samples were shipped to the Study’s andrology laboratory via overnight 

delivery for next day analysis following laboratory inspection of specimen integrity. All 

samples were found acceptable for subsequent analysis using established protocols (Buck 
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Louis et al. 2011). Semen analysis included quantification of 35 endpoints: five general 

(semen volume (mL), sperm concentration (×106/mL), total sperm count 

(×106/ejaculate), next day motility (%), traditional morphology (%), and two DNA 

measures (% fragmentation index and % high DNA stainability). Note that while higher 

values are associated with better semen quality for the five general parameters, the 

reverse direction pertains for the two DNA measures. 

Laboratory processing of semen samples included measuring temperature, 

turbidity, color, and liquefaction (data not shown). Semen volume was measured to the 

nearest 0.1 ml. Sperm motility was assessed using the HTM-IVOS (Hamilton Thorne 

Biosciences, Beverly, MA) computer assisted semen analysis (CASA) system. Sperm 

concentration and morphometry was measured using the IVOS system and the IDENT™ 

stain (Hamilton Thorne Biosciences, Beverly, MA), and slides for morphology 

assessments were prepared by Fertility Solutions® (Cleveland, OH). Sperm morphology 

was determined on a fixed, stained semen smear and classified using both strict 

(Tygerberg) and traditional (World Health Organization 1992) criteria. DNA 

fragmentation was quantified using the SCSA® method according to the methods of 

Evenson et al. (2002). 100μl of whole semen were diluted into 500μl TNE buffer and 

kept frozen at −70°C until analysis. The SCSA® procedure was conducted on a Coulter 

Epics Elite Flow Cytometer using the SCSA® program (SCSA diagnostics, Brookings, 

SD). 

3.2.3 Urine Collection 

Urine samples were collected upon completion of the baseline interview and 

shipped to the New York State Department of Health's (NYS DOH) Wadsworth Center 
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(Albany, NY) for the quantification of 8 essential metal(loid)s (Co, Cr, Cu, Mn, Mo, Ni, 

Se, and Zn) and 12 non-essential metal(loid)s (Sb, As, Ba, Be, Cd, Pb, Pt, Te, Tl, Sn, W, 

and U). Quantification was performed using ICP-MS methods that were developed for 

biomonitoring studies, and inclusive of quality control procedures (Minnich et al. 2008). 

With the frequent use of biomarkers, there is a need to quantitatively measure 

contaminants down to very low levels, and consequently there will always be a threshold 

below which a value cannot be accurately quantified (Croghan and Egeghy 2003; 

Lambert et al. 1991). As discussed in section 2.2.2, when there are values that fall below 

the limit of detection, most laboratories censor the data, preferring to report a constant or 

“nondetect” instead of numbers for values below the LOD. There are a number of 

potential issues that arise with censored data, namely that it may introduce severe bias 

when estimating the mean and variance of the distribution (Lyles et al. 2001), which may 

consequently distort regression coefficients and their standard errors and reduce power in 

hypothesis tests. To reduce potential bias in exposure measurements associated with 

censored data and in keeping with other published works from the LIFE study, we used 

instrument-reported values without substitution of observations below the limits of 

detection (LOD) for all statistical analyses (Guo et al. 2010; Richardson and Ciampi 

2003; Schisterman et al. 2006).  

The LIFE study population was compared to that of the NHANES study 

population representative of the U.S. general population. Geometric means (GM) and 

distributions of metal(loid) concentrations of LIFE study men were found to be 

comparable to NHANES men between 2005-2010. Mean concentrations of As and Ba 
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were slightly higher and mean Sn was slightly lower in LIFE study men than NHANES 

men.  

 

3.2.4 Statistical Analysis 

In the descriptive phase of analysis, missing data and influential observations 

were assessed, as were the distributions of metal(loid)s and semen endpoints. All 

metal(loid) concentrations were creatinine adjusted and log(x) transformed for normality. 

Lastly, the referent cohort (n=501) was compared with the study cohort (n=413; 82%) to 

identify possible differences between men with/without biospecimens for analysis. 

In the case of multicollinearity, multiple linear regression models may yield 

unreliable parameter estimates (Vatcheva et al. 2016). Evidence of multicollinearity, as 

examined through the Pearson correlation and Variance Inflation Factor (VIF), was 

observed across the metal(loid)s. To assess which metal(loid)s were associated with each 

semen endpoint while simultaneously adjusting for the other metal(loid)s, LASSO 

regression modeling was used (Tibshirani 1996). LASSO imposes a penalty on the 

absolute value of the coefficients, shrinking coefficients by a constant factor, and can 

select a subset of predictors by shrinking coefficients exactly to zero for the predictors 

with the least predictive value (Tibshirani 1996). LASSO also has the feature of 

conducting parameter estimation at the same time of selecting predictors, a computational 

advantage compared to traditional two-step procedures in which predictor selection and 

parameter estimation are implemented sequentially. Because specific variable inclusion 

cannot be forced in LASSO analyses, metal(loid)s were adjusted for creatinine prior to 

modelling. Creatinine-adjusted metal(loid) concentrations expressed in ug/g creatinine 
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were calculated by dividing metal(loid) concentrations (ug/L) by creatinine levels 

(100*mg/dL). 

After examination of the distributions, creatinine-adjusted metal(loid) 

concentrations were used in variable selection in regression models (penalized and 

unpenalized). For the penalized models, LASSO regression was run using 10-fold cross-

validation (CV) and used to determine the optimal degree of penalization. The inputs for 

model selection for individual semen quality outcomes included all detectable 

metal(loid)s and all of the following variables, chosen a priori as potential confounders 

based upon the literature:  abstinence time (days) (Levitas et al. 2005), age (years) 

(Eskenazi et al. 2003), race/ethnicity (Non-Hispanic white, other race/ethnicity) (Redmon 

et al. 2013), alcohol consumption upon enrollment (frequency per month) (Marinelli et al. 

2004; Muthusami and Chinnaswamy 2005), body mass index (BMI; weight in kg/height 

in m2) (Chavarro et al. 2010; Jensen et al. 2004), educational attainment (<high school, 

high school diploma, some college, college degree), household income (USD) (ESHRE 

Capri Workshop Group 2001; World Health Organization and Department of 

Reproductive Health and Research 2010), having previously fathered a pregnancy 

(yes/no) (Buck Louis and Platt 2011), urinary creatinine (Barr et al. 2005), and serum 

cotinine (ng/mL) (Sharma et al. 2016). The final model yielded the minimum mean-

squared error (MSE) of prediction from repeated 10-fold CV.  

For the unpenalized models using the exposures and covariates selected via 

LASSO, multiple-exposure linear regression models were fit to obtain unpenalized, 

adjusted coefficient estimates. To achieve parsimony, the linear regression model 
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included only the creatinine-adjusted metal(loid)s and potential confounders as selected 

by the LASSO.  

To examine associations between each metal and semen quality endpoint separately, 

multivariate linear regression was used to estimate associations between single 

metal(loid)s (unadjusted for creatinine) and each semen quality endpoint. All single-

metal(loid) models were adjusted for the entire set of relevant covariates, including 

creatinine as an individual covariate in each model (Barr et al. 2005). Eleven metal(loid)s 

(Sb, As, Ba, Cd, Pb, Sn, Cu, Co, Mo, Se, and Zn) were log (x+1) transformed, and 4 (W, 

U, Mn, Ni) were square root transformed for best fit. Two outlying concentrations for Sn, 

Se, Cu, and Mn and one for W, Co, Mo, and Zn were substituted with the median.  

A Bonferroni correction was applied to the p-values associated with each individual 

test to maintain the α level over all tests at 0.05 (Armstrong 2014), to test the robustness 

of the observed associations, and correct any ‘experiment-wise’ error rates in multiple 

comparisons. 

 

3.3 Results 

Men were largely nonsmoking (63%), college educated (63%) and residing in 

households with incomes >$70,000 (66%) (Table 3.1). There were no significant 

differences for the sociodemographic characteristics between men in the referent and 

study cohorts. 

Fifteen metal(loid)s were frequently detected: Sb (93%), As (96%), Ba (91%), Cd 

(99%), Cr (69%), Co (99%), Cu (99%), Mo (100%), Pb (99%), Tl (100%), Se (90%), Sn 

(85%), W (59%), U (87%) and Zn (100%) (Table 3.2), and five other metal(loid)s (Be, 
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Mn, Ni, Pt, and Te) were sparsely (<20%) detected and were not included for further 

analysis. The distributions of semen quality endpoints are presented in Table 3.3. 

Participants’ semen quality values fell largely within normal ranges (>88% normal) per 

the World Health Organization standards (Buck Louis et al. 2014; Cooper et al. 2010) 

(Table 3.3).  

Penalized metal(loid) coefficients from the LASSO regression models are 

presented in Table 3.4.  Thirteen (87%) metal(loid)s were selected by the LASSO for 

inclusion across all 7 semen quality endpoints: total sperm count (β ≠ 0; Cr, Co, Cu, Ba, 

Sn, W), semen volume (β ≠ 0; Cr, Co, U), sperm concentration (β ≠ 0; Sn), sperm 

motility (β ≠ 0; Cr, Mo, As, Pb, Sn), traditional morphology (β ≠ 0; Sn), DFI (β ≠ 0; Cr, 

Co, Cd), and HDS (β ≠ 0; Co, Cu, Sb, Cd). 

Table 3.5 presents the unpenalized multi-metal(loid) associations between 

selected metal(loid)s and semen quality endpoints. The magnitude of associations 

increased after adjustment for selected covariates in the unpenalized models. Creatinine-

adjusted urinary Cr and Cu were significantly associated (p < 0.05) with total sperm 

count in the adjusted models, with Cr having a positive (or beneficial association) and Cu 

having a negative (or harmful association). For every one percent increase in Cr and Cu, 

total sperm count increased by 1.87*104 and decreased by 1.30*104, respectively (βCr = 

1.87; βCu = -1.30). Creatinine-adjusted Cr also displayed a beneficial association with 

SCSA DFI (βCr = -5.08, p<0.001), while harmful associations were observed for 

creatinine-adjusted Cd and DFI (βCd = 12.73, p < 0.05). A positive association was 

observed for Sn and traditional morphology (βSn = 4.92, p < 0.05). No other associations 

were observed for sperm motility, sperm concentration, semen volume, or SCSA HDS in 
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the unpenalized multi-exposure models. To reduce overfitting, only the metal(loid)s and 

covariates selected by the LASSO procedure (Table 3.4) were included in the 

unpenalized multivariate linear regression models (Table 3.5). 

In the comparative analysis using single-exposure multivariate analyses (Table 

3.6), four metal(loid)s (Co, Cu, Sn, U) were significantly associated (p < 0.05) with 

semen quality endpoints in models fully adjusted for all covariates of interest, of which 

all were selected (β ≠ 0) in the LASSO regression model for at least one semen endpoint. 

The associations for all metal(loid)s in these models were positive or suggestive of 

beneficial changes. After applying p-value corrections to adjust for the number of 

comparisons, associations between single-metal(loid)s and semen quality did not remain 

statistically significant at the 0.05 level. 

 

3.4 Discussion 

Among our men recruited from the general population, we observed evidence that 

mixtures of environmentally relevant metal(loid) concentrations were associated with 

semen quality. We observed positive associations between urinary concentrations of Cr 

and Sn and semen quality, as measured by higher sperm count, higher percent normal 

morphology, and lower DNA fragmentation. We also observed deleterious associations 

between Cu and Cd and semen quality as measured by lower sperm count and higher 

DNA fragmentation. This two-step procedure combining LASSO and multivariate 

regression is a promising approach to assess the health impact of multiple environmental 

chemicals and provides more nuanced insight into the association between metal(loid)s 

and semen quality than single-exposure models. 
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Negative associations observed for Cd in this study are consistent with 

associations reported in other studies. Cd has been shown to have negative correlation 

with semen quality when measured in serum (Oluyemi Akinloye et al. 2006; Telisman et 

al. 2000), seminal plasma (Benoff et al. 2009; Mendiola et al. 2010; Pant et al. 2003; Xu 

et al. 2003), and urine (Jeng et al. 2014); and has been associated with declines in sperm 

motility, concentration, count (Akinloye et al. 2006; Benoff et al. 2009; Mendiola et al. 

2011; Telisman et al. 2000), and normal morphological forms (Oluyemi Akinloye et al. 

2006; Telišman et al. 2007; Zeng et al. 2015). 

Both Cu and Cr (in the trivalent state, Cr3+) are categorized as trace essential 

metals and have a role in the metabolism of cholesterol, fat, and glucose (Barceloux 

1999; Tvrda et al. 2015). Cr3+ is nontoxic but can be converted to the toxic hexavalent 

state (Cr6+), which is a strong oxidizing agent and can induce (Stearns 2005). The animal 

literature on Cr effects on semen quality has largely documented spermatotoxic effects of 

Cr6+  (Ernst 1990; Ernst and Bonde 1992). Cu has been has been negatively correlated 

with semen quality when measured in seminal plasma (Li, P. et al. 2012) and urine (Jeng 

et al. 2014). 

To our knowledge, few human studies have examined the association between Sn 

and semen quality. Guzikowski et al. (2013) found a correlation between increased Sn 

concentrations in seminal plasma and reduced sperm count in the semen of men with 

limited fertility potential (r = 0.32). Wang et al. (2017) found a significantly positive 

association between seminal plasma concentrations of Sn and the percentage of necrotic 

sperm in men from subfertile couples.  



 

48 

The potential beneficial effects seen with Sn and Cr in this study are similar to 

other studies of semen quality and the essential trace metal Zn, which has been observed 

to have protective effects for semen quality or null associations (Jeng et al. 2014; 

Kasperczyk et al. 2008; Meeker, Rossano et al. 2008b; Telisman et al. 2000; Wang, Y. X. 

et al. 2017). Cr deficiencies in the diet produces decreased sperm counts and reduced 

fertility (Barceloux 1999); however, Cr deficiency is difficult for humans to develop 

(Vincent 2004), and supplementation of Cr is not generally advised.  

Sn has long been suspected as also having essential functions to humans (Frieden 

1985; Mertz 1974; Nielsen and Sandstead 1974; Nielsen 2000) and has several 

biochemical properties which contribute to biological function, such as contribution to 

the tertiary structure of proteins and involvement in oxidation-reduction reactions 

(Nielsen and Sandstead 1974). There is evidence that the presence of Sn decreases the 

level of Cu (Pekelharing et al. 1994), a male reproductive toxicant known to promote 

oxidative stress. Although the nutritional importance of Sn is uncertain, evidence 

indicates that there is some beneficial bioactivity in nutritional or supra-nutritional 

amounts. Dietary deficiency of Sn in animals has been reported to depress growth, alter 

the mineral composition of several organs, and cause hair loss (Nielsen 2000).  

It is unclear whether Sn could become recognized in a manner similar to other 

essential nutrients such as phytonutrients and omega-3 fatty acids (Nielsen 2012), and 

there is uncertainty surrounding the essentiality, function, and mode of action of Cr 

(Stearns 2000; Vincent 2004). The mechanism to explain the sperm-enhancing effects of 

Sn and Cr needs to be identified, as well as whether some effects reflect an essential 

function, and what are the dietary intakes that give optimal response.  
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Our work was not without limitations. Multiple comparisons could have increased 

the probability of detecting a significant finding. Because many hypotheses were tested 

for the single-metal(loid) models (i.e., one model for each combination of metals and 

semen endpoints), the chance of a rare event increased, and therefore, the likelihood of 

incorrectly rejecting a null hypothesis (i.e., making a Type I error) increased. To account 

for this, we applied a Bonferroni correction to the p-values associated with each 

individual test.  However, Bonferroni is the most conservative of corrections, and its 

application caused α to become very small, which reduces the power of each test and 

decreased the likelihood of making any true discoveries. 

Our analysis also relied on next-day semen analysis due to at-home data 

collection and our findings for motility should be interpreted with caution because they 

are not directly comparable to same-day clinical semen analysis. However, only the 

motility measure is affected by next-day analysis, and several other studies have assessed 

semen quality using remote semen collection methods (Agarwal, A. et al. 2014; Royster 

et al. 2000).  

Our findings need cautious interpretation in light of the large body of evidence 

indicating negative or null associations with semen quality. Aside from Cd and Cu, we 

observed no detrimental associations between metal(loids) and semen quality, while 

many other studies have found that higher concentrations of metal(loid) exposure have 

harmful effects on semen quality (Akinloye et al. 2006; Benoff et al. 2009; Eibensteiner 

et al. 2005; Hernández-Ochoa et al. 2005; Kasperczyk et al. 2008; Meeker, Rossano et al. 

2008b; Mendiola et al. 2011; Pant et al. 2015; Telisman et al. 2000; Wang, Y. X. et al. 

2017; Zeng et al. 2015). Our findings for As and Pb are comparable to a few other studies 
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that found no association between sperm parameters As (Meeker, Rossano et al. 2008b; 

Zeng et al. 2015) and Pb (Hovatta et al. 1998; Jeng et al. 2014; Lenters et al. 2015; 

Meeker, Rossano et al. 2008b; Xu et al. 2003; Zeng et al. 2015).  

To identify single exposures within a mixture that are most predictive of an semen 

quality endpoint, a LASSO regression approach was used for simultaneous variable 

selection and effects shrinkage (Cohen 2006; Tibshirani 1996). This approach accounts 

for uncertainty related to variable selection by shrinking some coefficients toward zero. 

One potential pitfall of the LASSO approach is that only one single model is selected, 

which is not guaranteed to be the “best”. There may be models that are more intuitive and 

provide nearly as good or even better data, but which the LASSO method does not end up 

identifying (Cohen 2006). Covariates cannot be forced into LASSO regression models, 

and only the LASSO-selected covariates were included in final multi-metal(loid) models. 

The LASSO is among many approaches developed to answer specific types of 

research questions related to chemical mixtures (Braun et al. 2016; Taylor et al. 2016). It 

is worth noting that this work specifically aimed to pinpoint the health endpoints 

associated with individual chemicals within a mixture. Future work should be aimed at 

determining the interactions between metal(loid)s within a mixture and identifying sperm 

effects from cumulative metal(loid) exposure (Braun et al. 2016). 

A major distinction between our findings and previous papers is the use of a 

population-based sample, as earlier work has largely relied upon occupational, clinical or 

uniquely exposed populations. Few have assessed all the metal(loid)s considered in this 

work or a more complete assessment of semen quality (i.e., DNA). The majority (88%) of 

men in this study were categorized as having semen quality within clinical norms 
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(Cooper et al. 2010; World Health Organization 2010), perhaps reflecting its nonclinical 

sampling framework. It remains possible that if metal(loid) exposure impairs semen 

quality, prompting men to seek care, then clinical sampling may result in men with higher 

exposures relative to men from the general population. However, the metal(loid)s 

concentrations of the LIFE study population are comparable to those of male participants 

in NHANES, which is representative of the U.S. general population (CDC 2018). 

We observed mixed associations between metal(loid)s at environmentally relevant 

concentrations and semen quality. Whether Sn or Cr has positive implications for male 

fecundity as measured by semen quality is an intriguing question and one awaiting 

corroboration. Given the dearth of data on this topic relative to concerns about declining 

semen quality, purposeful research will help answer lingering data gaps. 

3.5 Study Conclusions  

We found suggestive evidence supporting protective associations between 

specific metal(loids) and semen quality endpoints in a population-based cohort of men 

residing in diverse geographic settings.   



 

52 

Chapter 4. Dissertation Conclusions 

 

 

Metal(loid)s are ubiquitous in trace amounts in the human environment. Although 

some reproductive health effects are known for some metal(loid)s, little is known about 

the health impact of metal(loid)s on human weight gain/loss nor about the influence of 

metal(loid) mixtures. This dissertation describes the endocrine function of sperm and 

adipose tissue, presents background evidence supporting the endocrine disrupting 

potential of metal(loid)s, and examines the association between metal(loid)s and semen 

quality and adiposity. These analyses add important new information to the growing body 

of research surrounding the endocrine disrupting potential of metal(loid)s.   

This dissertation involved two separate investigations.  First, environmental 

exposure to metals and their association with BMI, WC, and SAD was examined among 

a sample of adolescents and adults. The following conclusions can be drawn from this 

specific study: 

a) Sn, the metallic component of a known obesogen, and Cd show strong 

association with measures of adiposity in a population of children and 

adolescents.  

b) Pb was not associated with measures of adiposity in this population. 

c) Observed associations between urinary metal concentrations and obesity 

are affected by the measure used to adjust for urinary dilution.                           

These findings are important because there has previously been little epidemiologic 

evidence to support Sn compounds as obesogenic. This work helps to fill this data gap 

with findings representative of the entire U.S. population.  
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In the second investigation, this dissertation described the distribution of 

metal(loid)s in a more targeted population, U.S. male partners of couples attempting to 

conceive, and conducted a cross-sectional analysis of metal(loid) concentrations and their 

associations with sperm parameters and SCSA measures. Methods were used specifically 

to assess the impact of individual exposures within a mixture of metal(loid)s on semen 

quality in the targeted population. This methodological approach was demonstrated using 

LASSO regression to select metal(loid)s predicted to be the most strongly correlated with 

each semen quality endpoint. 

Based on the results the following conclusions can be made: 

a) When examined within a mixture of metal(loid) concentrations, Cu and Cd are 

associated with poorer semen quality and Sn and Cr are associated with 

improved semen quality. 

b) It is unclear how increased exposure to Sn and Cr might be protective for 

semen quality.  

c) Associations between metals and semen quality differ across multiple-

metal(loid) analysis and single-metal(loid) analyses.  

d) More techniques to investigate the effects from chemical mixtures are needed 

consistent with the nature in which humans are exposed and to help shed light 

on the opposing directions seen across semen endpoints.  

With the high prevalence of obesity in the U.S. and declining fecundity worldwide, this 

project adds to the scientific literature implicating environmental chemicals’ role in their 

etiology. Evidence is provided supporting the endocrine function of both adipose and 

gonadal tissues, as well as evidence of endocrine disrupting potential for some 
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metal(loid)s. Overall the results from this dissertation research project demonstrate that 

environmental metal(loid)s impact semen quality and adiposity and supports prior 

assertions that metal(loid)s can act as EDCs. Because some metal(loid)s can be either or 

both a nutrient or a toxicant and can act both synergistically and antagonistically when 

mixed with other metal(loid)s, novel approaches were employed to identify the 

metal(loid)(s) driving the associations with semen quality. This is important because 

contaminants in the natural environment never occur singly and humans are continuously 

exposed to multiple chemical insults. 

 We observed mixed metals associations both within and across the two studies in 

this dissertation, particularly for Sn, which was found to be associated with increased 

adiposity and improved semen quality in different study populations. While our findings 

are to be interpreted with caution given the stated limitations of each study, biologically 

these findings are not necessarily incompatible because different tissues (e.g., adipose) 

and cell types (e.g. spermatozoa) are affected differently by the same chemicals, which 

underscores the need for continued advances in biological and quantitative methods for 

better assessing mixture toxicities. 

This original research is timely and contributes novel findings to the existing 

scientific literature. These findings may also inform and support public health policy 

decisions on toxic metals, thus potentially leading to a reduction of toxic metal(loid) 

exposures in the environment.  
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Appendix: Tables 

Table 1.1. Effects of Metals on Human Male Reproduction  

Metals Effects References 

Mercury Reduction in sperm motility and sperm 

count 
Chowdhury et al. 1989 

Arsenic Inhibition of spermatogenesis Sarkar et al. 2003; Jana et al. 

2006 

Lead Morphological and functional alterations 

of sperm 

Sokol and Berman 1991; 

Kempinas et al. 1994; Wadi 

and Ahmad 1999; Gennart et 

al. 1999; Bonde et al. 2002;  

Manganese Stimulation of spermatogenesis 
Lee et al. 2006 

Zinc Stimulation of spermatogenesis Fuse et al. 1999; Chia et al. 

2000 

Note: Table adapted from review by Iavicoli et al. 2009. Table 1.2 expands the body of 

epidemiologic literature in this table.  
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Table 1.2. Literature abstract table:  Associations between metal(loid)s and semen quality 

in humans (Paper #2) by clinical, occupational, and general population  

First 

Author 

(Year), 

Country 

of Study Study Population Exposure(s) Outcome(s) of Interest Findings 

Clinical populations 

Akinloye 
(2006), 

Nigeria 

60 infertile males (40 
oligozoospermics and 

20 azoospermics) and 

40 
normozoospermics 

matched on age 

Cadmium in blood 
serum and seminal 

plasma 

% motile, volume of 
ejaculate, sperm count, % 

normal morphology, and 

viability 

Serum cadmium showed negative 
correlation with all semen 

parameters except for volume. 

Seminal plasma Cd level had no 
significant correlation with any of 

the parameters.  

Benoff* 

(2009), 

US 

91 infertility patients, 

12 artificial 

insemination donors, 

22 general population 

Seminal plasma and 

blood plasma 

cadmium levels  

Sperm concentration, % 

normal morphology, % 

motile sperm  

Results showed an inverse 

correlation of seminal plasma 

cadmium levels with semen 

parameters, but only in men that are 
already 

adversely compromised (i.e. the 

infertility patients). 

Jurasovic 
(2004), 

Croatia 

123 male subjects, 
19–48 years of age 

randomly selected an 

andrology clinic 

Blood cadmium, 
blood lead, serum 

copper, serum zinc, 

serum selenium 

Sperm concentration, 
motility, viability, and 

morphology 

No significant correlation between 
BCd and parameters of semen 

quality. Serum Cu was correlated 

with normal sperm and inversely 
correlated with pathologic, too short, 

and amorph sperm.  Blood lead as 

inversely correlated with normal 
sperm, and positively correlated with 

too wide and slow sperm. Serum 

copper and selenium also seem to be 

protective for several sperm 

parameters.  

Kasperczy
k (2015), 

Poland 

88 healthy patients Sum of seminal 
plasma calcium, 

magnesium, zinc, 

copper, iron, and 
selenium 

Seminal volume, sperm cell 
density, total sperm cell 

count, motility, and 

supravital eosin staining (for 
the percentage of live 

spermatozoa) 

The HIGH metals group had lower 
motility than the LOW metals group. 

Keck 
(1995), 

Germany 

12 fertile men, 44 
normozoospermic 

infertility patients, 

118 barren infertility 
patients 

Cadmium in seminal 
plasma 

Volume, pH, motility, 
concentration, morphology 

(normal, amorphous, 

midpiece defect, tail defect) 

Results did not show significant 
correlation between cadmium in 

seminal plasma and semen 

parameters 

Lenters 

(2015), 

Greenlan
d, Poland, 

and 

Ukrain 

602 male partners of 

pregnant women 

recruited from 
antenatal clinics and 

hospitals 

Blood cadmium and 

lead (whole blood) 

Semen volume, sperm 

concentration, total sperm 

count, morphology (% 
normal), progressive 

motility, sperm chromatin 

integrity (SCSA DNA 
fragmentation index, High 

DNA stainability, TUNEL 

DNA fragmentation index)  

No significant associations were 

reported for metals and semen 

quality parameters. 
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First 

Author 

(Year), 

Country 

of Study Study Population Exposure(s) Outcome(s) of Interest Findings 

Li (2012), 

China 

100 men from 

reproductive medical 
center, aged 23-39 

Seminal plasma lead, 

manganese, copper, 
arsenic, and selenium 

Sperm concentration, sperm 

motility rate, and sperm 
morphology 

Significant inverse correlations were 

found between the concentrations of 
Cu, As, Pb, and the sperm 

concentrations. Cu, Mn, and Se 

concentrations were significantly 
higher in the abnormal group than 

that in the 

normal group. 

Meeker 

(2008), 

US 

219 men aged 18-55 

years old from 

infertility clinics 

Blood arsenic, 

cadmium, chromium, 

copper, lead, 
manganese, 

molybdenum, 

selenium, thallium, 
and zinc measured in 

whole blood 

Semen volume, sperm 

concentration, sperm count, 

% motile, and sperm 
morphology 

Higher Pb was associated with 

below-reference motility. Cd was 

inversely associated with semen 
volume. Cu was associated with 

significant decreasing trends for both 

semen volume and normal sperm 
morphology. Zn was associated with 

a suggestive decline in semen 

volume. No significant associations 
for arsenic or thallium. 

Mendiola 

(2011), 
Spain 

30 oligo-astheno-

teratozoospermic 
cases and 31 

normospermermic 

controls 

Lead, cadmium, and 

mercury in whole 
blood, blood plasma, 

and seminal plasma. 

Semen volume, sperm 

concentration, motility, 
morphology (strict % 

normal) 

Significant positive correlation 

between the percentage of immotile 
sperms and seminal plasma levels of 

Pb and Cd. No sig associations were 

found between any heavy metal 
concentration and sperm 

concentration or morphology 

Pant 
(2003), 

India 

50 infertile men, 51 
men of proven 

fertility 

Seminal plasma lead 
and cadmium 

Semen liquefaction time, 
pH, odor, viscosity, 

epithelial cell presence, 

motility, morphology, and 
concentration 

An increase in Pb and Cd levels was 
observed in infertile men and there 

was a significant negative correlation 

of Cd and lead semen concentration 
with sperm motility and sperm 

concentration in 

oligoasthenospermic men. 
Pant 

(2014), 

India 

119 attending 

andrology clinic (46 

fertile and 73 
infertile) 

Seminal plasma lead 

and cadmium 

Liquefaction time, pH, odor, 

viscosity, volume, presence 

of pus or epithelial cells, 
sperm agglutination, sperm 

motility, sperm 

concentration and sperm 
morphology 

A negative association between 

seminal lead and cadmium 

concentration and sperm 
concentration, sperm motility and 

percent abnormal spermatozoa was 

reported. 

Slivkova 

(2009), 

Poland 

47 men presenting 

for semen analysis at 

an infertility clinic 

Seminal lead, 

cadmium, iron, 

nickel, copper and 
zinc 

Sperm with pathological 

changes: knob-twisted 

flagellum, separated 
flagellum, flagellum torso, 

broken flagellum, retention 

of cytoplasmic drop, 
acrosomal changes, large 

heads, small heads, 

flagellum ball, and other 
pathological spermatozoa 

(teratoid spermatozoa; spiral 

twisted flagellum; 

deformation of 

mitochondrial segment, etc.) 

Results show cadmium has moderate 

positive correlation with large sperm 

head, and lead has moderate negative 
correlation with flagellum ball. 
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First 

Author 

(Year), 

Country 

of Study Study Population Exposure(s) Outcome(s) of Interest Findings 

Telisman 

(2007), 
Croatia 

240 Croatian males 

from andrology unit, 
not occupationally 

exposed 

Blood lead, blood 

cadmium, serum 
copper, serum zinc, 

and serum selenium.  

Semen volume, pH and 

liquefaction time, 
percentages of leucocytes, 

erythrocytes, and immature 

sperm cells, sperm 
concentration, sperm count, 

motility, viability, and 

morphology, slow sperm, 
pathologic sperm, wide 

sperm, short sperm, round 

sperm, amorph sperm 

Positive association between Pb and 

% pathologic sperm, wide sperm and 
round sperm, and immature sperm 

conc. Increasing Cd was associated 

with increasing % amorph sperm. 
Inverse association between Cu and 

% thin sperm. Positive association 

between Zn and sperm conc. and 
sperm count. Inverse associations 

between Se and slow sperm and 

amorph sperm. 

Wang 

(2017) 

China 

1052 male partners of 

subfertile couples 

Seminal plasma 

aluminum, arsenic, 

cadmium, cobalt, 

chromium, copper, 

iron, mercury, iodine, 
lithium, manganese, 

molybdenum, nickel, 

lead, selenium, tin, 
zinc, antimony, 

tungsten, uranium 

Progressive motility, total 

motility, total count, 

concentration, morphology, 

and apoptotic markers 

Results indicate negative 

associations between increased As, 

Cd, Cu, Se and Sn and poorer semen 

quality, whereas Zn may be 

beneficial to sperm concentration. 
Also observed was a significantly 

positive association of seminal 

plasma uranium with percentage of 
necrotic spermatozoa. There were 

significantly inverse dose-dependent 

relationships between As and Cd 
levels and progressive motility. and 

positive  

Wang(201
6) China 

1052 male partners of 
subfertile couples 

Urinary aluminum, 
arsenic, antimony, 

chromium, 

cobalt, copper, 
cadmium, iron, lead, 

manganese, 

molybdenum, nickel, 
selenium, tin, 

tungsten, thallium, 
uranium and zinc 

Serum hormone levels, 
spermatozoa apoptosis 

measures and sperm DNA 

damage parameters 

There were no significant 
associations between urinary metals 

and sperm DNA integrity 

parameters. Men in the highest 
quartiles of tin, nickel, zinc and 

molybdenum had on average 25%, 

20%, 18%, and 22% lower total 
T/LH ratios compared with the 

lowest quartiles of these metals. 

Zeng 

(2015), 
China 

2540 men seeking 

semen analysis 

Urinary arsenic, 

cadmium, cobalt, 
chromium, copper, 

Iron, mercury, 

manganese, 
molybdenum, nickel, 

lead, selenium, zinc 

Semen volume, sperm 

concentration, % motile, 
sperm count, morphology 

(% normal and % abnormal 

head) 

For Cd quartiles, decreased ORs of 

below-reference sperm count and 
morphology (protective).  No 

suggestive associations between As, 

Cu, Fe, Mn, Mo, Pb, or Zn 

Occupational population 

Alexander 
(1996), 

Canada 

119 male smelters  Blood lead Sperm concentration, strict 
morphology, total sperm 

count, percentage 

motility, and percentage 
rapid and linear motility (the 

velocity of the average path 

(jm/s), straight line  
velocity(gu/s), curvilinear 

velocity (pm/s),  the 

amplitude of lateral head 
deflection (pm),  and 

percentage linearity (straight 

line velocity/curvilinear 
velocity) 

The inverse associations were found 
between current blood lead 

concentration and total sperm count 

and sperm concentration, effect more 
pronounced with Pb concentrations > 

40ug/dL. There is an association 

between long-term lead exposure 
and a decrease in sperm number that 

is apparently independent of current 

lead burden. 
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First 

Author 

(Year), 

Country 

of Study Study Population Exposure(s) Outcome(s) of Interest Findings 

Eibenstein

er (2005), 
Peru 

43 traffic police 

officers 

Blood lead Liquefaction time, viability, 

volume, total # of sperm, 
motility, morphology, and 

concentration 

Blood lead was inversely related 

with non-viability and motility. 

Kasperczy

k (2008), 
Poland 

49 polish metal 

workers 

Lead, zinc, cadmium 

in blood and seminal 
plasma 

Seminal volume, sperm cells 

density, total sperm cells 
count, motility, supravital 

staining, morphology 

Pb was inversely correlated with 

motility. No significant correlations 
between Zn, Cd, and semen 

parameters. 

McDiarmi

d (2001) 
US 

50 male Gulf War 

veterans exposed to 
depleted uranium 

Urinary uranium Semen volume, sperm 

concentration and total 
count, and functional 

parameters 

of sperm motility, 

chromosomal aberrations 

and sister chromatid 

exchanges 

The HIGH exposed uranium (U) 

group had significantly higher mean 
total sperm counts, progressive 

sperm and rapid progressive sperm 

LOW uranium group. The HIGH U 

group also had significantly higher 

mean sister chromatid exchanges 

than the LOW U group. 
McDiarmi

d (2007), 

US 

74 male Gulf War 

veterans exposed to 

depleted uranium 
(additional 24 men 

added since 2001 

study) 

Urinary uranium SCSA DFI and HDS, semen 

volume, sperm 

concentration and total 
count, and functional 

parameters 

of sperm motility, 
chromosomal aberrations 

and sister chromatid 

exchanges 

No statistically significant 

differences between urine U groups 

were noted in the World Health 
Organization criteria semen 

characteristics. Slightly higher mean 

DFI values were observed in the 
HIGH U groups. The HDS 

parameter, however, was lower in 

each of the HIGH U groups 
compared to their respective LOW U 

group means. 

Telisman 
(2000), 

Croatia 

149 healthy male 
workers. 51 

occupationally 

exposed to Pb, and 
98 slightly to 

moderately exposed 

to Pb.  

Blood lead, blood 
cadmium, serum 

copper, serum zinc 

Semen volume, density, 
count, motility, progressive 

motility, viability, 

pathologic, head/pathologic 
sperm 

Pb a predictor for everything.  Cd 
was negatively associated with 

sperm motility and positively 

associated with morphology and 
pathologic sperm. Cu was associated 

with a decrease in sperm motility 

and viability. 
Hovetta 

(1998), 

Finland 

27 polyolefin factory 

workers and 45 

sperm donors 

Aluminum, lead, 

cadmium in 

spermatozoa and 
seminal plasma 

Concentration, motility, 

normal morphology 

The concentrations of Cd and Pb 

were not correlated with any 

parameter of the semen analysis.  

General Population 

Benoff* 
(2009), 

US 

91 infertility patients, 
12 artificial 

insemination donors, 

22 general population 

Seminal plasma and 
blood plasma 

cadmium levels  

Sperm concentration, % 
normal morphology, % 

motile sperm  

Results showed an inverse 
correlation of seminal plasma 

cadmium levels with semen 

parameters, but only in men that are 
already 

adversely compromised (i.e. the 

infertility patients). 
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First 

Author 

(Year), 

Country 

of Study Study Population Exposure(s) Outcome(s) of Interest Findings 

Hernande

z-Ochoa 
(2005), 

Mexico 

68 fathers of 

elementary school 
children 

Lead in blood, 

seminal fluid, and 
sperm 

Motility, morphology, 

viability and viscosity  

PbSF was associated with low semen 

volume and increased sperm 
chromatin condensation, and PbSpz 

with decreases in sperm 

concentration, motility, morphology, 
and viability. These results suggest 

that Pb may affect sperm chromatin 

by altering sperm Zn availability. 
PbB was not associated with semen 

quality or NCD, suggesting that Pb 

in semen compartments assesses 
better the amount of Pb in the 

reproductive tract; therefore, these 

are better biomarkers to evaluate 
toxicity at low Pb-exposure levels.  

Jeng 

(2014), 
Taiwan 

281 men aged 20-65 

attending hospital for 
regular checkup. No 

history of infertility 

treatment or 
metabolic disease 

Urinary and seminal 

plasma arsenic, 
cadmium, copper, 

lead, selenium, zinc 

Sperm concentration, % 

motile, total motility, 
viability, sperm count, 

morphology (% normal) 

Cd was negatively associated with 

sperm concentration (marginally). 
SpCu and UAs concentrations of the 

normal group were significantly 

lower than those of the abnormal 
group. No other relationships were 

observed between As, Pb, Zn, and Se 

and semen quality. 
Li (2016), 

China 

587 men Serum cadmium Semen volume and 

viscosity, sperm density, 

liquefaction time, 
percentage of motile 

spermatozoa (fast 

progressive sperm, slow 
progressive sperm, non-

progressive sperm, and 

immotile sperm), and the 
percentage of normal sperm 

forms 

Inverse associations were observed 

between Cd and semen volume, 

progressive motility, and sperm 
morphology 

Unspecified Population 

Li (2008), 

China 

1179 men from 6 

cities  

Serum zinc and 

copper 

Progressive motility, normal 

morphology, and sperm 
viability 

Neither higher nor lower copper 

concentration had an influence on 
human sperm quality, but the ratio of 

Cu/Zn was higher in the group with 

abnormal progressive motility than 
that of the healthy group. 

Skalnaya 

(2015), 
Russia 

148 men Seminal aluminum, 

arsenic, beryllium, 
bismuth cadmium, 

cobalt, chromium, 

copper, Iron, 
mercury, iodine, 

lithium, manganese, 

molybdenum, nickel, 
lead, selenium, tin, 

vanadium, zinc 

Semen volume, sperm count 

and concentration, vitality, 
motility 

Seminal copper, molybdenum, lead, 

nickel and manganese concentrations 
are negatively interrelated with 

sperm quality. Study also suggests 

tin concentrations are negatively 
correlated with motility, but 

presented data do not support this 

finding. 

Xu 
(2003), 

China 

56 men age 26-45 not 
occupationally 

exposed 

Seminal plasma lead, 
cadmium, and 

selenium 

Semen volume, density, 
sperm # per ejaculum, 

viability, motility, 

morphology, oxidative DNA 
damage 

Inverse correlation between Cd and 
sperm density and sperm number per 

ejaculum. Positive correlation 

between Se, sperm density, sperm 
number, motility and vitality. No 

association between Lead and semen 

quality. 

*Benoff et al. 2009 examined men from clinical and general population.  
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Table 2.1. Mean body mass index, waist circumference and average sagittal abdominal diameter by sociodemographic characteristics 

among U.S. participants aged 12-59 years, NHANES 2011-2016. 

 

Body Mass Index (BMI) 

n = 4462 

Waist Circumference (WC) 

n = 4338 

Average Sagittal Abdominal 

Diameter (SAD) 

n = 4237 

 n (%) Mean ± SEa p-value b n (%) Mean ± SEa p-value b n (%) Mean ± SEa p-valueb 

Gender          

Male 2176 (48.8) 27.9 ± 0.22 0.002 2128 (49.1) 97.3 ± 0.62 <0.001 2117 (49.9) 22.2 ± 0.16 <0.001 

Female 2286 (51.2) 28.6 ± 0.27  2210 (50.9) 94.4 ± 0.63  2120 (50.0) 21.2 ± 0.16  

PIR          

Lowest (0-1) 1024 (22.9) 28.4 ± 0.33 0.034 986 (22.7) 95.2 ± 0.97 0.321 959 (22.6) 21.6 ± 0.26 0.155 

Middle (1-3) 1997 (44.8) 28.6 ± 0.23  

 

1940 (44.7) 96.3 ± 0.59  1898 (44.8) 21.8 ± 0.14  

Highest (>3) 1441 (32.3) 28.0 ± 0.31  1412 (32.5) 95.6 ± 0.77  1380 (32.6) 21.5 ± 0.19  

Race/Ethnicity          

NH white 1479 (33.1) 28.0 ± 0.25 <0.001 1441 (33.2) 96.2 ± 0.68 <0.001 1413 (33.3) 21.6 ± 0.19 <0.001 

NH black 1014 (22.7) 30.3 ± 0.31  977 (22.5) 97.6 ± 0.75 

96  

 953 (22.5) 22.9 ± 0.18  

Hispanic 1186 (26.6) 29.0 ± 0.27  1165 (26.9) 96.3 ± 0.65  1132 (26.7) 21.8 ± 0.15  

Other 

race/ethnicity 
783 (17.5) 26.0 ± 0.30  755 (17.4) 86.8 ± 0.69  739 (17.4) 20.1 ± 0.19  

Age (years)          

12-15 569 (12.8) 23.2 ± 0.27 <0.001 556 (12.8) 80.3 ± 0.73  <0.001 555 (13.1) 

4 

17.8 ± 0.18 <0.001 

16-19 500 (11.2) 25.3 ± 0.55  492 (11.3) 85.3 ± 1.30  487 (11.5) 19.0 ± 0.29  

20-29 848 (19.0) 27.3 ± 0.32  820 (18.9) 92.4 ± 0.84  779 (18.4) 20.6 ± 0.21  

30-39 906 (20.3) 29.3 ± 0.36  872 (20.1) 98.5 ± 0.84  840 (19.8) 22.1 ± 0.23  

40-49 814 (18.2) 29.5 ± 0.37  795 (18.3) 99.8 ± 0.83  785 (18.5) 22.8 ± 0.22  

50-59 825 (18.5) 30.0 ± 0.36  803 (18.5) 102.2 ± 0.83  791 (18.7) 23.6 ± 0.26  

Physical activity 

(MET categories) 
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Inactive 1089 (24.4) 30.5 ± 0.38 <0.001 1034 (23.8) 101.5 ± 0.91 <0.001 992 (23.4) 23.2 ± 0.26 <0.001 
Moderately 

active 
1410 (31.6) 27.2 ± 0.27  1367 (31.5) 93.1 ± 0.73  1340 (31.6) 21.0 ± 0.19  

Highly active 1963 (44.0) 27.9 ± 0.20  1937 (44.7) 94.8 ± 0.51  1905 (45.0) 21.3 ± 0.12 

 

 

NOTE: PIR, poverty to income ratio; NH, Non-Hispanic; MET, metabolic equivalents; SE, standard error 

a - Mean and standard error (SE) values are weighted to be nationally representative of the U.S. population; b - Weighted ANOVA;  
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Table 2.2. Mean Urinary Tin, Cadmium, and Lead (g/mL) by sociodemographic 

characteristics among U.S. participants aged 12-59 years (n=4462), NHANES 2011-2016 

 
Tin Cadmium Lead 

 Mean ± SEa 
p-

valueb 
Mean ± SEa 

p-

valueb 
Mean ± SEa p-valueb 

Gender       

Male 1.00 ± 0.08 0.444 0.21± 0.01 <0.001 0.51 ± 0.03 <0.001 

Female 1.08 ± 0.07  0.26 ± 0.02  0.40 ± 0.03  

PIRc       

<1 1.27 ± 0.14 0.001 0.26 ± 0.02 0.0188 0.54 ± 0.05 <0.001 

1-3 1.16 ± 0.10  0.25 ± 0.01  0.48 ± 0.03  

>3 0.85 ± 0.07  0.22 ± 0.01  0.40 ± 0.02  

Race/Ethnicity       

NH Whited 0.93 ± 0.07 <0.001 0.23 ± 0.01 <0.001 0.44 ± 0.03 0.1659 

   NH Blackd 1.83 ± 0.20  0.33 ± 0.02  0.49 ± 0.02  

   Hispanic 0.94 ± 0.08  0.20 ± 0.01  0.50 ± 0.04  

   Other 

race/ethnicity 
0.89 ± 0.11  0.27 ± 0.01  0.41 ± 0.02  

Age ± years       

12-15 1.08 ± 0.09 0.1647 

 

0.08 ± 0.004 <0.001 0.30 ± 0.02 <0.001 

16-19 0.95 ± 0.08  0.10 ± 0.01  0.29 ± 0.02  

20-29 1.00 ± 0.13  0.14 ± 0.01  0.45 ± 0.05  

30-39 0.85 ± 0.07  0.21 ± 0.01  0.39 ± 0.02  

40-49 1.26 ± 0.16  0.32 ± 0.02  0.56 ± 0.05  

50-59 1.07 ± 0.09  0.39 ± 0.03  0.52 ± 0.02  

Physical 

activity (MET 

categories)e 

      

Inactive 1.29 ± 0.15 0.016 0.30 ± 0.02 <0.001 0.44 ± 0.02 0.7869 

Moderatel

y Active 

0.97 ± 0.09  0.24 ± 0.02  0.45 ± 0.03  

Highly 

Active 

0.97 ± 0.07  0.21 ± 0.01  0.46 ± 0.03  

       

NOTE: PIR, poverty to income ratio; NH, Non-Hispanic; MET, metabolic equivalents; SE, 

standard error 

a-Mean and standard error (SE) values are weighted to be nationally representative of the U.S. 

population; b- Weighted ANOVA;  
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Table 2.3. Distribution of Urinary Sn, Cd, Pb concentrations among U.S. participants 

aged 12-59 years, NHANES 2011-2016 (n=4462) 

 
GM (CI) 

%  

< LODa 

Percentile 

5th 25th 50th 75th 95th 

Metals 

(ug/L ) 

 
      

Cd 0.24 (0.22, 0.25) 16.5 <LOD 0.06 0.13 0.27 0.79 

Pb 0.45 (0.41, 0.48) 3.2 0.06 0.15 0.29 0.51 1.21 

Sn 1.04 (0.94, 1.15) 14.0 <LOD 0.18 0.38 0.84 3.41 

        

a -  < LOD means less than the limit of detection, which may vary for some chemicals by 

year and by individual sample;  
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Table 2.4. Adjusted Linear Regression of Continuous Average SAD, WC, and BMI and 

Urinary Sn, Cd, and Pb Concentrations (g/mL) among a U.S. population aged 12-59 

years, NHANES 2011-2016 

 

Sagittal Abdominal 

Diameter  
Waist Circumference 

Body Mass Index 

 n = 4,237 n = 4,338 n = 4,462 

 β 95% CI β 95% CI β 95% CI 

Sn       

Quartile 1a 0  0  0  

Quartile 2 0.55* 0.01, 1.11 1.77* 0.02, 3.53 0.74* 0.04, 1.44 

Quartile 3 0.45 -0.03, 0.94 1.67 -0.01, 3.35  0.81* 0.17, 1.45 

Quartile 4 1.11** 0.60, 1.64 3.63** 1.92, 5.36 1.60** 0.80, 2.40 

       

Cd       

Quartile 1a 0  0  0  

Quartile 2 0.50* 0.04, 0.95 1.84* 0.05, 3.63 0.83* 0.07, 1.60 

Quartile 3 0.87* 0.28, 1.47 3.59* 1.58, 5.59 1.46* 0.63, 2.29 

Quartile 4 0.52 -0.07, 1.12 2.12 -0.04, 4.27 0.68 -0.23, 1.58 

       

Pb        

Quartile 1a 0  0  0  

Quartile 2 0.14 -0.33, 0.60 0.96 -0.77, 2.68 0.51 -0.20, 1.21 

Quartile 3 0.02 -0.45, 0.49 0.43 -1.29, 2.15 0.08 -0.65, 0.80 

Quartile 4 -0.45 -1.00, 0.08 -1.47 -3.26, 0.32 -0.79 -1.58, 0.002 

       

NOTE:  All models were adjusted for age (years, continuous), sex (categorical), 

race/ethnicity (categorical), PIR (continuous), physical activity (inactive, moderately 

active, highly active), and urine flow rate (continuous).  

a – referent  

*p < 0.05 when compared with referent; ** p < 0.001 when compared with referent 
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Table 2.5. Adjusted Logistic Regression of Dichotomous Average SAD, WC, and BMI 

and Urinary Sn, Cd, and Pb Concentrations (g/mL) and among a U.S. population aged 

12-59 years, NHANES 2011-2016 

 

Sagittal Abdominal  

Diametera  
Waist Circumferencea 

Body Mass Indexb 

 n=4,237 n =  4,338 N = 4,462 

 OR 95% CI OR 95% CI OR 95% CI 

Sn       

Quartile 1c 1  1  1  

Quartile 2 
1.48* 1.12, 2.00 1.30* 1.00, 1.69 1.23 0.98, 1.55 

Quartile 3 
1.54* 1.15, 2.06 1.23 0.95, 1.60 1.26* 1.02, 1.55 

Quartile 4 
1.90** 1.43, 2.52 1.57* 1.20, 2.05 1.57** 1.25, 1.97 

       

Cd       

Quartile 1c 1  1  1  

Quartile 2 
0.94 0.73, 1.21 1.32 0.97, 1.79 1.12 0.88, 1.43 

Quartile 3 
1.08 0.79, 1.49 1.60* 1.13, 2.24 1.32* 1.01, 1.72 

Quartile 4 
1.21 0.88, 1.67 1.45* 1.04, 2.02 1.09 0.81, 1.47 

       

Pb        

Quartile 1c 1  1  1  

Quartile 2 1.05 0.82, 1.28 1.20 0.93, 1.53 1.11 0.89, 1.39 

Quartile 3 1.18 0.95, 1.47 1.17 0.89, 1.55 1.05 0.84, 1.31 

Quartile 4 1.00   0.77, 1.28 0.97 0.75, 1.24 0.87 0.66, 1.15 

       

NOTE:  All models were adjusted for age (years, continuous), sex (categorical), 

race/ethnicity (categorical), PIR (continuous), physical activity (inactive, moderately 

active, highly active), and urine flow rate (continuous).   

a – Normal compared to High Risk; b – Normal weight/Underweight compared to 

Obese/Overweight; c – referent; 

*p < 0.05 when compared with referent; ** p < 0.001 when compared with referent 
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Table 3.1. Demographic characteristics of study cohort 

 Referent Cohort 

(n=501) 

Study Cohort 

(n=413) 

Characteristics n % n % 

Age category (years)     

19 - 29  176 35.1 142  34.4 

30 – 34  186 37.1 158  38.3 

35 - 51  139 27.7 113 27.3 

     

College graduate or higher     

No 190 37.9 153 37.0 

Yes 311 62.1 260 63.0 

     

Household income (USD)     

<30 000 22 4.4 19 4.6 

30 000 - 49 999 56 11.2 44 10.7 

50 000 - 69 999 90 18.0 71 17.2 

≥ 70 000 333 66.5 279 67.6 

     

Alcohol (past month)a     

No 73 14.6 58 14.0 

Yes     

<Weekly 151 30.1 130 31.5 

Weekly 108 21.6 89 21.6 

> Weekly 169 33.7 136 32.9 

     

Ever smoker (>100 

cigarettes/lifetime) 

    

No 311 62.1 258 62.5 

Yes 187 37.3 153 37.0 

     

Ever fathered a pregnancy     

No 215 42.9 181 43.8 

Yes 285 58.9 232 56.2 

     

Characteristics, cont. Mean SD Mean SD 

     

Age, years 31.8 4.9 31.8 4.8 

BMI, kg m2 29.8 5.5 29.9 5.7 

Serum cotinine, ng/mL (n= 

466) 

54.9 136.1 54.5 135.7 

Abstinence time, # days 

(n=460) 

4.0 4.4 4.0 4.7 

NOTE:  None of the above differences between referent and study cohort achieved 

significance (p <0.05). a In the year prior to enrollment   
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Table 3.2. Distribution of Urinary Metal(loid)s, (n=413) 
 

Median (IQR) 

% > LODa 

Unajusted 

Metal(loid)s (ug/L) 

Creatinine-Adjusted 

Metal(loid)s (ug/g) a 

Metal(loid)s -

Known 

Essentiality 

   

Cr 0.62 (0.66) 0.51 (0.4) 69.0 

Co 0.29 (0.28) 0.21 (0.14) 99.3 

Cu 10 (8.78) 8.05 (3.74) 98.8 

Mn 0.1 (0.14) 0.07 (0.11) 18.2 

Mo 46.65 (59.88) 38.36 (32.26) 100 

Ni 4.6 (5.77) 3.56 (4.25) 15.3 

Se 38.84 (46.53) 29 (19.34) 89.6 

Zn 240.5 (346.7) 218.26 (191.89) 100 

    

Metal(loid)s – 

Unknown 

Essentiality 

   

Sb 0.06 (0.08) 0.05 (0.05) 93.2 

As 11.59 (16.61) 9.12 (11.71) 95.6 

Ba 1.86 (2.52) 1.56 (1.68) 91 

Be 0.03 (0.18) 0.03 (0.13) 8.2 

Cd 0.19 (0.24) 0.16 (0.1) 98.8 

Pb 0.41 (0.53) 0.32 (0.31) 98.5 

Pt -0.01 (0.01) -0.01 (0.01) 0 

Te 0.08 (0.23) 0.05 (0.19) 0.7 

Tl 0.14 (0.13) 0.11 (0.07) 100 

Sn 0.32 (0.5) 0.27 (0.33) 85 

W 0.06 (0.12) 0.05 (0.07) 58.6 

U 0.004 (0.006) 0.003(0.004) 87.2 

    

Creatininea 

(mg/dL) 
139.13 (130.49)   

 

NOTE: Machine read values were used for all analyses.  

a n= 371  
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Table 3.3. Distribution of Semen Quality Endpoints 

 

 

 

% 

Normala 

Percentile 

5th 25th 50th 75th 95th 

Total Sperm Count (*106) 91.3 27.7 98.3 182.7 318.1 566.3 

Volume (mL) 90.6 1.0 2.2 3.2 4.4 6.8 

Sperm Concentration (*106/mL) 91.8 9.6 34.7 60.8 94.7 189.0 

24-hour Motility (%) 88.7 0.0 2.0 8.0 18.0 40.0 

Traditional Morphologyb (%) 92.3 10.0 21.7 30.5 39.0 51.0 

Sperm DNA Fragmentation (DFI; %) 93.7 5.1 8.5 12.4 18.9 33.4 

High DNA Stainability (HDS; %) 99.3 2.2 3.8 5.9 9.6 19.5 
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Table 3.4. Penalized Regression Modelsa between Urinary Metal(loid) Concentrations (ug/g creatinine) and Semen Endpoints, 

(n=356) 

Creatinine-

Adjusted 

Metal(loid)s 

 (ug/g) 

Total 

Sperm 

Count 

(*106)  

Semen 

Volume 

(mL) 

Sperm 

Concentration 

(*106/mL) 

Motility 

(%) 

Traditional 

Morphologyb 

(%) 

SCSA DFI 

(%) 

SCSA HDS(%) 

Beta Beta Beta Beta Beta Beta Beta 

        

Cr 1.53 0.06 0 0.34 0 -1.14 0 

Co 0.44 0.04 0 0 0 0.26 -0.19 

Cu -0.56 0 0 0 0 0 -0.65 

Mo 0 0 0 0.26 0 0 0 

Se 0 0 0 0 0 0 0 

Zn 0 0 0 0 0 0 0 

        

Sb 0 0  0 0 0 -0.78 

As 0 0 0 0.14 0 0 0 

Ba 0.08 0 0 0 0 0 0 

Cd 0 0 0 0 0 3.04 -1.41 

Pb 0 0 0 -0.31 0 0 0 

Tl 0 0 0 0 0 0 0 

Sn 0.96 0 0.08 0.33 0.79 0 0 

W -0.41 0 0 0 0 0 0 

U 0 -6.57 0 0 0 0 0 

Other 

selected 

covariates: 

abstinence 

time, body 

mass 

index, 

education  

age, body 

mass index, 

education, 

income 

abstinence 

time, education 

race/ 

ethnicity, 

study site  

serum 

cotinine  

age, 

abstinence 

time, income  

abstinence time, 

alcohol consumption, 

body mass index, 

income, serum 

cotinine, study site 
aLASSO regression for each outcome included the following potential predictors for variable selection: age (continuous), abstinence 

time (continuous), alcohol consumption (categorical), body mass index (continuous), log-transformed urinary creatinine; (continuous), 

education (categorical), income (categorical), previously fathered pregnancy (continuous), serum cotinine (continuous), study site 
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(categorical), and race/ethnicity (categorical); bTraditional morphology standards (WHO 3rd edition); CI- Confidence Interval; SCSA- 

sperm chromatin structure assay; DFI- DNA fragmentation index; HDS- High DNA stainability. 
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Table 3.5 - Unpenalized Multi-Exposure Adjusted Associations between Urinary Essential 

Metal(loid) Concentrations and Semen Endpointsa (n=356) 

 
Creatinine-Adjusted Metal(loid)s (ug/g) 

Beta 95% CI p-value 

Total Sperm Count (*106)c    

Barium 0.21 -0.75, 1.17 0.6611 

Chromium 1.87 0.62, 3.12 0.0034 

Cobalt 1.03 -0.04, 2.10 0.0594 

Copper -1.30 -2.47, -0.14 0.0280 

Tin 1.06 -0.40, 2.52 0.1557 

Tungsten -1.24 -4.96, 2.47 0.5098 

Sperm Traditional Morphology    

Tin 4.92 0.12, 9.72 0.0445 

SCSA DFI (%)f    

Cadmium 12.73 0.85, 24.61 0.0358 

Chromium -5.08 -8.07, -2.09 0.0009 

Cobalt 1.49 -0.64, 3.62 0.1702 

Motility (%)    

Arsenic 0.14 -0.16, 0.44 0.3613 

Chromium 0.55 -0.16, 1.26 0.1307 

Lead -0.79 -1.95, 0.36 0.1789 

Molybdenum 0.07 -0.3, 0.44 0.7161 

Thallium 2.10 -2.08, 6.27 0.3238 

Tin 0.49 -0.34, 1.31 0.2446 

Tungsten -0.20 -2.29, 1.9 0.8523 

Uranium 24.21 -27.61, 76.02 0.3586 

Sperm Concentration 

(*106/mL)d 
   

Tin 0.74 -0.24, 1.72 0.1407 

Semen Volume (mL)e    

Chromium 0.15 -0.07, 0.37 0.2017 

Cobalt 0.04 -0.13, 0.21 0.6473 

Uranium 0.14 -0.002, 0.024 0.1102 

SCSA HDS (%)g    

Antimony -2.97 -12.2, 6.26 0.5275 

Cadmium -2.16 -8.70, 4.38 0.5164 

Cobalt -0.17 -1.46, 1.12  0.7936 

Copper -0.91 -2.44, 0.62 0.2433 

NOTE:  Next day semen analysis was utilized. Separate models were run for each d semen 

endpoints. Significant findings are in boldface. 
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Table 3.6. Adjusted Single-Exposure Associations between Urinary Non-Essential Metal Concentrations and Semen Endpoints, 

(n=356) 

NOTE:  Next day semen analysis was utilized. All models adjusted for age (continuous), abstinence time (continuous), alcohol 

consumption (categorical), body mass index (continuous), log-transformed urinary creatinine; (continuous), education (categorical), 

income (categorical), previously fathered pregnancy (continuous), serum cotinine (continuous), study site (categorical), and 

race/ethnicity (categorical). Separate models were run for each metal(loid) and semen endpoints. Significant findings are in boldface. 
aTraditional morphology standards (WHO 3rd edition)  

  Total Sperm 

Count  

(*106) 

Semen Volume 

(mL) 

Sperm 

Concentration 

(*106/mL) 

Motility 

(%) 

Traditional 

Morphologya 

(%) 

DFI  

(%) 

HDS 

(%) 

Beta 95% CI Beta 95% CI Beta 95% CI Beta 95% CI Beta 95% CI Beta 95% CI Beta 95% CI 

Cr 1.26 -0.39, 2.91 0.15 -0.15, 0.44 0.39 -0.73, 1.51 0.56 -0.29, 1.42 2.33 -3.17, 7.84 -0.20 -4.23, 3.83 0.59 -1.5, 2.68 

Co 0.81 0.03, 1.58 0.10 -0.04, 0.24 0.21 -0.32, 0.74 0.28 -0.13, 0.69 0.54 -2.07, 3.15 0.00 -1.90, 1.90 -0.65 -1.63, 0.33 

Cu 0.07 -0.96, 1.1 -0.03 -0.21, 0.15 -0.07 -0.77, 0.63 0.63 0.08, 1.18 1.88 -1.56, 5.32 -2.15 -4.64, 0.34 -1.58 -2.87, -0.29 

Mo -0.03 -0.63, 0.58 0.03 -0.08, 0.14 -0.13 -0.54, 0.28 0.21 -0.12, 0.54 -0.30 -2.35, 1.74 0.73 -0.75, 2.20 -0.04 -0.81, 0.72 

Se 0.59 -0.17, 1.35 0.09 -0.05, 0.23 0.12 -0.40, 0.64 0.01 -0.39, 0.42 0.18 -2.37, 2.73 -0.16 -2.01, 1.69 -0.07 -1.03, 0.89 

Zn 0.04 -0.56, 0.63 -0.05 -0.16, 0.05 0.07 -0.33, 0.47 0.27 -0.03, 0.58 -0.03 -1.99, 1.94 -0.05 -1.5, 1.4 -0.47 -1.22, 0.28 

               

Sb -2.28 -6.94, 2.38 0.09 -0.75, 0.93 -2.24 -5.4, 0.91 1.49 -0.93, 3.92 4.31 -11.64, 20.26 -8.14 -19.45, 3.17 -3.19 -9.06, 2.68 

As -0.08 -0.65, 0.49 -0.05 -0.16, 0.05 0.09 -0.29, 0.48 0.23 -0.07, 0.53 -0.08 -1.96, 1.8 0.12 -1.26, 1.50 -0.27 -0.99, 0.44 

Ba 0.01 -0.77, 0.79 0.10 -0.04, 0.24 -0.35 -0.88, 0.18 0.12 -0.3, 0.53 1.95 -0.58, 4.48 -0.98 -2.89, 0.93 -0.97 -1.96, 0.01 

Cd 0.03 -0.75, 0.81 0.02 -0.12, 0.16 -0.15 -0.67, 0.38 0.30 -0.12, 0.71 0.05 -2.52, 2.61 0.81 -1.08, 2.71 -0.51 -1.49, 0.47 

Pb 0.09 -1.75, 1.93 0.07 -0.26, 0.40 -0.46 -1.71, 0.78 0.51 -0.46, 1.47 2.97 -3.04, 8.98 -3.29 -7.75, 1.18 -1.98 -4.3, 0.33 

Tl 1.65 -3.93, 7.23 0.03 -0.97, 1.03 1.15 -2.63, 4.93 2.69 -0.22, 5.6 12.63 -7.09, 32.34 -3.81 -17.40, 9.79 1.10 -5.95, 8.15 

Sn 1.30 -0.03, 2.64 -0.08 -0.32, 0.16 1.10 0.20, 2.00 0.78 0.06, 1.49 5.30 0.90, 9.70 -1.77 -5.01, 1.48 -1.12 -2.8, 0.56 

W 1.38 -3.09, 5.85 0.07 -0.74, 0.87 0.35 -2.68, 3.38 0.29 -2.09, 2.68 1.03 -13.53, 15.58 -2.61 -13.50, 8.28 -0.62 -6.26, 5.03 

U -0.91 -4.98, 3.16 -0.45 -1.18, 0.28 -0.21 -2.98, 2.55 0.88 -1.25, 3.01 6.09 -7.39, 19.58 -9.97 -19.81, -0.14 -1.74 -6.87, 3.39 
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