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ABSTRACT 

Intermittent sun exposure and sun sensitivity factors are the most well described 

risk factors for the development of cutaneous melanoma (CM). Other potential 

environmental risks for CM, such as arsenic, are rarely examined. Total sun 

exposure has not been a consistent risk factor for CM, but recall bias in self-

reporting sun exposure throughout life may limit the ability to detect a true 

association. Objective measures of sun exposure including remotely sensed 

ambient ultra-violet radiation (UVR) may allow for better capture of total sun 

exposure. In three chapters, spatially derived factors (ambient UVR, 

environmental soil arsenic, drinking water arsenic) were observed to determine 

their relevance in exposure assessment and subsequent risk for CM.  

 

UVR trends were investigated using available satellite data (1978-2014) to 

generate inferences for UVB changes over time in the United States. We found 

that UVB changed across the study area, but these changes lack biological 

relevance based on the magnitude of changes observed. Thus, a more objective 

measure of lifetime ambient sun exposure may be estimated using 30-year 

average UVR by month in future studies. 

 

The spatial correlation between environmental soil arsenic and drinking water 

across the state of Iowa was investigated. Arsenic concentrations in soil were not 

significantly spatially correlated with either municipal public water source or non-
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municipal water source arsenic concentrations. Based on these findings, soil 

arsenic may not serve as a valid surrogate marker for arsenic in drinking water.  

 

In Chapter 5, we assessed the relationship of spatially derived estimates of 

lifetime ambient UVR, environmental arsenic exposure from soil and drinking 

water, and CM in a population-based case-control study. Our findings suggest 

that total sun exposure is positively associated with CM, while arsenic 

concentration in environmental soil and drinking water were not associated.  

 

Sun exposure measured through ambient UVR exposure may allow for better 

understanding of the association between cumulative or total sun exposure and 

CM.  Additionally, more studies need to be completed to estimate the potential 

risks for CM in regions where high arsenic concentrations may not be endemic.  
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 1. INTRODUCTION 

1.1 Describing the Problem 

While ultraviolet radiation (UVR) is one of the most commonly associated 

etiologic agents of cutaneous melanoma (CM), estimating exposure has been 

limited by various types of misclassification. Intermittent sun exposure has been 

consistently associated with CM (Armstrong and Kricker 2001), while chronic or 

total sun exposure displays no consistent association (Elwood and Jopson 1997; 

Gandini et al. 2005a; Nelemans et al. 1995). The lack of a consistent association 

may reflect the difficulty of measuring total sun exposure through self-reported 

measures. Use of objective measures of sun exposure may increase the ability to 

detect a relationship between total sun exposure and CM.  

 

Other environmental agents, including exposure to trace elements such as 

arsenic, have been associated with an increased risk of skin cancers generally, 

however few studies have examined such an association with CM (Beane 

Freeman et al. 2004; Yager et al. 2015). Enhanced methodology now allows for 

more rigorous exposure assessment of UVR and other environmental factors 

such as arsenic. 

 

Due to the potential long latency phase of CM and relevance of childhood UVR 

exposures, accurate UVR exposure assessment requires detailed accounting of 

UVR exposures going back decades in many instances. Poor recall of previous 

exposures has led to interest in objectively measuring potential UVR exposure 
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without relying on recalled sun exposure by study subjects. The current study 

(Chapter 5) seeks to use objective measures of UVR in order to achieve a 

potentially less biased result. UVR was estimated by remotely sensed satellite 

data at each residence, thus only assuming accurate recall of residential 

locations and months of moves.  

 

The goal of this research was to quantify and examine spatial variation in CM risk 

factors. Additionally, the utility of spatially derived estimates of exposure in 

individual disease risk assessment was explored. This could allow future 

investigations greater flexibility in quantifying exposures without completely 

relying on study subject recall over long periods of time. To achieve these goals, 

residential histories collected by a population-based case-control study of CM 

among Iowa residents were used. Analysis based on the following aims provide a 

method for CM environmental risk factor exposure assessment and ensuing 

associational studies.   
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1.2 Dissertation Aims 

Associations between CM and several risk factors including arsenic and sun 

exposure are currently being investigated through the Iowa Study of Skin Cancer 

and Its Causes. This population based case-control study uses newly diagnosed 

CM cases (Iowa residents semi-rapidly reported through the Iowa Cancer 

Registry) and controls (identified via the Iowa Voter Registration List). Arsenic 

exposure was estimated using study subjects’ toenails as a biomarker and 

drinking water samples. Sun exposure was assessed using computer-assisted 

telephone interviews (CATI). The CATI included residential histories with month 

and year of each move. 

 

Residential histories along with UVR data from the Total Ozone Mapping 

Spectrometer (TOMS) data set and Ozone Monitoring Instrument (OMI) were 

used as objective measures of ambient UVR as a CM risk factor. The current 

residential location of subjects was linked to soil arsenic data from the US 

Geological Survey. Additionally, data on historical water arsenic provided by 

CHEEC was linked to study subjects based on reported drinking water sources 

and current residential location. These soil and water arsenic measures were 

used as CM risk factors. 

Objective measures of sun exposure, including remotely sensed ambient UVR, 

may allow for better capture of total sun exposure. In three chapters, spatially 

derived factors (ambient UVR, environmental soil arsenic, drinking water arsenic) 
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were evaluated to determine their relevance in exposure assessment and 

subsequent risk for CM. 

 

Specific Aim 1 (Chapter 3):   Examine the spatio-temporal persistence of 

satellite-derived UVR to determine whether 30-year monthly averages by location 

can be used for exposure assessment of ambient UVR.  

 

Specific Aim 2 (Chapter 4):  Examine the spatial relationships of arsenic 

concentrations in soil and drinking water in Iowa to assess whether soil arsenic 

may be used as a proxy measurment for drinking water arsenic concentration. 

 

Specific Aim 3 (Chapter 5):  Investigate the associations between CM and 

satellite-derived estimates of ambient UVR, and soil and water arsenic 

concentrations based on residential location of cases and controls in the Iowa 

Study of Skin Cancer and Its Causes. 

 

Theses analyses will help elucidate the impact of household residence location 

on CM risk. Understanding CM risks associated with ambient UVR, 

environmental soils, and primary drinking water will help to identify at risk 

populations and inform individual level risk assessment. 
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1.3 Data Sources 

Subjects in the Iowa Study of Skin Cancer and Its Causes were interviewed 

(2010-2013) using a computer-assisted telephone interview that began with 

residential histories generating responses for city and state from birth to interview 

location and date including months and year of each move. The survey also 

included questions regarding primary drinking water sources, decades of sun 

exposure, use of tanning beds, self-tanning cream use, sun sensitivity, family 

history of skin cancer, and basic demographic information.  

 

Arsenic concentrations in public drinking water sources were assessed using the 

University of Iowa’s Center for Health Effects of Environmental Contamination 

(CHEEC) database for study subjects who indicated using public sources for 

drinking water. This database contains 3,167 unique historical arsenic results 

from September 1974 through December 2011. Private well water samples were 

taken from study subjects who indicated a private well as the current primary 

drinking water source during the computer-assisted telephone interview. 

Returned samples (n=319) of drinking water were sent to the University Hygienic 

Lab in Coralville, Iowa for arsenic testing. Soil arsenic concentrations were 

estimated using the Iowa Statewide Trace Element Sampling Project conducted 

by the United States Geological Survey, May through August 2003 (Rowden 

2010). Field crews collected 532 sample sets across Iowa, including one from 

topsoil (0-8 inches deep) and one from subsoil (12-24 inches deep) at randomly 

selected geo-referenced locations throughout the state. The secondary analyses 
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based on these data were limited by any data collection and measurment 

limitations in the arsenic exposure assessment. 

 

Solar UVR data were obtained from the National Aeronautics and Space 

Administration’ TOMS (International Research Institute 2015) and OMI 

spectrometers (NASA 2015). This combined system has been estimating solar 

UVR since 1978. UVR was estimated through noontime ultraviolet ground-level 

irradiance integrated throughout the day (Herman and Celarier 2016). Their 

model took into account cloud conditions, ozone column, length of day, solar 

zenith angle, surface albedo (snow or forest cover), and atmospheric aerosols. 

Additionally, the UVR data used for this analysis were erythemically-weighted,  

meaing they were weighted by the reference erythemal action spectrum, a 

measure of potential for UVR biological damage to the skin erythema (skin 

redness) of fair skin (McKinlay and Diffey 1987). Limitations of these data include 

difficulty in discerning between snow and clouds in calculations of surface albedo 

(Fioletov et al. 2004). 
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1.4 Dissertation Format 

The work presented in this dissertation has been prepared as three manuscripts 

for submission to peer reviewed journals. This dissertation utilizes the “three-

publishable-paper approach” with a Background Section, then the three papers 

as individual chapters, followed by an overall Discussion Section, rather than a 

traditional dissertation format.  

 

This dissertation first provides 1) Introduction and overview of aims, then 2) 

Background literature on the topic. This section is  followed by the three aims 3) 

“Temporal Trends in Erythemal UVB in the United States and Implications for 

Exposure Assessment”, 4) “No spatial association between environmental 

arsenic concentrations in soil and drinking water and impact of historical arsenic 

testing”, 5) “Ambient UVR is a Risk factor for Cutaneous Melanoma in Iowa, but 

not Environmental Arsenic Exposure”, and finally, how each manuscript 

contributes to advance the overall project of measuring and increasing the utility 

of spatially derived exposure estimates and overall conclusions based on the 

study as a whole in 6) Discussion.  

 

With oversight from the grant research team and the Graduate Committee, 

Marvin Langston was responsible for conducting data management and analyses 

related to this dissertation research.  
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2. BACKGROUND 

2.1 Cutaneous Melanoma 

2.1.1 Descriptive Epidemiology of Cutaneous Melanoma 

The incidence of cutaneous melanoma (CM) has been increasing in the United 

States over the past few decades. Age-adjusted melanoma incidence rates 

reported by the Surveillance Epidemiology and End Results (SEER) registries 

increased from 8.7 per 100,000 in 1975 to 29.6 per 100,000 in 2013 among 

whites. Melanoma mortality has increased from 2.3 to 3.1 per 100,000 over the 

same time period (Howlader et al. 2016). It is estimated that 76,380 new cases of 

CM will have been diagnosed in the United States in the year 2016 and 10,130 

people will have died from this disease (Howlader et al. 2016). In Iowa, the 

average annual incidence rate for melanoma is one of the 10 highest state 

melanoma incidence rates in the US (23.7 per 100,000) over the period of 2008-

2012 (CDC 2013; Iowa Cancer Registry 2015).  

 

CM is more common in white populations, including fair-skinned populations of 

European origin (Tomatis et al. 1990). Iowa’s 95% white population (US Census 

Bureau 2003) is at moderate to high risk of melanoma. CM risk increases with 

age, and incidence is higher among females than males before age 50. After age 

50, incidence is higher in males (Howlader et al. 2016). Gender differences may 

represent distinct pathways of etiology for melanoma since the disease appears 

most often on the back of men and on the legs of women (Volkovova et al. 2012). 

Also sun-seeking behaviors and personal protective clothing may be different for 
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women and men. Sun exposure is the most important risk factor in the 

development of CM (El Ghissassi et al. 2009), while other factors such as arsenic 

exposure and other environmental carcinogens, which may impact risk, are rarely 

examined. Better understanding of the causes of CM may help determine 

effective prevention strategies.  

 

2.2 Risk Factors for Melanoma 

2.2.1 Sun Exposure 

Sun exposure is the main risk factor for melanoma (El Ghissassi et al. 2009). 

Individual measurement of sun exposure can be classified in three distinct ways: 

intermittent (sunburns and sunny vacations), chronic (a more continuous 

exposure typically synonymous with occupational exposure), and total sun 

exposure (the sum of intermittent and chronic). It is unclear if other measures of 

sun exposure, including outdoor recreational activities and sunbathing, represent 

intermittent or chronic sun exposure. Most consistently melanoma seems to be 

related to intermittent periods of high sun exposure on unaccustomed skin 

(Armstrong and Kricker 2001). This represents the pattern of sun exposure and 

not just the amount, unlike other skin cancer types (basal cell carcinoma and 

squamous cell carcinoma). According to several recent meta-analyses, chronic 

sun exposure shows no consistent association with melanoma and some studies 

display a weak inverse association (Elwood and Jopson 1997; Gandini et al. 

2005a; Nelemans et al. 1995).  
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The lack of an association in pooled studies may reflect the difficulty of 

measuring chronic sun exposure through self-report due to misclassification. 

Studies reporting on intermittent sun exposure may have less misclassification 

issues as chronic or total sun exposure. Use of objective measures of sun 

exposure may increase the ability to detect a lifetime sun exposure association 

with CM.  

 

Total or lifetime sun exposure is slightly positively associated with melanoma 

(Elwood and Jopson 1997; Gandini et al. 2005; Nelemans et al. 1995). Childhood 

and adolescent (< 20 years old) exposure to intense sunlight has been linked to 

CM risk (Autier 1998; Weinstock et al. 1989). Weinstock et al., (1989) examined 

both intermittent sun exposure (sunburns) and potential chronic sun exposure 

(latitude). Autier (1998) combined measures of both intermittent and chronic sun 

exposure to estimate total sun exposure, and found that the effects of sunscreen 

use on sun exposure varied by the reason for sun exposure. Types of sun 

exposure may also impact the body site and age of onset of melanoma. 

Melanomas that develop on typically exposed skin such as the face, ears, and 

neck are attributed to chronic sun exposure developing later in life, while those 

on intermittently exposed skin such as the trunk or limbs develop at younger 

ages (Elwood and Gallagher 1998; Lachiewicz et al. 2008). 

 

2.1.2 Measuring sun exposure 
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Measurement of sun exposure varies and can be described in terms of the type 

of sun exposure of interest. Typically, epidemiological studies have focused on 

the skin’s biological response to sun using sunburns as a marker of intermittent 

exposure and solar keratosis as a marker of lifetime or total sun exposure. Other 

major types of subjective and objective measures of sun exposure include: sun 

diaries, electronic dosimeters, circulating vitamin D levels, conjunctival ultra-violet 

radiation (UVR) auto-fluorescence, location of residence, time spent outdoors, 

latitude of residence, and ambient UVR (King et al. 2015). Investigations of 

cancer outcomes including melanoma require detailed understanding of potential 

risk factors going back decades due to the long latency phase of these 

conditions. In these studies, history of lifetime sun exposure or intermittent sun 

exposures is important and measured primarily using time spent outdoors, 

sunburn history, and ambient UVR (King et al. 2015). 

 

Self-reported Sun Exposure 

Time spent outdoors is a self-reported measure of sun exposure usually 

estimated retrospectively via questionnaire from study subjects (Elwood and 

Jopson 1997). In case-control studies this measure is most susceptible to recall 

bias (Cockburn et al. 2001). Like ambient sun exposure measures, “time spent 

outdoors” only accounts for the length of exposure and not necessarily the 

intensity. This measurement weakness has been somewhat addressed in recent 

investigations using “time spent outdoors in the summer sun” on self-report 

questionnaires instead. 
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Occupational Sun Exposure 

Outdoor occupations involve chronic exposures that represent a continuous 

pattern of sun exposure. Outdoor workers may receive 3 to 9 times more solar 

UVR exposure than indoor workers (Godar 2005). However, outdoor occupation 

has been shown to be at lower risk of CM than indoor occupations (Volkovova et 

al. 2012). This may due to self-selection of darker pigmented individuals into 

outdoor work. Alternatively, such risk may reflect more intermittent sun exposure 

due to vacations to sunny places among indoor workers. The assumption is that 

indoor workers may have skin that is rarely exposed to the sun. This 

unaccustomed skin is at more risk of sunburns or other sun damage than skin of 

outdoor workers. Continuing investigation to better understand the reasons for 

the difference in risk based on outdoor vs. indoor occupation is required that 

takes into account the sun sensitivity of workers, geographic variation to estimate 

potential for sun-seeking behaviors, and frequency of vacation to sunny places.  

 

Sunburns as a Biological Response to Sun 

Sunburn history and other types of non-malignant skin conditions such as solar 

keratosis can be used as measures of the skin’s biological response to the sun 

with the former representing an intermittent exposure pattern and the later 

lifetime or total sun exposure. Although the recall of sunburns may be less biased 

than other sun exposure measures, an intermittent exposure assumption may 

apply when using sunburns as a measure of sun exposure wherein increasing 
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the amount of sunburns one gets is directly related to increased sun exposure 

(Armstrong 1988). However, sunburns do not directly signify that one has spent 

more time in the sun than someone with fewer sunburns. Knowledge of sun 

protection, sun sensitivity, and reason for sun-seeking behavior may better reflect 

measurement of sun exposure. Nonetheless, in a meta-analysis of over 34 

studies, there was a positive association between presence of sunburns and 

melanoma (RR=2.03; 95% CI: 1.73, 2.37) (Gandini et al. 2005a).  

 

Recently some focus has been on understanding sunburns earlier in life such as 

childhood and adolescent exposures, as these have been shown to be 

associated with melanoma (Gandini et al. 2005a). Although childhood sunburns 

are important predictors, increased risks have been shown in all decades of life 

as the number of sunburns increase (Dennis et al. 2008b). The magnitude of risk 

has been highest for adult and lifetime sunburns (Dennis et al. 2008b). Solar 

keratosis is also positively associated with melanoma (Gruber and Armstrong 

2006; Olsen et al. 2011).  

 

Potential Sun Exposure 

Ambient UVR is an objective measure that can be approximated in several 

distinct ways. UVR is composed of electromagnetic radiation at various 

wavelengths with differing possible implications for melanoma. UVR from the sun 

is comprised of UVA (λ=320-400nm), UVB (λ=280-320nm), and UVC (λ=200-

280nm). UVC is not relevant for melanoma since it is typically absorbed by ozone 
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in the upper atmosphere. UVB can be absorbed by human skin causing 

sunburns, while UVA may be absorbed by deeper subcutaneous tissues. The 

energy that each UVR type carries is inversely related to its wavelength. 

Currently the exact etiology of UVR type (UVA or UVB) most strongly related to 

melanoma is unknown with no real consensus seen in the literature, although 

UVB has the potential for more cutaneous skin damage (Armstrong and Kricker 

2001). A specific wavelength dependent action spectrum for melanoma, which 

can give evidence to the efficiency of radiation at various wavelengths to cause 

biological phenomenon, does not exist. Using the association between sunburns 

and melanoma, the Commission Internationale de l’Eclairage (CIE) action 

spectrum is typically used as a surrogate for the melanoma action spectrum 

(McKinlay and Diffey 1987). The UV index used by many countries is based on 

this action spectrum. Sunburns are primarily caused by UVB, therefore this 

action spectrum considers UVB heavily and UVA is weighted many magnitudes 

less.  

 

The amount of UVB reaching the earth's surface varies with latitude, altitude, 

season, time of day, cloudiness, surface reflection, and atmospheric aerosols 

(Longstreth 1988). Erythemal UVB, a measure of the potential for biological 

damage to the skin erythema of Caucasians due to UVB, has been used in 

recent research measuring the human effects of UVB (Schuurman et al. 2013). 

Erythemal UVB is estimated with considerations for the solar zenith angle, cloud 

cover and thickness, surface albedo (snow or forest cover), total column ozone, 
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biological action spectrum for erythemal damage, and aerosols’ spectral 

irradiance at the earth’s surface under clear skies.  

 

Many studies addressing the UVB and CM association relied on UVB exposure 

assessment through surrogates for UVB estimation including latitude, early 

migration to sunny places (Eid Robsahm and Tretli 2001; Holman et al. 1986), 

and other estimation or modeling techniques (Elder 1989). Few have objectively 

assessed UVB and the relationship with CM using long-term exposure measures. 

One case-control study found a statistically significant trend between lifetime 

ambient UVB exposure categories and CM, with the highest exposure category 

exhibiting over 4 times the risk of CM (Tatalovich et al. 2006b). This study used 

the National Solar Radiation Database, a ground level monitoring system to 

assess UVR. In another case-control study of CM using ground level Robertson-

Berger meters (part of NOAA’s UV monitoring network since 1974) for exposure 

assessment, investigators found no significant differences in lifetime cumulative 

UVB between cases and controls (Lea et al. 2007). Both cases and controls 

received over 29% of their mean lifetime UVB exposure during their first 15 years 

of life. Conflicting results among the few CM studies using objective measures of 

UVR underscores the need for more investigation in this area (Cust et al. 2011; 

Fears et al. 2002; Kricker et al. 2007; Ransohoff et al. 2016; Solomon et al. 2004; 

Wu et al. 2014). 
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Ambient UVR is used to measure the potential sun exposure and could possibly 

only indicate residence and not risk. In studies where the population is relatively 

stable, homogenous ambient sun exposure may not provide enough variation to 

differentiate risk groups. Comparison studies have found ambient UVR correlates 

well with personal dosimetry (Cahoon et al. 2013; Sun et al. 2014).  

 

2.2.2 Sun Sensitivity  

Sun sensitivity refers to the skin's response to sun exposure. It is measured by a 

variety of constitutional markers including lighter skin, tendency to sunburn, 

inability to tan, low Fitzpatrick skin type (I or II vs. III-V) and presence of freckles.  

 

Lighter skinned individuals have a 10-20 times greater risk than darker skinned 

individuals as evidenced from comparing those of European descent to those of 

non-European descent (Bataille and de Vries 2008). Additional indicators such as 

hair color and eye color have been associated with melanoma (Olsen et al. 

2010). A meta-analysis of 56 studies found elevated pooled relative risk 

estimates for melanoma for red/red-blond (RR=2.6; 95% CI: 2.25, 3.10), blond 

(RR=2.0; 95% CI: 1.47, 2.73), and light brown (RR=1.46; 95% CI: 1.26, 1.68) hair 

compared to dark hair color (Olsen et al. 2010). Blue/blue-grey eye color 

(RR=1.57; 95% CI: 1.39, 1.78) and green/gray/hazel eye color (RR=1.51; 95% 

CI: 1.28, 1.79) vs. dark was also associated with melanoma according to the 

pooled risk estimates from 44 studies (Olsen et al. 2010).  
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Skin reaction to the sun as evidenced through tanning ability and tendency to 

sunburn may be better predictors of CM risk than skin color, with the former 

being more robust measures across studies (Armstrong and Kricker 2001; 

Tucker and Goldstein 2003). Tanning ability and tendency to sunburn may 

respectively reflect the skin’s chronic and acute reactions to the sun. Skin 

phototype, measured using Fitzpatrick skin type, combines skin pigmentation 

with tanning ability. Fitzpatrick skin types I and II represent fair skin with poor 

tanning ability, whereas skin types V and VI represent brown to black skin that 

rarely burns and tans easily. Skin phototype I, II, and III vs. phototype IV have all 

been associated with an increased risk of melanoma, RR=2.27 (95% CI: 1.77, 

2.92), RR=1.99 (95% CI: 1.62, 2.45), and RR=1.35 (95% CI: 1.12, 1.63) 

respectively in a meta-analysis of 42 studies (Olsen et al. 2010). The presence of 

skin freckling has also been associated with a nearly 2-fold risk of melanoma 

(Olsen et al. 2010). Family history of melanoma has also been a consistent and 

well described risk factor for melanoma (Gandini et al. 2005b). Sun sensitivity 

factors often confound or modify the associations between sun exposure and 

CM.  

 

2.2.3 Artificial UVR  

Artificial UVR from tanning lamps is also an important risk factor of melanoma 

(Boniol et al. 2012; Gallagher et al. 2005; IARC 2007). Tanning lamps contain 

both UVB and UVA, but a greater proportion of UVA (Ting et al. 2007). 

Contributions from both solar and artificial UVR represent the primary exposure 
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sources in most melanoma studies. A meta-analysis of over 27 studies found that 

ever use of sunbeds was slightly associated with CM (RR=1.20; 95% CI: 1.08, 

1.34) with a 1.8% increased risk of CM for each additional sunbed use session 

per year (Boniol et al. 2012). The magnitude of effect between sunbed use and 

CM was higher in those that first used sunbeds before age 35 (RR=1.87; 95% CI: 

1.41, 2.48) (Boniol et al. 2012). Although the UVR-related (natural and artificial) 

attributable risk of CM is high, there is increasing evidence for other carcinogenic 

factors (Bastian 2014).  

 

2.2.4 Personal Sun Protective Behaviors  

Somewhat related to both sun sensitivity and sun exposure are personal 

protective behaviors of individuals to the sun. Anecdotally, these behaviors 

should greatly impact the overall risk of melanoma. They represent mostly 

modifiable actions that could reduce the risk of melanoma. Sunscreens in 

particular were designed to protect against skin cancer. The evidence based on 

many studies still remains inconclusive and controversial with some showing 

protective effects (Dennis et al. 2003; Green et al. 2011) and others no effect 

(Gefeller and Pfahlberg 2002; Huncharek and Kupelnick 2002). The controversy 

surrounding sunscreen effectiveness may be due to inappropriately designed 

studies that do not account for confounding by sun sensitivity. Alternatively, 

meta-analyses based on studies conducted prior to the early 1990’s may have 

relied on older sunscreens that were not as effective as modern broad-based 

versions (Diffey 2005). Frequency of sunscreen use may be another issue in 
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determining sunscreen effectiveness as well as reapplication of sunscreens. Both 

may be measures of dose while frequency of use may indicate a longer-term sun 

protective behavior. Sunscreens have been shown to increase time spent in the 

sun, which might further complicate analysis (Autier et al. 2007). More work in 

the area of sunscreens and other sun protective behaviors needs to be done to 

advance understanding of CM protection by these agents. 

 

2.2.5 Nevi 

Complexity in the pathway in the determination of biological risk of CM may lie in 

a combination of factors from sun exposure and sun sensitivity of individuals. 

Melanocytic nevi are benign moles that are positively associated with CM. 

Although controversial, nevi have been thought of as both CM precursors and 

markers of CM (Bataille et al. 2000; Nwaneshiudu et al. 2015). As markers, nevi 

may represent childhood or early sun exposures. Nevi may lie in the causal 

pathway between chronic sun exposure and CM, and therefore may bias 

exposure estimates toward the null value if considered as confounders in studies 

of chronic sun exposure and CM (Armstrong 1988; Gandini et al. 2005a).  

 

2.2.6 Obesity 

Obesity is a possible risk factor for CM. An analysis of a cohort in the Agricultural 

Health Study found greater than 2.5 times increase in CM risk among the highest 

categories of body surface area and body mass index, common obesity 

indicators (Dennis et al. 2008a). These increased risks may be explained by 

obesity as a proxy for larger skin surface area representing more available skin 
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cells for carcinogenesis. The effect of obesity may be modified by skin sensitivity. 

However, a recent meta-analysis of 11 studies among women found no 

significant effect of being overweight or obese and melanoma. Among men there 

was a slight association for overweight (OR=1.31; 95% CI: 1.18, 1.45) and obese 

(OR=1.31; 95% CI: 1.19, 1.44) compared to normal weight (Sergentanis et al. 

2013).  

 

2.2.7 Socioeconomic Status 

Education, income, and occupation are the most commonly used proxies of 

socioeconomic status (SES) in the United States and other developed countries. 

Several studies have reported that CM is related to higher SES including findings 

with higher education levels (Eid Robsahm and Tretli 2001; Fritschi and 

Siemiatycki 1996; Graham et al. 1985), higher income (Pion et al. 1995), and 

higher occupational classifications (Bentham and AASE 1996; Cooke et al. 1984; 

Fritschi and Siemiatycki 1996). These observances of a positive association 

between SES and CM can be explained by an increased ability for high SES 

persons to take sunny vacations and the higher likelihood of indoor occupation, 

both of which are risk factors for CM. 

 

2.2.8 Other Risk Factors 

Several other factors have been examined as related to CM with conflicting 

results. These include fluorescent lighting, nonsteroidal anti-inflammatory drug 

(NSAIDs) use, oral contraceptive use, and ionizing radiation. In the 1980’s a few 
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epidemiology studies implicated fluorescent lighting as a risk factor for CM, with 

one study only showing an association at work but not home (Elwood 1986; 

Wang et al. 2001). These associations with fluorescent lighting seem to reflect 

indoor occupation where individuals are at risk during sunny vacations due to 

minimally exposed skin prior to such vacations. A recent meta-analysis found no 

significant associations between nonsteroidal anti-inflammatory drug (NSAIDs) 

use and melanoma for all observed studies, although a slight reduction in risk 

was found using data from case-control studies (Li et al. 2013). Oral 

contraceptives use has been proposed as one explanation of the gender 

difference in the age-specific incidence of CM, however, a systematic review of 

case-control studies of oral contraceptive use and CM found no evidence of 

association (Pfahlberg et al. 1996). Some evidence of a positive association 

between ionizing radiation and CM has been shown in possibly exposed 

populations (e.g., radiological technicians and nuclear industry workers), but 

study results and methods used to collect data were inconsistent (Fink and Bates 

2005). Conflicting results make the importance of these factors unknown. 

 

2.3 Arsenic as a CM risk factor 

Arsenic is a naturally occurring element that exists in many forms. Organic forms 

of arsenic are thought to be relatively harmless, while human exposure to 

inorganic forms may have carcinogenic effects. Human exposure to arsenic 

comes from various sources including soils, drinking water, foods, and airborne 

particulates (Chung et al. 2014; Finkelman et al. 1999; Meacher et al. 2002). 
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Arsenic exposure rarely comes from cutaneous skin absorption. Soil arsenic 

intake may account for about 1% of average daily inorganic arsenic intake while 

water and food account for 26-44% and 55%, respectively (Meacher et al. 2002; 

Tsuji et al. 2007; Valberg et al. 1997). Airborne particulates account for about 

0.4% of average daily inorganic arsenic intake. The variation in these values 

depends on the population, food preferences, and concentration of contributing 

environmental exposures. 

 

2.3.1 Arsenic and Cancer 

Exposure to arsenic has been positively associated with cancers of the bladder, 

kidney, liver, prostate, lung, and squamous cell carcinoma of the skin (Cantor 

1997; Hopenhayn-Rich et al. 1998; Steinmaus et al. 2013). Arsenic exposure has 

also been associated with non-malignant skin lesions (hyperkeratosis, 

hyperpigmentation), type 2 diabetes, and cardiovascular disease in various 

studies using arsenic concentration in urine, toenails, hair, drinking water, and/or 

place of residence (Del Razo et al. 2011; Tseng 2008; Yoshida et al. 2004). Few 

studies have investigated soil arsenic and its association with skin cancer. One 

ecological study found that counties in Montana with previous copper smelters, 

thus with presumably high soil arsenic, had nearly the same average incidence of 

skin cancer as other areas in the US (Wong et al. 1992). An ecological study in 

the Victoria area of Australia correlated soil arsenic and water arsenic by area 

and found a significant difference in the standardized incidence ratio (SIR) in the 

high soil/high water arsenic category only for prostate cancer, using normal 
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arsenic levels as the baseline (Hinwood et al. 1999). Both ecologic and case-

control studies in Taiwan have reported associations between non-melanoma 

skin cancer and arsenic content in drinking water (Chen et al. 1985; Guo et al. 

2001; Hsueh et al. 1997; Hsueh et al. 1995; Tseng et al. 1968).  

 

2.3.2 Arsenic and CM  

Previous studies of arsenic and skin cancer in the high endemic arsenic areas of 

Taiwan have focused on non-melanoma skin cancers. Only one specifically 

mentioned examining arsenic exposure and melanoma, but this study did not find 

an association (Guo et al. 2001). One Danish cohort study did not find an 

association between spatially derived arsenic in the drinking water supply and 

CM (Baastrup et al. 2008). Few studies in the US have looked at arsenic 

exposure in residential drinking water sources and CM-related outcomes. One 

study in Utah found a significant standardized mortality ratio of 5.30 for CM-

related death in women in the lowest water arsenic exposure quartile. This 

finding did not hold for men or all women where standardized mortality ratios 

were not different from the null (Lewis et al. 1999). A Michigan-based ecological 

study of residential water arsenic did not find any differences in observed and 

expected CM deaths (Meliker et al. 2007).  

 

Arsenic exposure studies have mainly focused on inorganic forms of arsenic in 

water and the associated long-term health effects (Abernathy et al. 1999). A 

case-control study in Iowa appears to be the first study to find an association 
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between elevated arsenic levels in toenails and CM with a 2-fold increase in 

melanoma risk among the highest quartile (Beane Freeman et al. 2004). Another 

recent case-control study in New Mexico found no association between arsenic 

in toenails, drinking water, or urine and melanoma (Yager et al. 2015). A study of 

soil arsenic in Australia found an excess risk of melanoma in males and females 

when comparing the SIR in the uppermost quintile of soil arsenic concentration to 

the lowest (Pearce et al. 2012). This study also found a statistically significant 

trend in the SIR of melanoma across quintiles of soil arsenic concentration. 

Based on the review of the literature, the relationship between arsenic and CM is 

poorly understood, and additional population-based analyses are needed. 

  

2.3.3 Sources of Arsenic 

Arsenic is found naturally within metamorphic rocks, sedimentary rocks, and 

other iron-rich rocks, phosphorites, and coal. From rock materials arsenic may 

become introduced to soil and water environments through varying mechanisms. 

These mechanisms may be natural geologic processes or through human 

activities. Rock erosion, hydrothermal and geothermal activities, mineral 

dissolution, forest fire, and wind-blown dust are common natural processes 

defining arsenic concentration in the environment (Flora 2014). Major human 

activities that bring arsenic into the environment include: thermal power plants, fly 

ash disposal, agricultural pesticides and herbicides, run off from mines, industrial 

effluents, and municipal waste (Flora 2014).  
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In the environment, soil arsenic and water arsenic may have a complex 

relationship. Flooding and weathering of sedimentary rocks and minerals can 

cause groundwater sources including aquifers to become contaminated with 

arsenic. High groundwater concentrations of arsenic should thus be collocated in 

areas where soil, rock, and mineral concentrations are high or where aquifer 

recharge zones are located near these sources. However spatial relationships 

between groundwater and soil/rock/mineral arsenic concentrations are influenced 

by arsenic mobilization factors, including the dissolution of arsenic from the solid 

form in iron oxide minerals (Smedley and Kinniburgh 2002). The limiting reagent 

in this process is a changing pH or oxidation/reduction potential within the aquifer 

(Smedley and Kinniburgh 2002). Once the arsenic is released from the solid form 

the concentration of arsenic in the aquifer can rapidly increase. The dependence 

on geochemical processes instead of location of source rock types makes 

identification and abatement of high arsenic drinking water areas very difficult 

(Bundschuh et al. 2010). 

 

2.3.4 Types of Arsenic 

Arsenic has four chemical oxidation states: arsine gas, metal form, arsenite, and 

arsenate. It can also be subdivided mainly in to inorganic arsenic forms, organic 

arsenic forms, and arsine gas (Tchounwou et al. 2015). Inorganic forms of 

arsenic are more toxic, and arsenite may be more carcinogenic than arsenate 

(Gebel 2001). Traditionally, the methylated arsenic forms of monomethylarsonic 

acid (MMA) and dimethylarsinic acid (DMA) were viewed as compounds that 
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detoxify inorganic arsenic in the body (Hughes et al. 2009). More recent 

understanding is that DMA and MMA likely serve as activation points that 

increase the toxicity of ingested inorganic arsenic. Exposure to inorganic arsenic 

has been linked with DMA and MMA excretion, with about 60-70% excreted in 

urine (Del Razo et al. 2001; Loffredo et al. 2003).  

 

2.3.5 Arsenic Routes of Entry 

Arsenic in food products represents the bulk of human arsenic exposure (ATSDR 

2007; Jara and Winter 2014). While ingested arsenic also represents 

contributions from drinking water and to a lesser extent soil, most of it is from 

food products. Shellfish is the largest contributor of arsenic in most diets, but 

poultry, vegetables, and nearly every food source supplies some degree of 

arsenic. Most of the arsenic in food is the less harmful organic form (Meacher et 

al. 2002).  

 

Complications in arsenic source determination when considering food sources 

are inevitable with exposure misclassification a problem. For example, arsenic 

found in animal meats, milk, grains, and vegetables could have contributions 

from various sources. Arsenic contaminated well water could be sprayed over 

fields for irrigation. Then crops grown on these fields with arsenic in the soil could 

produce vegetables, rice, and grains. Meat from livestock eating this vegetation 

and also arsenic infused grain could then be consumed by humans (Huq et al. 
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2006). In a case such as this, identification of the most important risk factor for 

human exposure could be difficult. 

 

Human exposures from arsenic in soil typically arise from the ingestion of dust 

particles on clothes and fur or from accidental ingestion. The average amount of 

ingested soil by adults per day is 10 mg/day (Meacher et al. 2002). Human 

activities that add arsenic to the soil include mining, smelting, combustion of 

fossil fuels, phosphate fertilizer use, pesticide use, and herbicide use (McLaren 

et al. 2006). Although accumulation of arsenic in the soil from these activities is 

localized, heighted arsenic concentrations can persist for many years 

(Matschullat 2000). Arsenic found in soil is primarily inorganic (Meacher et al. 

2002). The mean arsenic found in soils in Iowa was 9.19 parts per million (ppm) 

(Rowden 2010).  

 

Human exposures to arsenic from groundwater typically come through untreated 

or unfiltered wells, other drinking water sources, and aquifers. Drinking water 

arsenic is derived from many sources including surface waters such as streams, 

groundwater aquifers, and rain water. Dissolved arsenic from soil in natural water 

sources is mostly found in inorganic forms of DMA and MMA (Meacher et al. 

2002). Groundwater is the most arsenic rich type, when considering water not 

specifically polluted by the aforementioned human activities listed above for soil. 

This is due to the high propensity for water and rock interaction. Arsenic found in 

groundwater is on average about 1-2 µg/l in ambient sources and 3400 µg/l near 

volcanic rock or sulfide mineral deposits. In water supply wells in southern Iowa 
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and western Missouri, the concentrations ranged from 34-490 µg/l (WHO 2001). 

A recent study of 473 private wells by the Iowa Center for Health Effects of 

Environmental Contamination (CHEEC) in Iowa found that almost half of all 

private wells tested for arsenic contained detectable arsenic values, with 8% of 

these above the MCL of 0.01 ppm for arsenic (2009).  

 

Human exposure to arsenic in airborne particulates comes mainly from smelters, 

fossil-fuel combustion, and soils in the form of arsenic rich dust. Current human 

exposures to high dosages of these particulates typically involve a small 

population who are occupationally exposed. General population health effects 

have been found from direct inhalation of household coal-fire smoke or from food 

cooked over a coal fire (Finkelman et al. 1999). Airborne arsenic has been 

attenuated somewhat through air pollution control measures. Concentrations of 

airborne arsenic in ambient air in the Midwestern US have been estimated at 1.6 

ng/m3 (WHO 2001). Airborne arsenic near industrial plants can be greater than 1 

µg/m3 (WHO 2001).  

 

2.3.6 Measuring Arsenic Exposure 

Arsenic concentrations may be measured either directly from the source material 

(e.g., soil or drinking water) or through human biomarkers of exposure. The 

biomarker measurement may depend on ingested dose, age, and gender of the 

subject tested. Once ingested, arsenic is absorbed and enters the bloodstream. 

Inorganic arsenic in the form of arsenate is reduced in the blood to form arsenite 
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(Loffredo et al. 2003). The arsenite is then methylated to form first MMA then 

DMA. Exposure to arsenic can be measured from metabolites in blood, urine, 

hair, and nails. Blood and urine samples represent recent arsenic exposures, 

while hair and nail samples indicate longer term exposures (Ratnaike 2003). 

Toenails may represent the longest term exposure representing several months 

(Hinwood et al. 2003). Even after reducing or stopping arsenic exposure, 40-60% 

of arsenic concentration may be still retained in skin, hair, nails, muscle, teeth, 

and bones which can be important for chronic arsenic toxicity (Ghosh et al. 

2008). Both hair and nail samples can become contaminated and influence intra- 

and individual reliability (Slotnick and Nriagu 2006). Hair may be washed in 

arsenic exposed water, while nails may be influenced by nail polish, dirt, or 

lotions. When measuring arsenic from these biomarkers, the samples must be 

cleaned appropriately before analysis. 

 

Total arsenic and arsenic species (DMA and MMA) found in soil and water are 

measured in many ways. Arsenic measurement in environmental samples 

typically involves a laboratory pre-treatment stage using acidic extraction or 

acidic oxidation digestion of the sample (Francesconi and Kuehnelt 2004). This 

process changes the arsenic from the sample into an arsenic acid solution. The 

solution is then measured using various techniques including: inductively coupled 

plasma-mass spectrometry (ICP-MS), graphite furnace atomic absorption, 

inductively coupled plasma-atomic emission spectrometry, hydride generation 

atomic absorption spectroscopy, and atomic fluorescence spectroscopy 
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(Francesconi and Kuehnelt 2004; Gómez-Ariza et al. 2000; Terlecka 2005). ICP-

MS is the most commonly utilized tool for measuring arsenic in environmental 

samples (Leybourne et al. 2014). 

 

Arsenic exposure can also be estimated from self-reported questionnaires to 

determine arsenic intake from food, drinking water, cooking water, coffee water, 

and possible occupational exposures. In observational studies, food frequency 

questionnaires are used to determine the intake of high arsenic food sources 

such as rice, seafood, seaweed, and mushrooms (Almela et al. 2002; Devesa et 

al. 2001; MacIntosh et al. 1997). Questionnaire items describing residential and 

employment history, identifying the source of drinking, cooking, and coffee water, 

and any known filtering or treatment devices help to estimate total arsenic 

exposure (Meliker et al. 2006). However, food frequency questionnaire items 

must be linked to both nutrient databases and databases of arsenic estimates in 

food (Egan 2013; Egan et al. 2007; Gebhardt et al. 2006). This may lead to 

further misclassification of exposure due to linkage or interpretation issues from 

the study participant, food frequency questionnaire options, nutrient database, or 

arsenic exposure information database (Akhandaf et al. 2015).  

 

Spatial techniques have been used to model arsenic concentrations in ground 

and drinking water (Gallagher et al. 2010; Goovaerts et al. 2005; Meliker et al. 

2008; Van Geen et al. 2003). Soil arsenic has also been modeled spatially to 

estimate arsenic at unsampled locations (Flora 2014; Venteris et al. 2014). 
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Venteris et al. (2014), showed relationships between spatially smoothed soil 

arsenic concentrations and underlying geologic source material. Better 

understanding of the biological role of arsenic in soil will help to advance this 

research area. Using ecological measures of arsenic exposure may not reflect 

individual behaviors or arsenic ingestion risks. Filtering of drinking water and 

correctly determining the source of drinking water highlights the difficulty in 

measuring arsenic in water. Additionally, soil arsenic may not represent human 

exposures if there is little interaction with the soil through farming or gardening. 

Ultimately use of soil arsenic to model human arsenic exposures may provide 

increased ability for investigators to gain knowledge of its associated risks 

without costly per person arsenic testing. Combining exposure assessment of 

arsenic from different sources including soil and water will help to strengthen the 

measurement of total arsenic exposure and may lead to fewer misclassification 

issues.  

 

2.3.7 Arsenic Regulation and Removal 

The United States Environmental Protection Agency’s (EPA) current maximum 

containment level (MCL) of 0.01 ppm for arsenic in public drinking water sources 

was announced in January 2001 and became fully effective in January 2006, 

replacing the previous standard of 0.05 ppm that was in place since 1975 (US 

EPA 2000; US EPA 2001). Drinking water sources that serve at least 25 persons 

or 15 locations are subject to the regulation (US EPA 2001). Public water 

sources that exceed the MCL must take quarterly measurements until results 
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consistently under the MCL are produced. Those compliant with the MCL must 

retest every 1-3 years depending on the type of water drawn for sampling. 

 

Currently there is no nationwide EPA regulation on the acceptable concentration 

of arsenic in soil across the US. In the US, arsenic is regulated at the state level 

and 45 states have arsenic surface soil regulatory guidance values (RGV) 

(Jennings 2010). Estimates of maximum acceptable soil limits from scientific 

studies and other state and international regulatory agencies have a wide range 

(Baldwin and McCreary 1998; Henke 2009; Jennings 2010; Provoost et al. 2006). 

Arsenic RGVs range from 0.039 to 200 ppm in the US (Jennings 2010). With 

values of acceptable limits that range over a few magnitudes, some have 

suggested a more nuanced approach by determining high soil arsenic areas from 

the measurement of a regional baseline concentration (Venteris et al. 2014). The 

RGV for arsenic in Iowa (17 ppm) is in the top third of least conservative state 

RGVs, well above the mean (11 ppm) of state RGVs (IDNR 2008; Jennings 

2010). 

 

Arsenic can be removed from the environment via various methods. Arsenic 

derived from mining and metallurgical effluents is typically removed by lime or 

iron precipitation (Nriagu et al. 2007). In water, oxidation of arsenite to arsenate 

is first done before precipitation of arsenate (Mondal et al. 2013). Coagulation 

followed by flocculation, adsorption, ion exchangers, and pressure-driven 

membrane processes (including reverse osmosis filters) are other methods of 
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arsenic removal (Mondal et al. 2013). Phyto-remediation is a newer technology 

designed to remove arsenic from soil (Flora 2014).  

 

2.4 Biological Pathways of Arsenic and UVR for Cancer 

Various biological mechanisms such as sustaining proliferative signaling, evading 

growth suppressors, activating invasion and metastasis, enabling replicative 

immortality, inducing angiogenesis, and resisting cell death may lead to cancer 

(Hanahan and Weinberg 2000, 2011). Other emerging hallmarks include 

deregulating cellular energetics, avoiding immune destruction, genome 

instability/mutation, and tumor-promoting inflammation (Colotta et al. 2009; 

Hanahan and Weinberg 2011). Cancer at any site occurs from an accumulation 

of multiple mutations across various pathways. The exact biological mechanism 

of action for arsenic in these pathways is not fully understood, and many 

suggested pathways have not been adequately defined when extrapolated from 

the cellular level to more population-based studies or vice versa.  

 

CM is derived from melanocytes in the basal skin layer. Upon exposure to UVR 

from sun exposure, melanocytes receive a signal from keratinocytes to produce 

melanin. Once melanin is created, it becomes packaged in melanosomes and 

signaled to protect the UVR stimulated keratinocyte from further UVR damage 

(Garibyan and Fisher 2010). Using whole-exome sequencing, recent estimates 

have indicated that UVR-associated CM is attributed to mutations that inactivate 

tumor suppressor genes including P53 (Hodis et al. 2012). Damage to P53 may 
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prevent the signaling cascade from keratinocytes to melanocytes that responds 

to absorb and prevent further DNA damage (Cui et al. 2007). Melanocytes in the 

skin produce melanin as either eumelanin or pheomelanin to protect 

keratinocytes (Lin and Fisher 2007). Eumelanin is able to absorb UVR radiation 

while pheomelanin, a feature most prominent in individuals with red hair and 

freckles, may not. The absorption potential of eumelanin allows for 

transformation of the UV into heat. Pheomelanin contributes to direct DNA 

damage in the form of a sunburn or generation of reactive oxygen species 

(Garibyan and Fisher 2010).  

 

Generally arsenic has been characterized as a co-carcinogen and a promoter of 

carcinogenesis. Chronic effects of arsenic have a latency phase from initial 

sustained exposure to skin carcinogenesis at an average of 14-24 years, 

although this number is not specific to CM (Water 1999). The dose of chronic 

arsenic exposure required to cause cancer is not well understood although some 

estimates have been 5 to 15 years of ingestion of doses around 0.01 mg/kg/day 

or higher (Water 1999). The most commonly discussed mechanisms of arsenic 

carcinogenesis (altered DNA repair, chromosomal abnormalities, oxidative 

stress, and altered growth factors) are described below. Other possible 

mechanisms that have the potential to initiate or promote melanoma 

carcinogenesis have less biological and epidemiological evidence. These other 

mechanisms are progression of carcinogenesis, p53 suppression, altered DNA 

methylation, and gene amplification (Kitchin 2001). Although these mechanisms 
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are not all specific to melanoma, investigation using other cancer sites may help 

to inform more direct CM mechanistic work. 

 

2.4.1 Altered DNA Repair 

Solar UVR absorbed during sun exposure can initiate or promote DNA damage 

as evidenced by sunburns. UVR can also act indirectly on DNA through the 

formation of reactive oxygen species. DNA damage and repair is one of the first 

lines of defense for the body to preserve genomic stability. In the case of 

melanoma, DNA repair may be altered somewhat in the presence of arsenic. 

UVR exposure has been shown to cause single- and double-strand breaks to 

cellular DNA (Sinha and Häder 2002). Typically, DNA repair mechanisms would 

initiate a response to this attack by repairing the DNA through one of several 

repair pathways. Damage to DNA from UVR is typically fixed by nucleotide 

excision repair. Arsenic has been shown to effect nucleotide excision repair of 

DNA in animal, human, and in-vivo studies (Andrew et al. 2006). For melanoma, 

DNA repair errors can lead to breakdown of key tumor suppressors and up 

regulation of proto-oncogenes that act in apoptosis and cell cycle regulation 

(Garibyan and Fisher 2010). Mutations in these factors can lead to 

carcinogenesis. In DNA repair, arsenic acts as a promoter and co-carcinogen 

with UVR. Any UVR- induced damage becomes exacerbated by the arsenic 

exposure. 
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2.4.2 Chromosomal Abnormality 

Forms of arsenic have been showed to cause chromosomal aberrations, such as 

missing or extra chromosomes (Kitchin 2001). One mechanism is through sister 

chromatid exchange, which is the transfer of genetic material across identical 

chromosome copies. Changes in this process are a major sign that some form of 

mutation has taken place. 

 

2.4.3 Oxidative Stress 

Inorganic forms of arsenic are acutely toxic and metabolism may serve as a 

detoxification of acute toxicity. Inorganic forms of ingested arsenic become 

methylated during metabolism to form MMA and DMA. Chronically MMA and 

DMA may play a different role (Thomas et al. 2001). Somewhat contrary to the 

purpose of metabolism, these metabolites can form more genotoxic factors such 

as reactive oxygen species (ROS) and bulky DNA adducts, both of which can 

damage DNA (Shi et al. 2004). 

 

2.4.4 Altered Growth Factors 

Alteration of growth factors can lead to cell proliferation and cancer. Arsenic 

exposure does this through the production of reactive oxygen species, activation 

of factors that drive transcription forward, and overexpression of proinflammatory 

cytokines (Vega et al. 2001). Most of the cancer-related research in this area has 

been from examining human keratinocytes. 
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A single cell’s response to DNA damage determines the outcome of further 

mutation. The functioning cell can sense the damage and respond either through 

repair mechanisms or programmed cell death. If repairs are not made or the 

damaged cell is allowed to replicate, further mutations may accumulate in a 

cascading process towards carcinogenesis. 

 

2.5 Summary of Risk Factors for CM 

Overall most of the research on risk factors for CM has focused on sun exposure, 

other sources of UVR, and sun sensitivity. Measures of individual sun exposure 

have been plagued with misclassification. To address this, a few studies have 

examined ambient sun exposure as an alternative objective measure (Cust et al. 

2011; Erdmann et al. 2013; Fears et al. 2002; Kricker et al. 2007; Lea et al. 2007; 

Levine et al. 2013; Ransohoff et al. 2016; Solomon et al. 2004; Tatalovich et al. 

2006b; Wu et al. 2014). However, some of these studies have relied on rough 

proxies of UVR such as latitude (Erdmann et al. 2013; Levine et al. 2013), while 

others have use estimates based on interpolation of ground monitors across 

great distances (Tatalovich et al. 2006b). Now that spatially continuous satellite 

data are available, UVR may be estimated with better accuracy. In Chapter 3 of 

this dissertation the utility of such data is analyzed and in subsequent chapters, it 

is applied to individual data within a population-based case-control study. 

 

Less is known about the association between arsenic and CM. An Iowa study 

found a two-fold increase in risk between elevated arsenic levels in toenails and 
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CM (Beane Freeman et al. 2004). Another New Mexico study did not observe an 

association between arsenic and melanoma (Yager et al. 2015). Chapter 5 of this 

dissertation goes a step further by describing and combining objective measures 

of arsenic available in environmental soil and drinking water samples throughout 

the state of Iowa. These measures were first correlated spatially (Chapter 4) to 

assess their spatial relationship, and the association with CM was estimated 

using a population-based case-control study.  
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3. TEMPORAL TRENDS IN ERYTHEMAL UVB IN THE UNITED STATES AND 

IMPLICATIONS FOR EXPOSURE ASSESSMENT  

 

3.1 Introduction 

 

Ultraviolet radiation (UVR) exposure and health outcomes including skin cancers, 

multiple sclerosis, and vitamin D insufficiency have been associated in recent 

epidemiological research (Lucas et al. 2015). Although the harms and benefits of 

UVR have been previously described, measurement to understand the harmful 

dose has proven difficult (Fears et al. 1976; Lea et al. 2007). Assessing and 

quantifying human solar UVR exposure involves measuring complex 

environmental and human host factors and their interaction. Contributing 

environmental factors include atmospheric ozone, absorbing aerosols in the 

atmosphere, and cloud cover on a particular day. Host factors include human 

skin sensitivity, skin color, gender, age, and relative time spent outdoors in the 

sunshine. In order to determine risk for UVR-related outcomes, most 

investigators have previously relied on subject recall of sun exposure, sunburns, 

and other factors, which are imprecise (Cockburn et al. 2001; Elwood and 

Jopson 1997). Due to the long latency of many UVR-associated outcomes, 

accurate exposure assessment requires detailed accounting of UVR exposures 

going back decades (Elwood and Jopson 1997). Approaches solely using sun 

sensitivity factors combined with self-report ignore the additional complexity of 

environmental and atmospheric components that drive the variation in UVR.  
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Another approach to UVR exposure assessment has been through the use of 

latitude as a proxy for ambient UVR or potential sun exposure. Unlike subject 

recall, latitude provides an objective measurement. Previous studies have found 

associations of latitude with multiple sclerosis (Alonso and Hernán 2008; 

Hogancamp et al. 1997; Simpson et al. 2011), melanoma (Erdmann et al. 2013; 

Levine et al. 2013) and non-melanoma skin cancers (Lomas et al. 2012). 

However, these studies do not capture intra latitude variability between places 

such as South Carolina and Arizona, two states within the same latitude but with 

very different sun exposures (Schuurman et al. 2013). Furthermore, latitude use 

does not measure actual ambient UVR exposure.  

 

The National Solar Radiation Database (NSRAD) produced by the National 

Renewable Energy Lab has been measuring ground level UVR since 1960. UVR 

is measured at meteorological stations across the country with some satellite 

modeling (1998-present). However, only 239 of 1454 stations have recorded 

UVR before 1990 and many of these stations do not have continuous or reliable 

estimates tracing back to 1960 (Wilcox 2007; Wilcox et al. 2007). Furthermore, 

while some populations in the United States (US) are close to their nearest 

station, others are more distant. In order to provide spatially continuous gridded 

data, interpolations have been made based on these point locations (Wilcox 

2007). Interpolated estimates of ground level UVR from stations have been 

shown to be less accurate than satellite-derived estimates using an estimated 

ground truth (Zelenka et al. 1999). With interpolated data, seemingly small but 
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clinically relevant variation may be lost depending on the density of the stations 

and interpolation methods used, especially in areas where data coverage is less 

pronounced such as some western US states (Tatalovich et al. 2006a).  

 

The National Aeronautics and Space Administration (NASA) has been providing 

remotely sensed measures of UVR onboard various satellites using Total Ozone 

Mapping Spectrometers (TOMS) since 1978 as an alternative to ground level, 

discontinuous measures. This allows for spatially continuous gridded UVR data 

without the disadvantage of large scale interpolation. Unlike ground level 

instruments, the satellite data provide continuous standardized measurements 

across the globe which allows for study of UVR exposures outside of the US. 

Use of satellite data for UVR exposure assessment represents the most 

analytically advanced method to date. These data have been used in the study of 

various health outcomes including multiple sclerosis (Schuurman et al. 2013) and 

melanoma (Cust et al. 2011; Kricker et al. 2007; Solomon et al. 2004). One 

criticism of satellite-derived UVR data is the relatively short record (1978-

present), which makes exposure assessment difficult for outcomes with long 

latency periods. This latency could include childhood and young adult exposures 

that have been shown to be important in the development of diseases in older 

individuals (Autier 1998; Elwood and Jopson 1997; Islam et al. 2006; Van der 

Mei et al. 2003; Weinstock et al. 1989). No estimation of satellite-derived ambient 

UVR exposure in individuals with UVR exposure history prior to the satellite 

record is available. Previous studies have used post 1978 UVR data as proxies 
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for pre 1978 exposures. Use of solely post 1978 exposure data could potentially 

lead to misclassification of the exposure if UVR is changing appreciably long-

term.  

 

UVR from the sun is comprised of UVA (λ=320-400nm), UVB (λ=280-320nm), 

and UVC (λ=200-280nm). UVC is not relevant since it is typically absorbed by 

ozone in the upper atmosphere. UVB can be absorbed by human skin causing 

sunburns, while UVA may be absorbed by deeper subcutaneous tissues. UVB 

has the potential for more cutaneous skin damage (Armstrong and Kricker 2001) 

and is weighted more heavily than UVA in the action spectrum that determines 

the UVR index (McKinlay and Diffey 1987). The current study investigates trends 

in UVB using available satellite data (1978-2014) to generate inferences for UVB 

over time in the US, uses modeled UVB trends to inform prior assumptions of pre 

1978 UVB, and makes recommendations for UVB human exposure assessment 

in future studies. 

 

3.2 Methods 

Solar UVB data were obtained from NASA’s TOMS (International Research 

Institute 2015) and the Ozone Monitoring Instrument (OMI) (NASA 2015). The 

TOMS system has been collecting ground-level UVB data aboard Nimbus 7 from 

1978 to 1993 and aboard the Earth Probe satellite from 1996 to 2004. Since 

October 2004, the OMI, which is onboard the NASA EOS Aura satellite, has 

continued the recording of TOMS. Both systems provide continuous UVB data 
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across the entire globe on 1° latitude by 1.25° longitude grid resolution for TOMS 

and 1° by 1° degree resolution for OMI. In the mid-latitudes of the continental US, 

one degree is about 69 miles north to south and depending on latitude, 47-63 

miles east to west.  

 

UVB estimates were measured daily noontime ground-level irradiances that took 

into account cloud conditions, ozone column, length of day, solar zenith angle, 

surface albedo (snow or forest cover), and atmospheric aerosols. Additionally, 

the UVB data used for this analysis were erythemically-weighted, which means 

they were weighted by the reference erythemal action spectrum, a measure of 

potential for UVB biological damage to the skin erythema (skin redness) of 

Caucasians (McKinlay and Diffey 1987). OMI uses the same algorithm to 

estimate UVB as TOMS. The erythemal UVB calculated by TOMS/OMI is 

consistent with the standard set by the Commission Internationale de l' Éclairage 

(McKinlay and Diffey 1987; Standard 1998). TOMS data algorithm version 8 was 

used to estimate erythemal UVB (Wellemeyer et al. 2004). This 30-year record of 

UVB data provided by TOMS and OMI was used for our analyses.  

 

Statistical Analysis   

For each 1° by 1° grid square across the continental US, daily UVB 

measurements were averaged by month for OMI. The continental US was used 

as the unit of observation and will be referred throughout as the US for ease of 

interpretation. OMI monthly data were subsequently re-gridded using bi-cubic 
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interpolation to match the lower resolution TOMS sensors. A total 392 months of 

UVB data from November 1978-December 2014 were used for analysis (174 

from 1978-1993, 96 from 1996-2004, 122 from 2004-2014). Due to data 

availability and reliability issues, UVB data from May 1993-July 1996 were not 

included in this analysis which includes data from TOMS Meteor-3 (Aug 1991 - 

Dec 1994) satellite. Average annual UVB exposure by grid was calculated as the 

sum of the twelve monthly averages for the time period 1978-2014.  

 

UVB data were grouped and compared based on the three satellite sensor 

combinations A) TOMS aboard Nimbus-7 satellite (1978-1993), B) TOMS aboard 

Earth Probe satellite (1996-2004), and C) Ozone Monitoring Instrument (2004-

2014). Trends in erythemal UVB were examined within each grouping for the 

stratified analysis, then across all years for the crude analysis. Due to potential 

confounding of the relationship between the time period and detected erythemal 

UVB, stratified and adjusted models were explored with the satellite type as a 

proxy for time period. Using general linear modeling, we examined the mean 

difference in UVB over time for each grid square. This comparison allows us to 

assess the stability of UVB estimates over the full study period. Finally, a fully 

adjusted model was completed controlling for the satellite sensor as a proxy for 

time period. 

  

Temporal autocorrelation is expected in the data with cyclical trends in UVB over 

the course of a year. UVB peaks in the summer months and reaches its minimum 
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value in the winter months within the US. This autocorrelation violates the 

independence assumption of linear regression and can be seen by large 

correlation coefficients between regression residuals and 1- or 12-month time 

lags. In order to account for temporal autocorrelation, a harmonic function 

(Stolwijk et al. 1999; Woodhouse et al. 1994) was included in linear regression 

models leading to the following linear regression model for the crude analysis:  

UVBGridpoint(i,j)=β0Gridpoint(i,j) + β1 Gridpoint(i,j) Year+ β2 Gridpoint(i,j) sin(2πMonth/12)+ β3 Gridpoint(i,j) 

cos(2πMonth/12) 

The last two terms in the model represent the temporal autocorrelation by month 

using a harmonic function that runs a full cycle in one calendar year. The 

adjusted model additionally includes satellite sensor. 

 

We used linear regression to examine the magnitude of UVB change over time 

independently for each grid square, which we call the local tests. To account for 

multiple testing and spatial autocorrelation of local significance tests, we used a 

field significance test to determine if UVB changed statistically over the study 

area based on the results of the local tests. This field significance test, which 

helped make less biased inferences from the trend analysis, we call the global 

test (Wilks 2011). For the global test, grid points with locally significant 

differences were counted and compared to a null distribution generated using 

Monte Carlo techniques with random permutation (n=1000) with replacement of 

all available years of data. Two tailed p-values <0.05 were considered significant 

for both local and global tests. Analyses were conducted in MATLAB R2013b 
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(The MathWorks Inc., Natick, MA). Data visualization and map creation were 

conducted in ArcGIS 10.1 (ESRI, Redlands, CA).  

 

3.3 Results 

From 1978-2014, the average cumulative erythemal UVB ranged from 19.68 

kJ/m2 in the northeastern and northern US to 49.89 kJ/m2 in the southwestern 

region and southern Florida (Figure 3.1). As expected, these patterns in yearly 

UVB followed latitude lines closely. UVB was also greater in areas of higher 

elevation. Greater variability was observed in areas of high relief where the 

difference between high points and low points in the terrain were the most 

pronounced. 

 

The mean erythemal UVB followed a cyclical trend by month that peaked in the 

summer months and reached a minimum in the winter as expected (Figure 3.2). 

Within the US, monthly UVB ranged from 0.112 kJ/m2 in January in Maine to 

5.902 kJ/m2 in July in Florida. We selected several US cities in order to visually 

examine the average cumulative UVB trends more closely (Figure 3.3). Based on 

these cities, average cumulative UVB remained fairly constant over the   study 

period with changes ranging from 5.3 kJ/m2 to 7.9 kJ/m2. 

 

The crude trend analysis from 1978-2014 identified some areas of UVB change. 

These changes occurred mainly in the Southeast, Texas, and along much of the 

East and West Coast regions (Figure 3.4). UVB increased in 69% of local tests, 

decreased in <1%, and did not change in 30%. The global test indicated that a 



60 
 

statistically significant change in UVB occurred during this time period, but the 

magnitudes of change indicated by the local linear regression models were small 

(-0.215 to 0.163 kJ/m2 per 5-year increment). In magnitude this amounts to less 

than the December average ambient UVB exposure in all US locations (Figure 

3.2).  

 

Adjusting for satellite type, the changes in erythemal UVB were seen in the much 

of the western half of the country, the Appalachian Mountains, along Lake Erie, 

New England, and the Atlantic coastline of the southeastern states (Figure 3.4). 

A five-year increase in this adjusted model translated to a 0.001 to 0.145 kJ/m2 

increase in erythemal UVB. UVB increased over time in 48% of local tests and 

did not change in 52%. There were no significant decreases in UVB. As with the 

crude model, the global test indicated a significant change in UVB over time, but 

the magnitude of this change was small based on the results of the local linear 

regression models. 

 

The model stratified by the satellite type (Figure 3.5) revealed a more nuanced 

spatial pattern for UVB change over time. From 1978-1993, TOMS aboard 

Nimbus-7 showed small increases in UVB (0.007 to 0.038 kJ/m2 per 5-year 

increment) based on local linear regression tests, most notably in the western 

half of the US, along the southeastern coastal region, the Midwest and Northeast 

(Figure 3.5A). Results of the global test indicated a significant change in UVB for 

1978-1993 TOMS data, but the magnitude of change was small as previously 
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stated. From 1996-2004 for TOMS onboard the Earth Probe satellite (Figure 

3.5B) decreases in UVB were seen in parts of south central West Virginia 

including the Allegheny Mountains (-0.100 to -0.030 kJ/m2 per 5-year increment), 

southwest Texas (-0.265 to -0.075 kJ/m2 per 5-year increment), and the southern 

California coast near San Diego (-0.210 to -0.165 kJ/m2 per 5-year increment). 

The largest increases in UVB for 1996-2004 were along the southern Rocky 

Mountains in Colorado (0.095 to 0.150 kJ/m2 per 5-year increment) and near the 

Cascade Mountains in Washington (0.115 to 0.195 kJ/m2 per 5-year increment). 

From 2004-2014, the OMI model shows small decreases in UVB in northeastern 

Montana (-0.095 to -0.085 kJ/m2 per 5-year increment) and north central 

Colorado (-0.060 to -0.010 kJ/m2 per 5-year increment) (Figure 3.5C). The 

largest increases in UVB for 2004-14 were along parts of the Sierra Nevadas 

(0.065-0.090 kJ/m2 per 5-year increment). Although some local tests were 

significant, results of the global tests for both 1996-2004 and 2004-2014 time 

periods showed no significant changes in erythemal UVB across the study area. 

Therefore, any interpretations of UVB change from these two stratified models 

(Figures 3.5B & 3.5C) should be made only at the local level.  

 

3.4 Discussion 

UVB changed in various locations across the study area from 1978-2014. The 

largest local change observed in Fallen, Nevada (0.145 kJ/m2 per five-year 

increment) represented 17% of total ambient exposure for an average January 

and 2% of an average July in this area. In Maine and western Texas, the areas of 

lowest and highest cumulative UVB respectively, this is equivalent to 49% of 
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January ambient exposure in Maine and 2% of July ambient exposure in western 

Texas. The small changes in erythemal UVB over the observation period were 

well within the range of average monthly UVB variation in the US. Such 

misclassification would then be within the range of an extra month of exposure 

reported over a lifetime. Thus, our analysis indicated no biologically relevant 

changes in UVB from 1978-2014 for humans. The observed trends have only a 

small impact on long-term human UVB exposure assessments. 

 

The largest erythemal UVB increases from 1978-2014 in the adjusted model 

were found in parts of western Nevada (0.145 kJ/m2 per five-year increment). 

Over a potential 30-year period, UVB would increase by 0.87 kJ/m2. This is 

equivalent to one adding a January month of exposure for Iowa (Figure 3.2). 

Current approaches to UVB exposure assessment that consider lifetime UVB 

exposures would render this exposure misclassification as negligible when 

considering the dose required for some outcomes, 0.5 kJ/m2/day increase of 

average annual UVR to decrease multiple sclerosis prevalence from 28 to 25 per 

100,000, or the magnitude of changes seen in context of monthly US fluctuations 

in UVB (Van der Mei et al. 2001). 

 

Recent case-control studies explored the association between lifetime ambient 

erythemal UVB irradiance for melanoma (Cust et al. 2011; Kricker et al. 2007) 

and esophageal cancer (Tran et al. 2012). Cust et al. (2011) classified exposure 

groups based on quartiles (Q) of lifetime ambient erythemal UVB exposure 
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(Q1=<35,462; Q2=35,462-42,004; Q3=42,005-47,784; Q4>47,784 kJ/ m2) in 

cases and controls. Similarly, Tran et al. (2012) classified groups by tertiles (T) of 

lifetime ambient erythemal UVB (T1=<66,678; T2=66,981-83,140; T3=>83,176 

kJ/m2). For the Nevada increase indicated above, an 80-year-old who lived 

his/her whole life in western Nevada, the maximum increase seen in the 1978-

2015 NASA data would be equivalent to a lifetime ambient erythemal UVB 

increase of 2.32 kJ/m2. Based on categories of exposure in these studies, 

ignoring the maximum increase in erythemal UVB (and smaller increases) that 

we found would not result in appreciable misclassification of the exposure. 

Therefore, our observed changes in UVB are not biologically relevant for future 

studies estimating exposure to lifetime ambient UVB.  

 

Our observation of small increases and decreases in erythemal UVB from 1978-

2014 could be due to the interplay of various factors including ozone depletion, 

ozone recovery, and climate change (changes in cloud cover, temperature, and 

surface albedo). Ozone in the stratosphere reduces the amount of erythemal 

UVB that reaches the surface of the Earth. Some estimates have described a 

1000-fold reduction in erythemal UVB by ozone (Horneck et al. 1996). In the late 

1970’s depletion of UVB reducing ozone became more important as the 

incidence of skin cancers began to rise (more than 50% for melanoma from 

1974-1981) leading to more research in this area to assess causality (Kane 

1998). The reductions in ozone over large geographic areas became known as 

ozone holes. The Montreal Protocol, which curbed production of a wide range of 
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ozone depleting substances, began implementation in 1987. Assuming UVR 

causality, some have predicted that the incidence of skin cancer would have 

been 14% greater by the year 2030 without the Montreal Protocol (Dijk et al. 

2013). Further estimates have suggested that over the next 30 years increases in 

erythemal UV radiation will be negligible for the continental US with return to pre 

1980’s levels in the next ten years (Bais et al. 2011). These will be driven by the 

recovery of atmospheric ozone. The small changes in erythemal UVB 

demonstrated in this current study from 1978-2014 provide additional evidence 

for a long-term stable trend. 

 

The changes we identified could derive from errors in satellite estimation. Our 

stratified models showed small local changes in UVB mostly in geographic areas 

near mountains and coastal regions. These changes could be due to 

documented difficulties in satellite erythemal UVB estimation. In some instances, 

satellite sensors are unable to discern accurately between snow and clouds in 

calculations of surface albedo and cloud cover (Fioletov et al. 2004). 

Mountainous regions with high snow cover are problematic for satellite-derived 

erythemal UVB estimates. Three-dimensional radiative transfer models may be 

used to accurately model erythemal UVB near mountains (McKenzie et al. 2003). 

Unreliable estimates here should reflect non-differential misclassification and 

lead to an underestimation of UVB associations with health outcomes. 
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In this study, we saw small trends in erythemal UVB from 1978-2014 which 

represents the extent of the climatological satellite record. As previously 

mentioned, accurate UVR exposure assessment for many UVR-associated 

outcomes will rely on a good assessment of childhood and young adult 

exposures. One assumption in our interpretation of these findings is that trends 

from 1978-2014 will hold pre 1978 for the lifetime of individuals living today with 

exposure histories that pre date the record. Other climatological analyses have 

shown this assumption to hold, with erythemal UVB increasing less than 5% 

relative to the 1975-1985 mean from 1960-2000 before decreasing slightly since 

then for the locations between 60°N-30°N latitude (Bais et al. 2011). If pre 1978 

trends are 10-15% larger than the 1978-2014 trends reported here, then the 

effect on lifetime ambient erythemal UVB would be minimal for the 80-year-old 

individual previously described living in Nevada (2.48-2.55 vs. 2.32)  

 

UVR exposure assessment has been addressed through a variety of methods in 

the epidemiological literature (Gandini et al. 2005). The most accurate methods 

use electronic dosimeters to measure personal exposure. For large scale 

studies, this is impractical due to cost and length of follow-up time necessary in 

longitudinal analyses. Ambient erythemal UVB can be used as a proxy measure, 

but use can be difficult due to data availability issues, perceived difficulty of use, 

size and complexity of data files, and computing time necessary. Often more 

crude proxies of UVR have been used. When considering the relationship of 

these crude measures and UVR, the use of latitude alone explains 15% of 
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personal UVR variation (Cahoon et al. 2013), while a 1,000-meter increase in 

altitude corresponds to a 27% increase in erythemal UVB (Baczynska et al. 

2013), cloud cover displays an inverse relationship with UVR (Santos et al. 

2011). Temperature has also been used as a UVR proxy, but the relationship 

between temperature and UVR may be more complex. Globally, annual mean 

erythemal UVB is highly correlated with annual mean temperature (r=0.845), but 

locally significant correlations only exist in the southern US states where annual 

temperature variation is low (Beckmann et al. 2014). Future studies should 

assess the degree of exposure misclassification added by using these crude 

proxies for lifetime ambient erythemal UVB compared with the remotely sensed 

estimates shown here.  

 

Investigators seeking to enhance UVR exposure assessment are increasingly 

adding more advanced techniques such as ambient erythemal UVR estimation 

(Cust et al. 2011; Freedman et al. 2010; Kricker et al. 2007; Lea et al. 2007; 

Solomon et al. 2004; Tatalovich et al. 2006b; Tran et al. 2012; Wu et al. 2014), 

rather than sole use of subject recall or climatological proxies. In studies using 

erythemal UVB or similar objective UVR modeling techniques, recall bias due to 

UVR exposure estimation has been dramatically reduced, if not eliminated. 

Finding only small changes in UVB over the study period further supports the use 

of satellite data for outcomes with latency periods that might predate the satellite 

record. Satellite UVR estimates should be added to more traditional models 

including human skin sensitivity, skin color, gender, age, and relative time spent 
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outdoors in the sunshine for UVR exposure assessment. As individuals born after 

the satellite record age, we will measure the effects of UVB exposures more 

effectively, but based on the results found here current approaches may still be 

reliable. 

 

Conclusion 

Observed changes in erythemal UVB from 1978-2014 from satellites were less 

than expected and not biologically relevant as they represented smaller changes 

than are necessary for appreciable misclassification based on current UVR 

exposure literature. Future exposure assessment should model UVR from 

satellite data as it can provide daily measures on a continuous surface across the 

globe. 
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3.5 Figures & Tables 

Figure 3.1: Average Cumulative Erythemal UVB
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Figure 3.2: Average Monthly Erythemal UVB (kJ/m2)  

in the Mid-Latitudes, 1978-2014 
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Figure 3.3: Annual Erythemal UVB for Selected Cities 
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Figure 3.4: Trends in Erythemal UVB 
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Figure 3.5: Trends in Erythemal UVB Stratified by Satellite Type 
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4. NO SPATIAL ASSOCIATION BETWEEN ENVIRONMENTAL ARSENIC 

CONCENTRATIONS IN SOIL AND DRINKING WATER AND IMPACT OF 

HISTORICAL ARSENIC TESTING 

 

4.1 Introduction 

Arsenic is a naturally occurring element that exists in many forms, with human 

exposure to arsenic derived from various sources including environmental soils, 

drinking water, foods, and airborne particulates. Sources of arsenic exposure and 

the harmful dose of arsenic as an environmental contaminant and carcinogen are 

poorly understood (Yoshida et al. 2004). Arsenic exposure studies have mainly 

focused on inorganic forms of arsenic in water and the associated long-term 

human health effects (Abernathy et al. 1999). Exposure to arsenic has been 

positively associated with cancers of the bladder, kidney, liver, prostate, lung, 

and squamous cell carcinoma of the skin (Cantor 1997; Hopenhayn-Rich et al. 

1998; Steinmaus et al. 2013). Arsenic exposure has also been associated with 

non-malignant skin lesions (hyperkeratosis, hyperpigmentation), type 2 diabetes, 

and cardiovascular disease using arsenic concentration in urine, toenails, hair, 

drinking water, and place of residence (Del Razo et al. 2011; Tseng 2008; 

Yoshida et al. 2004). However, arsenic in soil may also effect health due to plant 

uptake or leaching from soil into drainage water (Flora 2014).  

 

Determination of the highest arsenic concentrations across geographic areas 

may depend on knowledge of multiple exposure sources working in concert. 

Arsenic occurs naturally in soils through the weathering of sedimentary rocks or 

minerals containing high arsenic or through volcanic activity (Flora 2014). Mining, 
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smelting, combustion of fossil fuels, and arsenal pesticide use add arsenic to the 

soil (McLaren et al. 2006). Although accumulation of arsenic in the soil from 

these activities is localized, heighted arsenic concentrations can persist for many 

years (Matschullat 2000). Soil arsenic intake can occur through intentional and 

accidental ingestion, gardening, landscaping, and recreation. Currently there is 

no nationwide EPA regulation on the acceptable concentration of arsenic in soil 

across the United States (U.S.). In the U.S., arsenic is regulated at the state level 

and 45 states have arsenic surface soil regulatory guidance values (RGV) 

(Jennings 2010). Estimates of maximum acceptable limits from scientific studies 

and other state and international regulatory agencies have ranged wildly in soil 

(Baldwin and McCreary 1998; Henke 2009; Jennings 2010; Provoost et al. 2006). 

Arsenic RGVs range from 0.039 to 200 ppm in the US, which is 3.7 orders of 

magnitude (Jennings 2010). With values of acceptable limits that range over a 

few magnitudes, some have suggested a more nuanced approach by 

determining high soil arsenic areas from the measurement of a regional baseline 

concentration (Venteris et al. 2014). The RGV for arsenic in Iowa (17ppm) is in 

the top third of least conservative state RGV’s, well above the mean (11ppm) and 

geometric mean (2.98 ppm) of state RGV’s (IDNR 2008; Jennings 2010). 

 

Unlike soil arsenic, testing of drinking water supplies for arsenic is compulsory in 

the U.S. for public water sources under the Safe Drinking Water Act (US EPA 

2001b). Private well testing is not regulated. The EPA currently sets a maximum 

containment limit (MCL) of 0.01 ppm for arsenic in drinking water sources (US 
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EPA 2001b). Recent estimates suggest that 8% of public water sources and 10% 

of all drinking water sources in the U.S. have arsenic levels exceeding the MCL 

(Ravenscroft et al. 2009). Measuring arsenic from drinking water on a large scale 

can be a complex and costly endeavor, in part due to the varying drinking water 

source types, filtration used, and the variability of arsenic within a given source 

over time.  

 

Arsenic is primarily released to surface waters from soil by dust or the dissolution 

in rain, rivers, and other ground water systems where it leeches into drinking 

water (Shih 2005). Flooding and weathering of sedimentary rocks and minerals 

can also cause groundwater sources including aquifers to become contaminated 

with arsenic (Henke 2009). Therefore, high groundwater concentrations of 

arsenic should be collocated in areas where soil, rock, and mineral 

concentrations are high or where aquifer recharge zones are located near these 

sources. Subsequently, drinking water sources drawing from these aquifers 

should also be contaminated. 

 

Future investigations on the human health effects of arsenic may be improved by 

exploring the concentration and spatial distributions of arsenic sources. Water 

arsenic assessment is difficult and requires a multilevel approach involving 

samples from individual well owners, public water utilities, and source specific 

filtering information.   Here we test whether a spatial correlation exists between 

arsenic levels in various drinking water sources and soil sampling using Iowa as 
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a case study. Iowa is a beneficial case study due to its high rural population 

allowing direct measurement of environmental exposures, access to drinking 

water testing databases, the high coverage of private wells throughout the state, 

and availability of a robust soil sampling survey. In addition to the spatial 

correlation, a descriptive analysis of historical arsenic testing in drinking water 

will reveal patterns in testing that can inform any spatial correlation detected by 

showing the stability of arsenic in drinking water over time and the effect of 

testing compliance on observed concentrations. 

 

4.2 Methods 

Arsenic assessment 

Soil arsenic concentrations were taken from the Iowa Statewide Trace Element 

Sampling Project conducted by the United States Geological Survey, May 

through August 2003 (Rowden 2010). For that project, field crews collected 532 

sample sets across Iowa, including one from topsoil (0-8 inches deep) and one 

from subsoil (12-24 inches deep) at randomly selected geo-referenced locations 

throughout the state (Figure 4.1). Arsenic concentrations in soil were determined 

by Atomic Absorption Spectroscopy methods (Haswell 1991). Concentrations 

were 100% detectable with the detection limits of the test ranging from 0.6 ppm 

to 20 ppm.  

 

Arsenic concentration in public water sources was assessed using the University 

of Iowa’s Center for Health Effects of Environmental Contamination (CHEEC) 
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database (Figure 4.1). This database contains 3,167 unique historical arsenic 

results from September 1974 through December 2011. CHEEC uses these data 

to assess water quality in Iowa and to verify that public water sources are 

meeting standards set by the EPA under the Safe Drinking Water Act (SDWA). 

The current limit of 0.01 ppm of arsenic in water was announced in January 2001 

and became fully effective in 2006 (US EPA 2001a). This replaced the previous 

standard of 0.05 ppm which had been in place since 1975 (US EPA 2000). Public 

water sources in this database included either municipal water sources or non-

municipal public water sources. Non-municipal water sources include community 

wells and school, subdivision, or mobile home park drinking water supplies that 

serve at least 25 persons or 15 locations (US EPA 2001b). For geospatial 

analysis, municipal water sources were georeferenced to the centroid of the 

municipal area defined by the 2010 U.S. Census. Non-municipal public water 

sources were georeferenced using the coordinates of the water source provided 

to the EPA’s facility registry system through linkage by the public water source’s 

SDWA identification number. Water sources were georeferenced as point 

locations, therefore any intra-source variability was not described. Two or more 

arsenic concentration results taken on the same day for a single public water 

source (541 of 3,167 samples) were averaged yielding 2,626 total samples from 

656 unique locations (Figure 4.1). Both raw and finished (treated) water samples 

were used. When both raw and finished results were available for the same day 

(n=15), the raw values were not included in the arsenic average. Multiple 

samples recorded on the same day were assumed to be reliability samples. The 
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lowest detection limit for these data varied depending on amount of the sample 

and instrumentation for analysis. 

 

To supplement the non-municipal public water sources, arsenic concentrations in 

private wells were provided from the Iowa Study of Skin Cancer. This population-

based case-control study analyzed the association between arsenic 

concentration from various sources and cutaneous melanoma. Study subjects 

were recruited from April 2010-June 2014, and those who indicated a private well 

as the primary drinking water source were mailed water sample packets. 

Returned samples (n=319) of drinking water were sent to the University Hygienic 

Lab in Ankeny, Iowa for arsenic testing. One subject provided two samples of 

well water, and the arsenic concentration values were averaged making 318 

unique private well locations. The samples were geo-referenced to the centroid 

of the study subject’s home zip code, ensuring privacy of subject-specific private 

well arsenic values, especially in sparsely populated areas (Figure 4.1). For all 

analyses, sampled sites with undetectable arsenic values were imputed for 

arsenic by triangular approximation, where samples are assigned the minimum 

detectable limit of the test divided by the square root of 2 (Hornung and Reed 

1990). Private well samples were cross-sectional measurements with no 

repeated samples. Samples may represent long-term arsenic concentration in 

these systems as private wells are not regulated by the EPA’s 0.01 ppm arsenic 

regulation. Therefore, arsenic concentrations from private wells tested 2010-2014 
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may be compared to concentrations in public water sources from an earlier time 

period. 

 

Data Analysis   

Historical arsenic concentrations in Iowa’s public water sources are described in 

descriptive analysis presenting the frequency of tests and the propensity of 

samples to exceed the current EPA regulation of 0.01 ppm. The median time to 

retest following a sample exceeding the MCL and the median time to observance 

of a compliant sample result after a high result were estimated using Kaplan-

Meier survival estimates. These analyses represented the calendar time from the 

first high arsenic result to the event of interest. Water sources not reaching the 

event were censored at the end of the data record, December 31st, 2011. 

Survival analysis was completed in SAS 9.3 (SAS Institute, Cary, NC). 

 

Spatial interpolation between points was performed in ArcGIS 10.1 (ESRI, 

Redlands, CA) for both the soil and water arsenic geo-referenced samples in 

order to create continuous spatial surfaces of arsenic concentration across Iowa. 

Interpolation was conducted via ordinary kriging, which is a method of estimation 

at unsampled locations using “nearest neighbors” weighed by a distance function 

(Oliver and Webster 1990). The weights assigned were not based on distance 

alone, but also on minimizing the error variance of the entire model and spatial 

dependence within the sampled measures. The final variogram or function 

describing the extent of spatial dependence was chosen based on reducing the 
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root-mean-square error of cross validation. Final models were chosen based on 

the average standard error closest to zero and the root mean square-

standardized error closest to one (Johnston et al. 2001). Models including 

anisotrophy, which allows spatial dependence to vary in different directions, were 

tested but did not result in improvement to the cross-validation results. Sensitivity 

analyses were conducted to determine if non-geostatistical techniques using 

inverse distance weighting appreciably changed any of the conclusions.  

 

The krigged results for arsenic in water (municipal sources, non-municipal public 

water sources and private wells combined) were compared with arsenic 

concentrations in both topsoil and subsoil using bivariate local Moran’s I (LISA) 

(Anselin et al. 2002). This extension of the local indicators of spatial 

autocorrelation or LISA was used to produce a correlation between the two 

arsenic sources in corresponding areas and also nearby areas on the map. The 

bivariate LISA improves on the Pearson correlation coefficient due to the 

inclusion of spatial information. Spatial autocorrelation happens when attribute 

values for data across space are non-random and violate assumptions of 

independence of observations, which causes overestimation of associations. 

This is based on the notion that items closer together in space tend to have 

similar attributes. The bivariate LISA allowed for comparisons of the 

autocorrelation structure of soil arsenic concentration with that of water arsenic. 

For these correlations arsenic concentrations in public water sources were 

averaged by location from May 2002-August 2004 to correspond to the dates 
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around the cross-sectional soil sample collection. The bivariate LISA included the 

identification of areas with high correlation and contrasting them with areas of low 

correlation, which could not be accomplished with solely an interclass correlation 

coefficient. Clusters were determined by random permutation (n=999) and p-

values <0.05 were considered significant. Bivariate LISA analyses were 

performed in GeoDa 1.6.7 (GeoDa Center, Tempe, AZ).  

 

4.3 Results 

Arsenic concentrations were measured from soil and drinking water sources from 

532 and 974 locations, respectively (Figure 4.1). Detected arsenic in Iowa’s 

public water systems ranges from <0.01 ppm to 5 ppm (Table 4.1). Of these 

values, 18% were above the EPA’s historical MCL for arsenic in municipal public 

water sources. From non-municipal public water sources and private wells, 43% 

and 13% of samples, respectively, were above the MCL. Additionally, the mean 

detected arsenic concentrations in both municipal and non-municipal public water 

sources were above the current MCL of 0.01 ppm (0.012 ppm for municipal and 

0.030 ppm for non-municipal). 

 

While 87% of the municipal public water sources retested after high results, only 

half of the non-municipal public water sources retested after a detection of 

arsenic exceeding the MCL (Table 4.2). These percentages decrease when the 

first sample recorded is in compliance with the MCL, 59% and 39%, respectively. 

According to the EPA’s arsenic regulations (US EPA 2001a), public water 

sources that exceeded the MCL must take quarterly measurements until results 
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are produced that are consistently under the MCL. Those that are already 

compliant with the MCL must retest every 1-3 years depending on the type of 

water drawn for sampling. Kaplan-Meier survival estimates of median time to 

retest after a sample exceeding the MCL are described in Table 4.2. Municipal 

public water sources retested after a median time of 239 days (95% CI: 131-373 

days), while non-municipal public water sources did so in 130 days (95% CI: 99-

219 days). Both exceeded the EPA’s quarterly timetable. Generally, 500 days 

passed before public water sources were able to achieve a test result under the 

MCL after a high arsenic result. These regulations do not apply to private wells.  

 

Municipal sources with average arsenic results that exceed the MCL seem to 

concentrate in the north central area of the state and in central areas near 

Greene, Carroll, Hamilton, and Hardin counties (Figure 4.2A). Over time and with 

more concentrated testing these areas consistently posted averages that 

exceeded the current MCL of 0.01 ppm (Figure 4.2B). Non-municipal public 

water sources in Cerro Gordo County in the north central area of the state 

contained sources that were the most frequently tested and exhibited 

consistently high levels of arsenic in water over time (Figure 4.2C). Even after 

implementation of a decreased MCL of arsenic from 0.05 ppm to 0.01 ppm in 

2001, average arsenic concentrations in this county continued to exceed 0.05 

ppm (Figure 4.2B). Non-municipal public water sources between Iowa City and 

Des Moines and within Scott County near the eastern border with Illinois also 

reported consistent arsenic concentrations that exceeded the current MCL. The 
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krigged surface of non-municipal water sources (Figure 4.3A) shows a similar 

pattern with high arsenic concentrations in the north central region of the state 

near the Des Moines Lobe. Average arsenic in municipal water sources show 

localized distributions (Figure 4.3B), and no large scale patterns were exhibited. 

 

Arsenic concentrations in subsoil were slightly higher than those in topsoil (mean 

8.71 ppm vs 9.67 ppm, respectively). Topsoil is more susceptible to erosion, 

anthropogenic activity, and weather events than subsoil. Due to the spatial 

similarities between topsoil and subsoil as evidenced by bivariate Moran’s I 

(p<0.001), the following results focus on arsenic in subsoil which should remain 

the most stable over time (Henke 2009). Arsenic in subsoil ranges from 1.00 ppm 

to 21.70 ppm across Iowa (Table 4.1) with the highest arsenic values occurring in 

the most western quarter of the state (Figure 4.3C).  

 

After ordinary kriging, Figure 4.4 shows correlations between soil arsenic 

concentrations and water arsenic concentrations based on bivariate LISA. For 

much of the state no significant correlations were detected when comparing 

arsenic in subsoil with arsenic in both municipal public water sources and non-

municipal water sources. One large area in the northern part of the state has a 

dispersive effect between arsenic in subsoil and arsenic in non-municipal water 

sources (Figure 4.4A). In this low-high spatial association, low subsoil arsenic 

concentrations within this region are associated with high water arsenic 

concentrations in nearby areas. In the southwestern area of the state another 
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dispersive effect is seen where high soil arsenic concentrations are associated 

with low water arsenic concentrations. Although not contiguous, some patterns of 

low-low spatial clustering occur in Bueno Vista, Webster, and Union Counties. 

When comparing subsoil and municipal water sources, there are no observable 

large regions with similar spatial association structures (Figure 4.4B). There are a 

few small clusters of high-high spatial association in parts of Woodbury, Clay, 

Marion, and Mahaska Counties. Most of the state shows no significant spatial 

association between arsenic in subsoil and arsenic in municipal water. 

 

4.4 Discussion 

Arsenic concentrations in soil were not found to be significantly spatially 

correlated with either municipal public water source or non-municipal water 

source arsenic concentrations in this case study. Based on these findings, we 

suggest soil arsenic may not serve as a valid surrogate marker for arsenic in 

drinking water. The mean soil arsenic concentrations seen in Iowa (8.71 ppm for 

topsoil and 9.67 ppm for subsoil) were similar to other documented soil arsenic 

concentrations in the Midwest (Venteris et al. 2014) and U.S. (Adriano 2001; 

Smith et al. 2005). Lack of spatial association between arsenic in drinking water 

and residential soil may be influenced by arsenic mobilization factors from soil to 

groundwater, the ascertainment of arsenic in drinking water, and the historical 

testing behavior of public drinking water sources. Investigation of underlying 

aquifers and sediment formations that feed into these drinking water sources 

may help in assessing the natural spatial relationships between sources of 

arsenic in Iowa. 
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Arsenic mobilization 

In non-municipal water sources arsenic was found to be highest in the north 

central region of the state near the Des Moines Lobe glacial till, which is a 

combination of clay, silt, sand, and rock deposited after the melting of glaciers 

12,000-16,000 years ago (Erickson and Barnes 2005). This region includes parts 

of the Canadian Prairie Provinces, North and South Dakota, and western 

Minnesota. Heightened levels of arsenic in groundwater have been previously 

found and attributed to the presence of the Des Moines Lobe (Erickson and 

Barnes 2004; Shrestha 2013). Somewhat paradoxically, similar to our study, 

sediments throughout this region were not elevated and ranged from 0.6 ppm – 

4.0 ppm (Erickson and Barnes 2004). This implies a more complex relationship in 

this area to mobilize arsenic from the sediment to groundwater aquifers 

according to several mechanisms including sediment density, organic material 

involvement, and anaerobic biological activity (Smedley and Kinniburgh 2002). 

These mechanisms may help to explain the lack of spatial association seen 

between subsoil and water sources in this study. 

 

Influence of SDWA Monitoring 

Throughout the study period, arsenic in soil may have remained fairly constant 

while arsenic in water changed over time.  Variation in drinking water arsenic 

may make spatial correlation with soil difficult.  SDWA monitoring is responsible 

for varying arsenic concentration in water.  With detected high arsenic, both 
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municipal water sources and non-municipal water sources may be likely to 

implement systems to treat water for the removal of arsenic. Water treatment to 

reduce arsenic may impact the spatial correlation with soil.  Use of arsenic 

concentrations from private wells may provide the opportunity to better capture 

the unaltered levels of arsenic in drinking water. Private wells are not regulated 

by the SDWA and are less likely to test arsenic concentration or subsequently 

treat for arsenic.  Due to low power, we were unable to create krigged estimates 

of arsenic across the state for private well sources only.   Private well arsenic 

concentration may allow for a less biased estimate for detecting the spatial 

correlation for arsenic in environmental soil and drinking water.   

 

Reporting Arsenic Concentrations in Water 

In general, private water sources had lower arsenic concentrations than public 

water sources. This is a surprising result due to the implementation of the EPA’s 

arsenic regulations (US EPA 2001b). Public water sources are more heavily 

regulated and should be more likely to remain in compliance than private well 

water sources. One possible explanation for this result is incomplete reporting of 

arsenic concentration in public water sources. Due to cost, smaller communities 

or municipalities with fewer resources could be less likely to conduct routine 

arsenic testing and subsequently report the results of those tests. The CHEEC 

database contained arsenic testing results from 44% of 1009 municipalities in 

Iowa. The private well samples are more representative of the general population 

of private well users in Iowa because they were derived from a population-based 
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case-control study in Iowa. Additionally, public water sources in areas known to 

have high arsenic concentrations such as Cerro Gordo County may be more 

likely to test regularly increasing the possibility of arsenic detection relative to 

other areas in the state. This could artificially inflate average arsenic 

concentrations in this area.  

 

Additionally, reporting practices may differ by public water source. Some sources 

may be recording the date of analysis and not the actual date of collection. 

Samples collected over the course of a few days or weeks could be processed 

and recorded on the same day. Recording these samples as independent for 

ordinary kriging in a sensitivity analysis did not change the corresponding spatial 

associations seen. 

 

Future Directions 

Understanding the true spatial association between drinking water arsenic and 

soil arsenic may first involve determining the source of drinking water, ground or 

surface waters.  For groundwater, estimation of arsenic concentrations in 

groundwater aquifers and recharge zones may be important. This is difficult to do 

for areas such as Iowa where multiple groundwater aquifers may cover a single 

geographic area. Capturing arsenic content in these aquifers may involve 

describing well arsenic concentrations, depth of well, and corresponding aquifer 

at a given well depth. Furthermore, one modifier of the relationship between 

soil/rock/mineral arsenic concentration and groundwater/aquifer arsenic 
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concentration seems to be the dissolution of arsenic from the solid form in iron 

oxide minerals. The limiting reagent in this process is a changing pH or 

oxidation/reduction potential within the aquifer (Smedley and Kinniburgh 2002). 

Once arsenic is released from the solid form, the concentration of arsenic in the 

aquifer can rapidly increase. The dependence on geochemical processes in 

addition to soils and sediment types makes identification and abatement of high 

arsenic drinking water areas very difficult (Bundschuh et al. 2010). Future 

correlation studies should coherently address the natural environment where soil 

and drinking water interact such as aquifers or surface waters. 

 

Conclusion 

In Iowa, soil arsenic concentration may not be a good surrogate measure of 

water arsenic concentration. Future investigations using arsenic in drinking water 

and soil may need to evaluate each as independent predictors in etiologic 

research. 
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5. AMBIENT UVR IS A RISK FACTOR FOR CUTANEOUS MELANOMA IN 

IOWA, BUT NOT ENVIRONMENTAL ARSENIC EXPOSURE 

 

5.1 Introduction 

The incidence of cutaneous melanoma (CM) has been increasing in the United 

States over the past few decades. Age-adjusted melanoma incidence rates 

reported by the Surveillance Epidemiology and End Results registries increased 

from 8.7 per 100,000 in 1975 to 29.6 per 100,000 in 2013 among whites. 

Intermittent sun exposure and sun sensitivity factors are the most important and 

well-described risk factors for CM (Armstrong and Kricker 2001; El Ghissassi et 

al. 2009; Olsen et al. 2010). CM risk increases with age, and incidence is higher 

among females than males before age 50. After age 50, incidence is higher in 

males (Howlader et al. 2016). Gender may represent differing patterns of 

exposure to ultraviolet radiation (UVR) since melanomas appear most often on 

the back of men and on the legs of women (Volkovova et al. 2012).  

 

Intermittent sun exposure represents the pattern of sun exposure, while total or 

lifetime sun exposure represents the amount of sun exposure. Lifetime sun 

exposure has been inconsistently associated with CM (Elwood and Jopson 1997; 

Gandini et al. 2005; Nelemans et al. 1995). Intermittent sun exposure may 

represent skin damage from sudden increases in UVR on skin unaccustomed to 

such exposure, whereas lifetime sun exposures would not capture such acute 

skin injury. Another explanation could be that studies assessing intermittent sun 

exposure may have less misclassification issues compared with attempts to 
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recall total sun exposure over long periods. Historically, epidemiological studies 

of CM have relied on using “time spent outdoors” and other self-reported factors 

to measure sun exposure. The need for accurate reporting of exposure makes 

recall of childhood, adolescent, and young adult exposures difficult. Investigators 

should consider assessing exposure during these critical life periods in a more 

objective way. 

 

Objective measures of sun exposure will eliminate most recall bias and should 

reduce non-differential misclassification of exposure. Remotely sensed ambient 

ultraviolet radiation (UVR) data have displayed a high correlation to personal 

dosimetry (Cahoon et al. 2013; Sun et al. 2014). Thus, use of such data could 

simplify survey data to residential histories, reduce the recall burden of study 

subjects, and strengthen the validity of exposure comparison across studies.  

 

While UVR is the strongest etiologic agent of CM, other environmental agents 

such as arsenic have been associated with an increased risk of non-melanoma 

skin cancers (Chen et al. 1985; Guo et al. 2001; Hsueh et al. 1997; Hsueh et al. 

1995; Tseng et al. 1968). However, few studies have examined arsenic in 

association with CM and results thus far have been inconsistent (Baastrup et al. 

2008; Beane Freeman et al. 2004; Yager et al. 2015). Additionally, some 

researchers have hypothesized that arsenic may interact with UVR as evidenced 

by a stronger effect of UVR in populations exposed to high levels of arsenic 

(Chen et al. 2006; Melkonian et al. 2011). A plausible mechanism is the inhibitory 



108 
 

effects of arsenic on the repair of UVR damaged DNA in humans (Andrew et al. 

2006; Cooper et al. 2014). Functioning DNA repair mechanisms are an important 

defense against double and single strand DNA breaks initiated by UVR (Sinha 

and Häder 2002).  

 

The goal of this population-based case-control study was to examine the 

relationships between lifetime ambient UVR, environmental soil arsenic, and 

drinking water arsenic exposures (from recent testing of water) on CM incidence. 

In this study, lifetime sun exposure is measured objectively using remotely 

sensed ambient UVR to increase detection of an association with CM. Spatially 

derived arsenic concentrations in environmental soil and drinking water were 

included to provide a novel arsenic exposure measurement and examine the 

utility of this measure. 

 

5.2 Methods 

Study design and population sampling 

Individuals 20 years and over, living in Iowa at the time of recruitment were 

eligible for this case-control study. Potential subjects were mailed a letter 

describing the study and thereafter contacted by phone. Subjects had to be 

available for a computer-assisted telephone interview in English. Approval for the 

study was obtained by the Institutional Review Boards of the University of Iowa 

and the University of Arizona. All participants provided verbal informed consent. 

Due to the low risk of CM in African Americans and Asians, and small 
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percentages in the Iowa population (3% and 2% respectively), they were 

excluded from this study (Census 2016; Howlader et al. 2016).  

 

Cases 

Eligible cases were men and women newly diagnosed (recruited within 9-12 

months of diagnosis) with microscopically confirmed CM from January 2010 

through December 2012. All cases were semi-rapidly reported to the Iowa 

Cancer Registry (ICR). Due to HIPPA regulations, CM cases were contacted and 

interviewed by ICR staff. A total of 1096 cases was analyzed in this study. 

 

Controls 

Population-based controls were recruited using the 2008 and 2010 Iowa Voter 

Registration Lists. Prior to beginning this study, the 2005 Iowa Voter Registration 

file was compared to the 2000 Iowa Census data. The Voter list contained 86.6% 

of the number of individuals listed in the census restricted to age 20 or older. 

Analogous to cases, all controls were age 20 years or older, residents of Iowa, 

and able to speak English. A total of 1033 unmatched controls was analyzed in 

this study.  

 

Data Collection 

The computer-assisted telephone interview began with residential histories 

generating responses for city and state from birth to interview location, and date 

including months and year of each move. The survey then included questions 
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regarding primary drinking water sources, decades of sun exposure, use of 

tanning beds, self-tanning cream use, sun sensitivity, family history of skin 

cancer, and basic demographic information.  

 

Ambient UVR Assessment 

Solar UVR data were obtained from NASA’s TOMS (International Research 

Institute 2015) and the Ozone Monitoring Instrument (NASA 2015). The TOMS 

system has been collecting ground-level UVR data aboard various satellites 

since 1978. From 2004 until onward the Ozone Monitoring Instrument has 

captured UVR estimates. Both systems provide continuous UVR data across the 

entire globe. UVR was estimated through noontime ultraviolet ground-level 

irradiance integrated throughout the day (Herman and Celarier 2016). This model 

took into account cloud conditions, ozone column, length of day, solar zenith 

angle, surface albedo (snow or forest cover), and atmospheric aerosols. 

Additionally, the UVR data used for this analysis were erythemically-weighted by 

the reference erythemal action spectrum, a measure of potential for UVR 

biological damage to the skin erythema (skin redness) of fair skin (McKinlay and 

Diffey 1987). 

 

Thirty years of monthly averages by location, spanning the time period 1978-

2012 (Total 368 months of UVR data was available), were used to assign 

ambient UVR exposure to all subjects based on self-reported residential histories 

(city and state). Averaging over 30 years was justified due to small short term 
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variation in UVR (Chapter 3). To calculate the cumulative load of UVR, integrated 

daily averages by month were summed by month across the year. Individual 

ambient UVR estimates were assigned to study subjects for each year of life.  

These estimates were subsequently summed over specific life periods (childhood 

age 0-<14, adolescence age 14-18, adulthood >18, and lifetime) of each 

individual in order to achieve an overall erythemal UVR exposure assessment. 

Quartiles were set based on exposure in the control group prior to stratifying by 

any potential effect modifiers. 

 

Arsenic Measurements 

Previously, we found that arsenic concentrations in environmental soil and 

drinking water were not spatially correlated (Chapter 4). Consequently, arsenic in 

these two sources should be analyzed as independent risk factors for CM as they 

may relate to CM in differing ways. Arsenic levels were examined by linking 

current residence at interview (2010-2013) to cross-sectional measures of 

arsenic sources (drinking water and soil), and to subjects’ water source types 

(public water, bottled water, or private well). The current residence at interview 

was the location used for soil and drinking water arsenic assessment. 

 

Public drinking water: The United States Environmental Protection Agency (EPA) 

regulates arsenic concentration in public drinking water sources under the Safe 

Drinking Water Act (SDWA), and as of January 2001 changed the maximum 

containment level (MCL) of arsenic from 50 parts per billion (ppb) to 10 ppb (US 
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EPA 2000; US EPA 2001). Arsenic exceeding this level was considered high in 

the current study. Arsenic concentrations in public drinking water sources were 

assessed using the University of Iowa’s Center for Health Effects of 

Environmental Contamination (CHEEC) database for study subjects who 

indicated using public sources for drinking water. This database contains 3,167 

unique historical arsenic results from September 1974 through December 2011.  

CHEEC uses these data to assess trends in water quality in Iowa and to verify 

that public water sources are meeting standards set by the EPA under the 

SDWA. For geospatial analysis, public water sources were either georeferenced 

to the centroid of the municipal area defined by the 2010 U.S. Census or 

georeferenced using the coordinates of the water source provided to the EPA’s 

facility registry system through linkage by the public water source’s SDWA 

identification number. We calculated the average arsenic concentration from 

January 2001 through December 2011 from 656 unique locations throughout 

Iowa to estimate the cross-sectional arsenic concentration.  

 

Private drinking water: Study subjects who indicated a private well as the current 

primary drinking water source during the computer-assisted telephone interview 

were mailed water sample packets. Returned samples (n=319) of drinking water 

were sent to the University Hygienic Lab in Coralville, Iowa for arsenic testing. 

One subject provided two samples of well water, and the arsenic concentration 

values were averaged resulting in 318 unique private well locations. The samples 

were geo-referenced to the centroid of the study subject’s home zip code, 
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ensuring privacy of subject-specific private well arsenic values, especially in 

sparsely populated areas. For all analyses, sampled sites with undetectable 

arsenic values were imputed for arsenic by triangular approximation, where 

samples were assigned the minimum detectable limit of the test divided by the 

square root of 2 (Hornung and Reed 1990). Private well samples were cross-

sectional measurements with no repeated samples.  

 

In 2005, the EPA provided guidance and regulations for bottled water (US FDA 

2009). Producers of bottled water (e.g. mineral water, purified water, spring 

water) must test regularly for arsenic and meet the EPA’s MCL (IBWA 2008; US 

FDA 2015). Subjects who indicated bottled water as their primary drinking water 

source were assigned arsenic values based on triangular approximation using 

the MCL as the detection level. 

    

A filter-weighted measure of arsenic also was estimated to account for those 

subjects reporting usage of a filtering system to remove drinking water 

contaminants. The amount of arsenic removed by reverse osmosis filtering 

depends on any pretreatment dose, arsenic speciation, and dissolved organic 

carbon content (Brandhuber and Amy 1998). The amount of arsenic removed 

from water may range from 75-99% (Lothrop et al. 2015; Walker et al. 2008; 

Waypa et al. 1997). The arsenic values for subjects indicating use of reverse 

osmosis filters were decreased by 75% to obtain a conservative estimate of 

arsenic removal. Iron filters may remove 50-85% of arsenic and arsenic values 
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for those using these filters were weighted by 50% (US EPA 2003). Arsenic 

removal effectiveness for other point-of-use (tap, pitcher, or refrigerator) filters or 

in-line filter types ranges from 0-80%, and we decreased estimated arsenic 

exposure for subjects when indicating filters in this category by 25% (US EPA 

2003). For those that indicated multiple filters, we selected the most effective 

filtering source to weight arsenic concentration. Arsenic concentrations for public 

drinking water at the current location were assigned for study subjects who 

reported unknown primary sources of drinking water. 

 

Environmental Soil: Currently there is no nationwide EPA regulation regarding 

concentration of arsenic in soil across the US. Arsenic is regulated at the state 

level and 45 states including Iowa have arsenic surface soil regulatory guidance 

values (RGV) (Jennings 2010). Soil concentrations of arsenic were a magnitude 

higher than for water and are reported in parts per million instead of per billion. 

The RGV for arsenic in Iowa (17 parts per million; ppm) is in the top third of least 

conservative state RGVs, well above the mean (11 ppm) and geometric mean 

(2.98 ppm) of state RGVs (IDNR 2008; Jennings 2010). Soil arsenic 

concentrations were taken from the Iowa Statewide Trace Element Sampling 

Project conducted by the United States Geological Survey, May through August 

2003 (Rowden 2010). For this cross-sectional sample Field crews collected 532 

sample sets across Iowa, including one from topsoil (0-8 inches deep) and one 

from subsoil (12-24 inches deep) at randomly selected geo-referenced locations 

throughout the state. The topsoil and subsoil samples were in the same location 
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100% of the time. Due to the spatial similarities between both sample types only 

subsoil was considered in this analysis (Chapter 4). Arsenic concentrations in soil 

were determined by Atomic Absorption Spectroscopy methods (Haswell 1991). 

Concentrations were 100% detectable with the detection limits of the test ranging 

from 0.6 ppm to 20 ppm. Arsenic concentrations in soil exceeding 11 ppm for soil 

were considered high exposures in our study.  

 

Spatial interpolation between points was performed in ArcGIS 10.1 (ESRI, 

Redlands, CA) for both the soil and water arsenic geo-referenced samples in 

order to create continuous spatial surfaces of arsenic concentration across Iowa. 

Interpolation was conducted via ordinary kriging, which is a method of estimation 

at unsampled locations using “nearest neighbors” weighted by a distance 

function (Oliver and Webster 1990). The weights assigned were not based on 

distance alone, but also on minimizing the error variance of the entire model and 

spatial dependence within the sampled measures. The final variogram or function 

describing the extent of spatial dependence was chosen based on reducing the 

root-mean-square error of cross validation. Final models were chosen based on 

the average standard error closest to zero and the root mean square-

standardized error closest to one (Johnston et al. 2001). Models including 

anisotrophy (which allows spatial dependence to vary in different directions) were 

tested but did not result in improvement to the cross-validation results.   

 

Statistical Analysis 
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The bivariate associations between cumulative UVR at various life time periods 

and CM were assessed. Logistic regression was used to estimate the 

associations between arsenic in primary drinking water, environmental soil near 

the current residence, and CM. Continuous exposures were grouped based on 

quartiles of exposure in controls. To understand the joint effects and the impact 

of regulation of environmental arsenic exposure from contaminated soil and 

drinking water on CM, subjects were categorized into four categories based on 

the MCL in drinking water and mean RGV in the US for soil. A linear test of trend 

also was estimated for all models using ordinal data.  

 

Effect modification of ambient UVR and CM by gender, sun sensitivity factors, 

and arsenic levels was examined. For arsenic and CM, effect modification by 

gender, body mass index (BMI), and education level was explored. Potential 

confounding effects of age, gender, sun sensitivity factors, education, BMI, sunny 

vacations, and tanning bed use were examined (Berwick et al. 2016). 

Confounding was determined based on a change in the OR of interest (ambient 

UVR, soil arsenic or water arsenic) of 15%. Although prior basal cell carcinoma 

(BCC) and squamous cell carcinoma (SCC) are associated with CM risk, these 

factors were not included in analyses as they represent effects in the causal 

pathway to CM development. Two-tailed p-values <0.05 were considered 

significant. All statistical analyses were conducted in SAS 9.3 (SAS Institute, 

Cary, NC).  
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5.3 Results 

CM cases were older, slightly more likely to be male, and less likely to be a 

college graduate (Table 5.1). Marital status was not associated with CM. Those 

who always burn, but never tan had a nearly three-fold increased odds compared 

to those who rarely burn and tan easily. A two-fold greater odds was seen for 

those who reported some sort of burning then tanning. Other sun sensitivity 

factors including skin color, eye color, and hair color had increased associations 

with CM for those who were sun sensitive (lighter complexions compared to 

dark). As expected cases were more likely to have a family history of skin cancer 

(OR=1.36; 95% CI: 1.13-1.64). 

 

We observed a significant interaction effect for only ambient UVR and gender 

(p<0.001) in the analyses completed, therefore ambient UVR analyses are 

presented stratified by gender. Among men, ambient UVR during childhood 

(ages less than 14) and during high school were not associated with CM (Table 

5.2). An increased odds was seen with UVR after age 18. CM odds were 

associated with lifetime ambient UVR with an OR of 6.89 for UVR >37,868 kJ/m2 

compared to UVR <25,659 kJ/m2 (95% CI: 2.33-20.3; Table 5.2). Similar to 

males, no associations with UVR during childhood (ages less than 14) or high 

school were seen for females. CM was associated with UVR after age 18 in 

females (OR 2.94’ 95% CI: 1.38-6.27). Lifetime ambient UVR showed non-

significant increases in CM for women. Moving to Iowa during the period of 5 
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years before interview from a location with less or more average ambient UVR 

exposure than Iowa was not associated with CM in either women or men.  

 

The primary drinking water source type (public, bottled or private well) or usage 

of water filtration system at the current residence was not associated with CM 

(Table 5.3). However, when water filtration was restricted to use of a reverse 

osmosis filter, this appeared to be protective of CM with an OR of 0.65 (95% CI: 

0.46-0.94) among subjects who lived in their current residence at least five years. 

Effect modification by gender, body mass index (BMI), or education level was not 

seen for arsenic in drinking water or environmental soil. No association was seen 

with categories of average drinking water arsenic concentrations at the current 

residence and CM or those exceeding the MCL of 10 ppb. Spatially derived 

concentrations of arsenic in environmental soil at the current residence were not 

associated with CM (Table 5.4). No association was seen for combinations of 

water and soil estimates that exceeded the MCL of 10 ppb or RGV of 11 ppm, 

respectively.  

 

No effect modification by arsenic concentration was observed for lifetime ambient 

UVR (Appendix A) in either males or females.  

 

5.4 Discussion 

Lifetime ambient UVR exposure was associated with CM in this study among 

men, however when specific periods were examined only adulthood was 
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associated with CM whereas childhood and adolescent exposures were not. 

Among women, adulthood ambient UVR exposure was associated with CM, but 

childhood, and adolescent exposures were not. This may reflect low cumulative 

ambient UVR in a population like Iowa, that may take decades of exposure to 

accumulate enough UVR to increase risk for CM. Other studies of ambient UVR 

and CM similarly did not find a consistent association for childhood and 

adolescent exposures (Cust et al. 2011; Ransohoff et al. 2016). Tatalovich et al., 

(2006) found a slightly positive association between adolescent and early 

adulthood ambient UVR and CM in a Los Angeles-based case-control study, 

while a positive association for ambient UVR at birth and at 10 years of age for 

multiple primary melanomas was found among study subjects in the US, 

Australia, and Canada (Kricker et al. 2007).  

 

The almost 6-fold increase in odds among men with the highest quartile of UVR 

exposure provides evidence that lifetime ambient sun exposure may also be 

important for CM. Using remotely sensed satellite data linked with the residential 

history of study subjects by month and year might reflect less exposure 

measurement error than self-reported measures, allowing for better estimation of 

risk. These results may also reflect fewer issues with recall bias. The large 

magnitude of effect found here was surprising considering the relatively stable 

study population of Iowa residents. When we restricted analyses to those who 

solely lived in Iowa throughout their life course, the magnitude of effect 

attenuated in men and increased in women. This suggests that the composition 
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of the population moving into or out of Iowa may vary according to gender. Other 

studies have objectively measured lifetime UVR but found no significant 

associations for CM (Cust et al. 2011; Fears et al. 2002; Ransohoff et al. 2016; 

Solomon et al. 2004; Wu et al. 2014). Cust et al., (2011) found no association for 

lifetime UVR and melanomas diagnosed before age 40, while Fears et al., (2002) 

found no association with lifetime cumulative UVR in men or women using a 

Philadelphia and San Francisco population. No association for CM was found for 

lifetime ambient UVR exposure among women in either the Nurses’ Health Study 

or the Women’s Health Initiative cohorts (Wu et al. 2014). Although prospective, 

exposure may be misclassified in these studies as residential histories were not 

complete. One study using TOMS satellite data as well found a 2-fold increase in 

risk of CM among woman and no association among men (Solomon et al. 2004). 

This Seattle-based study displayed a large variability in UVR exposure, showing 

that movement of subjects from high UVR areas to Seattle explained some of the 

increase in CM in this lower UVR area. This may suggest more women moved to 

Seattle from higher UVR areas. In our study, men were more likely to move to 

Iowa from other places, and those who moved to Iowa were more likely to have 

high lifetime ambient UVR exposure than women who moved to Iowa. This may 

explain the stronger association of ambient UVR in men.  

 

The summary relative risk of CM for total sun exposure from a meta-analysis of 

over 50 studies indicates no association (Gandini et al. 2005). This meta-analysis 

included studies of self-reported total sun exposure that may be prone to recall 
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bias and measurement error biasing the results towards the null value. The 

magnitude of self-reported total or lifetime sun exposure and CM may be much 

closer to the null value than our results for ambient lifetime UVR for a few 

reasons. The use of ambient UVR gives increased power to detect an 

association and may reduce non-differential reporting of sun exposure. 

Measurement of total sun exposure over one’s life may take both accurate 

accounting of time spent outdoors in the sun, and enough within study population 

variation to determine an association if present. Those attempting to measure 

total sun exposure and CM should consider study population carefully and 

interpret findings more narrowly on a local scale.  

 

Uncertainty still exists for the role of ambient UVR on sun exposure 

measurement. While ambient UVR may be the potential for sun exposure, this 

measure captures aspects of incidental sun exposure. Self-reported measures of 

sun exposure based on recall such as time spent outdoors may only capture 

perceived, planned, or intentional exposures. Time spent outdoors may 

underestimate sun exposure by omitting incidental exposure, whereas ambient 

UVR may overestimate sun exposure since individuals in the same geographic 

location may have different sun-seeking behaviors. This would explain the large 

magnitudes of effect seen here compared to studies reporting recalled sun 

exposure. 
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For childhood UVR and CM an inverse relationship was seen comparing the first 

quartile of exposure to the second, but these results should not be interpreted as 

a protective effect. The effect seen here for childhood exposures in women may 

be an artifact of this specific Iowa population or be a spurious association. The 

magnitude of the effect in higher quartiles of exposure approaches the null value. 

In addition, no discernable dose-response relationship was seen based on the 

trend OR. Iowa has a relatively moderate annual UVR (Chapter 3) and women in 

the reference group migrated to Iowa from areas with lower exposure. The 

women permanently residing in Iowa were in the second quartile in this analysis. 

The women receiving low UVR in their childhood may have low overall lifetime 

risks as well. However, adjustment for lifetime ambient UVR had no effect on the 

association.  

 

CM was not associated with spatially derived cross-sectional measurements of 

arsenic in drinking water or environmental soil at the residence of the subject’s 

interview. The lack of association seen here for arsenic and CM may be real or 

partially attributed to low endemic concentrations of arsenic in soil and water. 

Most studies that show an association between arsenic exposure and non-

melanoma skin cancer have been in the high arsenic area of Taiwan where a 

large range of exposures can be seen to detect dose-response relationships 

(Chen et al. 1985; Guo et al. 2001; Hsueh et al. 1997; Hsueh et al. 1995; Tseng 

et al. 1968). Guo et al. found ~8% of private wells in 243 townships across 

Taiwan contained arsenic concentrations above 50 ppb. In areas of low endemic 
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arsenic concentration, the hypothesized cancer risks may be from chronic 

exposures to low doses. Exposure assessment in these areas must be 

constructed carefully to avoid non-differential measurement error biasing 

estimates towards the null value. Here cross-sectional arsenic measurements 

were at current residence used. Treatment and filtering of drinking water may 

also influence arsenic concentration estimates. Here we assumed that subjects 

in the same community would be drawing water from nearby public sources. We 

were able to match the city name with 75% of study subjects who specified their 

water drinking water source for the current residence providing evidence for this 

assumption. 

   

Other studies have examined lifetime ambient UVR and melanoma, but this is 

the first epidemiological study to look at effects modified by arsenic exposure. 

We did not find a significant interaction effect in our study area, however, this 

relationship may be better assessed in a high arsenic exposure area with a larger 

gradient of exposures.  

 

Though we used objective measures of exposure, ambient UVR is an ecological 

measure. Although residential history is matched with this measure, individual 

behavior based on sun exposure knowledge or sun sensitivity factors may not 

reflect the ambient UVR estimates. For arsenic, only current residential location 

was used in analyses. Lack of appropriate historical arsenic data in water and 

soil limit interpretations of this analysis. Missing private well arsenic 
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concentrations were imputed using a spatially derived surface of arsenic in Iowa 

based on those subjects that supplied private well water for testing. These 

concentrations were geo-located to the zip code of the study subject’s current 

home. The accuracy of arsenic measurement may be impacted in areas where 

large intra zip code variation in arsenic is seen. Arsenic concentrations for public 

drinking water were assigned for study subjects who reported unknown primary 

sources of drinking water. Exclusion of these individuals in a sensitivity analysis 

did not appreciably change point estimates for arsenic analyses. 

 

Cross-sectional arsenic concentrations in current drinking water (average from 

2001-2011) were used due to a lack of sufficient long-term arsenic data for all 

sources. Post 2001 arsenic values were used to account for changing arsenic 

values to become compliant with the new MCL. Arsenic concentrations seen 

here may be lower than long-term estimates of arsenic in these drinking water 

sources leading to misclassification of the arsenic exposure estimate.  

 

 Public water sources in small geographic areas that use groundwater are likely 

to draw water from underlying aquifers with similar geologic composition and 

arsenic concentration. In large cities, areas that border the state, and cities that 

use surface waters, it may be difficult to determine and geolocate primary 

drinking water source.  Some subjects may travel great distances between home 

and work, which are both important for measuring water consumption related 

factors. We were unable to capture secondary water source information or 
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drinking water sources while at work. Therefore, our exposure assessment for 

water may not be complete. 

   

Use of an ecologic measure of arsenic in drinking water does not allow for 

determining actual intake of water and consequently arsenic ingestion. We 

attempted to account for this by using filter-weighted estimates of arsenic 

exposure. We did find reduced odds of CM in subjects that lived at their current 

address for more than 5 years and used a reverse osmosis filter. While reverse 

osmosis filters may reduce arsenic concentration in water by 75-99% (Lothrop et 

al. 2015; Walker et al. 2008; Waypa et al. 1997), we cannot assume that this 

reduction in odds necessarily reflects a reduction in arsenic. Reverse osmosis 

filters eliminate other trace elements and water contaminants that may be 

associated with CM. We did not see the same result for reverse osmosis filters in 

the entire study population. As expected those that lived in their current homes 

more than five years were more likely to use reverse osmosis filters (9% vs. 3%). 

Reverse osmosis can be costly over the long-term with increased water usage to 

make the system run efficiently. Future studies should better measure intake of 

water along with arsenic concentration.  

 

This study had several strengths including population-based incident cancer 

cases and population-based controls. It also used an objective measure of sun 

exposure which has been shown to be a better predictor of sun exposure than 

sun sensitivity factors (Cahoon et al. 2013). Using remotely sensed satellite UVR 
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estimates in the future may allow for cheaper, more accurate, and more efficient 

analyses of sun exposure related outcomes. Previous studies have suggested 

that those with lower lifetime ambient UVR exposure may be more likely to be 

exposed to higher levels of intermittent UV (Cust et al. 2011; Ransohoff et al. 

2016). We were able to adjust for potential measures of intermittent sun 

exposure including lifetime sunny vacations and lifetime tanning bed use.  

 

Our findings suggest that lifetime sun exposure is associated with an increased 

odds of cutaneous melanoma in men. Sun exposure in adulthood may be 

associated with an increased odds of cutaneous melanoma in both women and 

men. Arsenic concentration in drinking water and environmental soil were not 

associated with melanoma, but future studies should focus on better sampling 

and measurement of arsenic. Thus, spatially derived estimates for sun exposure, 

but not arsenic, should be used to examine risk for cutaneous melanoma. 
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5.5 Figures & Tables 

Table 5.1. Demographic and sun sensitivity characteristics of cases and controls in 
the Iowa study of skin cancer and its causes, 2010-2012 

 Cases   
(N=1096) 

Controls 
(N=1033) OR2  (95% CI) 

 n %1 n %1  

Age      
20-39 145 13 173 17 ref 
40-49 147 14 156 15 1.13 (0.82-1.55) 
50-59 227 21 258 25 1.03 (0.78-1.37) 
60-69 256 23 265 26 1.11 (0.84-1.47) 
70-79 199 18 136 13 1.69 (1.24-2.31) 

80+ 122 11 45 4 3.09 (2.05-4.65) 
Trend OR3     2.22 (1.65-2.98) 

Gender      
Female 531 48 567 55 ref 

Male 565 52 466 45 1.22 (1.03-1.46) 
Marital Status      

Not married 269 25 263 26 ref 
Married 822 75 766 74 1.08 (0.88-1.33) 

Education      
Less than college 310 28 226 22 ref 

Some college 312 29 288 28 0.91 (0.71-1.15) 
College Graduate 469 43 514 50 0.79 (0.63-0.99) 

Trend OR3     0.78 (0.63-0.98) 
Skin Type      

Rarely burn, tan easily 283 26 402 39 ref 
Sometimes burn, then tan 483 44 406 39 2.07 (1.67-2.56) 

Usually burn, tan with difficulty 223 21 162 16 2.35 (1.81-3.07) 
Always burn, never tan 102 9 58 6 2.89 (2.00-4.18) 

Trend OR3     3.17 (2.33-4.30) 
Skin Color      

Medium to Dark  238 22 332 32 ref 
Fair 855 78 700 68 1.72 (1.41-2.10) 

Eye color      
Black or Brown  379 35 450 44 ref 

Green 165 15 150 15 1.38 (1.06-1.80) 
Blue or Gray 549 50 427 41 1.50 (1.24-1.81) 

Hair color      
Black or Brown 596 55 709 69 ref 

Blond 287 27 223 22 1.68 (1.37-2.08) 
Red 210 19 100 9 2.62 (2.00-3.42) 

Family History of Skin Cancer      
No 605 57 625 62 ref 
Yes 450 43 385 38 1.36 (1.13-1.64) 

CI=confidence interval; N=number; OR= odds ratio.  
1 Missing or unknown data are excluded from percentage calculations. 2 Adjusted for age and gender. 
3Trend OR fitting a line to β coefficients by category assuming an equal increase in the log(OR) for each level. 
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Table 5.2. Ambient erythemal UVR exposure by life period and risk of cutaneous 
melanoma, Iowa, 2010-20121 

UVR=ultraviolet radiation; CI=confidence interval; N=number; OR= odds ratio. 
1 Cumulative UVR by time period based on the months lived at each location and 30-year average erythemal UVR by 
month.  
2 Adjusted for age, skin type, lifetime tanning bed use (females only), and lifetime sunny vacations. 
3 Indicates average UVR exposure category for residents who have only ever lived in Iowa.  
4 Trend OR fitting a line to β coefficients by category assuming an equal increase in the log(OR) for each level. 

 

  

Ambient UVR (kJ/m2)  

(In quartiles defined by 
controls) 

Males Females 

Cases 
(N=565) 

Controls 
(N=466) 

OR2  
(95% CI) 

Cases 
(N=531) 

Controls 
(N=567) 

OR2  

(95% CI) 

<14 years old       
<11,280 125 127 ref 153 132 ref 

11,280-12,8783 119 113 0.83 (0.57-1.25) 116 145 0.63 (0.43-0.92) 
12,888-14,386 144 95 1.09 (0.72-1.65) 134 162 0.72 (0.48-1.06) 

>14,386 177 131 0.75 (0.50-1.12) 128 128 0.82 (0.54-1.25) 
Trend OR4   0.82 (0.55-1.20)   0.86 (0.57-1.29) 

14-18 years old       
<3,293 125 115 ref 147 144 ref 

3,293-4,2663 127 105 1.00 (0.67-1.47) 141 152 0.82 (0.58-1.16) 
4,267-4,944 141 121 0.81 (0.55-1.20) 119 138 0.81 (0.55-1.18) 

>4,944 172 125 0.74 (0.50-1.11) 124 133 0.98 (0.66-1.46) 
Trend OR4   0.72 (0.49-1.06)   0.96 (0.66-1.41) 

>18 years old       
<9,276 67 109 ref 146 150 ref 

9,276-14,782 82 106 1.42 (0.68-2.97) 128 152 1.54 (0.89-2.70) 
14,783-19,8053 153 129 2.42 (1.04-5.61) 109 128 2.12 (1.08-4.15)   

>19,805 263 122 2.71 (1.09-6.74) 148 137 3.03 (1.39-6.62) 
Trend OR4   2.62 (1.17-5.85)   2.94 (1.38-6.27) 

Lifetime       
<25,659 63 108 ref 147 151 ref 

25,659-32,3373 93 115 2.27 (1.03-5.01) 133 143 1.48 (0.83-2.68) 
32,338-37,868 146 131 4.43 (1.70-11.5) 107 127 1.83 (0.83-4.06) 

>37,868 263 112 6.89 (2.33-20.3) 144 146 2.19 (0.85-5.65) 
Trend OR4    6.09 (2.21- 16.8)   2.15 (0.84-5.54) 

Last 5 Years       
Iowa only resident 541 447 ref 493 542 ref 

Moved to Iowa 24 19 1.19 (0.61-2.29) 38 25 1.65 (0.94-2.87) 
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Table 5.3. Drinking water sources and risk of cutaneous melanoma, Iowa, 2010-
2012 
    

>5 Years Current Location 

 Cases 
N=1096 

Controls 
N=1033 OR1 (95% CI) 

Cases 
(N=944) 

Controls 
(N=898) OR1 (95%CI) 

Primary drinking water 
source 

      

Public Supply 646 597 ref 544 507 ref 
Bottled water 15 12 1.34 (0.62-2.89) 13 10 1.41 (0.61-3.27) 

Private Well 353 347 0.82 (0.67-0.99) 313 316 0.82 (0.67-1.00) 
       

Used a water filtration 
system 

No 
Yes 

 
Used reverse osmosis filter 

No 
Yes 

      
 

648 
 

616 
 

ref 
 

554 
 

545 
 

ref 
448 417 0.93 (0.78-1.14) 390 353 0.87 (0.72-1.06) 

      
 

1011 
 

970 
 

ref 
 

864 
 

844 
 

ref 
85 63 0.74 (0.52-1.04) 80 54 0.65 (0.46-0.94) 

       
Drinking water As conc. 
(ppb) 

      

<3.04 273 257 ref 230 231 ref 
3.04-3.54 242 259 0.90 (0.70-1.16) 211 217 0.99 (0.76-1.30) 
3.55-4.74 309 248 1.18 (0.93-1.51) 265 212 1.25 (0.97-1.63) 

>4.74 272 269 0.95 (0.74-1.21) 238 238 0.99 (0.77-1.29) 
Trend OR2   1.04 (0.82-1.30)   1.07 (0.83-1.37) 

       
Drinking water As content 
exceeds MCL3 

      

No 996 944 ref 852 819 ref 
Yes 100 89 0.97 (0.71-1.32) 92 79 1.01 (0.74-1.40) 

       
Filter weighted, Drinking 
water As conc. (ppb) 

      

<1.18 270 262 ref 228 216 ref 
1.18-3.04 278 254 1.03 (0.81-1.31) 241 229 0.96 (0.74-1.25) 
3.05-4.15 276 251 1.03 (0.81-1.31) 235 218 0.98 (0.75-1.27) 

>4.15 272 266 0.93 (0.72-1.19) 240 235 0.91 (0.70-1.18) 
Trend OR2   0.94 (0.75-1.19)   0.92 (0.72-1.18) 

       
Filter weighted, Drinking 
water As conc. exceeds MCL 

      

No 1012 957 ref 868 831 ref 
Yes 84 76 0.94 (0.68-1.31) 76 67 0.97 (0.68-1.37) 

AS=arsenic; CI=confidence interval; MCL=maximum contaminant level=10 ppb; N=number; OR= odds ratio; ppb=parts 
per billion.1 Age and gender adjusted 
2 Trend OR fitting a line to β coefficients by category assuming an equal increase in the log(OR) for each level 
3 Exceeding the maximum containment level for arsenic in drinking water (10 ppb)  
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Table 5.4. Environmental soil arsenic, combined spatially derived arsenic 
estimates, and risk of cutaneous melanoma, Iowa, 2010-2012 
    >5 Years Current Location 

 Case 
N=1096 

Control 
N=1033 OR1 (95% CI) 

Case 
(N=944) 

Control 
(N=898) OR1 (95% CI) 

Environmental 
soil 
 As conc. (ppm) 

      

<7.82 312 257 ref 264 216 ref 
7.82-9.00 247 252 0.82 (0.64-1.05) 212 222 0.80 (0.61-1.04) 
9.01-9.73 283 264 0.92 (0.73-1.17) 244 225 0.93 (0.72-1.21) 

>9.73 254 260 0.79 (0.62-1.01) 224 235 0.77 (0.59-1.00) 
Trend OR2   0.83 (0.66-1.05)   0.83 (0.65-1.06) 

       
Soil As content 
 exceeds RGV3                                     

      

No 966 899 ref 832 773 ref 
Yes 130 134 0.86 (0.66-1.11) 112 125 0.79 (0.60-1.05) 

       
As content near 
 current 
residence 

      

 AsWater≤MCL/ 
AsSoil≤RGV 

891 829 ref 765 712 ref 

AsWater≤MCL / 
AsSoil>RGV 

105 115 0.79 (0.60-1.06) 87 107 0.71 (0.52-0.96) 

AsWater>MCL / 
AsSoil≤RGV 

75 70 0.88 (0.62-1.25) 67 61 0.89 (0.61-1.29) 

AsWater>MCL / 
AsSoil>RGV 

25 19 1.18 (0.64-2.17) 25 18 1.26 (0.68-2.36) 

Trend OR2   0.87 (0.60-1.27)   0.87 (0.58-1.29) 
AS=arsenic; CI=confidence interval; MCL=maximum contaminant level=10 ppb; N=number; OR= odds ratio; 
 ppm=parts per million; RGV= regulatory guidance value=11 ppm. 
1 Age and gender adjusted 
2 Trend OR fitting a line to β coefficients by category assuming an equal increase in the log(OR) for each level 
3 Exceeding the mean US regulatory guidance value for arsenic in soil (11 ppm) 
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6. DISCUSSION 

6.1 Dissertation Objectives 

The goal of this dissertation was to examine objective measures of UVR and 

arsenic in relationship to CM. In order to do so, objective measures of UVR and 

arsenic based on location and time were first created, first (aim 1) was to 

examine the spatio-temporal persistence of satellite-derived UVR to determine if 

30-year monthly averages by location can be used for exposure assessment of 

ambient UVR, and secondly (aim 2) to examine the spatial relationships of 

arsenic concentrations in soil and drinking water in Iowa to assess if soil arsenic 

may be used as a proxy measurement for drinking water arsenic concentration. 

Finally, these objective measures were used to investigate the associations 

between CM and satellite-derived estimates of ambient UVR, and soil and water 

arsenic concentrations based on residential location of cases and controls in the 

Iowa Study of Skin Cancer and Its Causes. 

 

6.2 Summary of Exposure Assessments (Aims 1 and 2) 

In the first aim of this project, we investigated trends in UVB using available 

satellite data (1978-2014) to generate inferences for UVB changes over time in 

the US. We found that UVB changed across the study area, but these changes 

lack biological relevance. To put this in practical terms, the largest UVB 

increases from 1978-2014 were found in parts of western Nevada (0.145 kJ/m2 

per five-year increment). Over a potential 30-year period, UVB would increase 

0.87 kJ/m2. This is equivalent to adding a January month of exposure for Iowa 
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over this period. Thus, for an 80-year-old who lived his/her whole life in western 

Nevada, the maximum increase seen in the 1978-2014 NASA data would be 

equivalent to a lifetime ambient erythemal UVB increase of 2.32 kJ/m2. 

Compared to the lifetime ambient exposures we estimated previously (Chapter 

3), these changes are not relevant for melanoma. The extrapolation of the 

observed trend gave further evidence for assuming UVB has remained relatively 

stable in the short-term before 1978. Due to these findings, lifetime sun exposure 

was estimated using the average monthly daily integrated erythemal UVB. 

 

In aim 2 of this project, we investigated the spatial correlation between 

environmental soil arsenic and drinking water across the state of Iowa. Arsenic 

concentrations in soil were not found to be spatially correlated with either 

municipal public water source or non-municipal water source arsenic 

concentrations. Based on these findings, we suggest that arsenic in 

environmental soil and drinking water should be analyzed as independent risk 

factors for CM as they may relate to CM in differing ways. We concluded that the 

lack of spatial association between arsenic in drinking water and residential soil 

may be influenced by arsenic mobilization factors from soil to groundwater, the 

ascertainment of arsenic in drinking water, and the historical testing behavior of 

public drinking water sources. Investigation of underlying aquifers and sediment 

formations that feed into these drinking water sources may help in assessing the 

natural spatial relationships between sources of arsenic in Iowa. Based on what 

we learned about the lack of spatial correlation between arsenic concentrations 
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in soil and drinking water, we wanted to further investigate if arsenic 

concentrations in the two sources may represent distinct CM risks. In aim 3, 

these factors were investigated as independent risk factors for CM. 

 

6.3 Relationship of the Exposure Assessments from Aims 1 and 2 to CM (Aim 3) 

In aim 1 a small trend in UVR was found that was not biologically relevant when 

comparing exposures on the magnitude of total UVR over a lifetime. Taking a 30-

year average of UVR data should only create minimal measurement error in 

estimation of lifetime ambient UVR for aim 3. In aim 2, spatially derived arsenic 

concentration in municipal and non-municipal water sources was not spatially 

associated with environmental soil arsenic concentrations. Due to this lack of 

correlation, arsenic should be modeled independently in both water and soil 

in aim 3. In aim 3, 30-year average ambient UVR estimated in aim 1 was used to 

estimate total sun exposure. Ambient UVR during childhood and adolescence 

was not associated with CM, but was positively associated during adulthood 

overall. Lifetime ambient UVR was positively associated with CM in men, but this 

result only approached significance among women. Spatially derived arsenic 

concentrations estimated for aim 2 in environmental soil and drinking water were 

not associated with melanoma independently or combined. 

 

6.4 Innovation using Ambient UVR  

Objective measures of sun exposure have involved many methods including 

migration studies, studies using latitude as proxy, and ambient UVR exposure. 



142 
 

Personal residential and occupational histories have been seen as a way to 

strengthen sun exposure assessment (Van der Mei et al. 2006). Linking 

exposure history to periods of change, residential movement, or occupation 

allows respondents to focus on major life events which can promote recall 

(Hoppin et al. 1998). Use of residential histories in combination with objective 

measures of sun exposure provides a way to limit recall issues to only those 

related to recall of residence. 

 

Migration history has been important for understanding melanoma using studies 

estimating exposure based on place of birth: low sun exposure to high sun 

exposure migration (Hinds and Kolonel 1980), high exposure to low exposure 

(Autier 1998), and migration from places with similar sun exposure (Khlat et al. 

1992). These studies found increased risk of CM for birthplaces with high UVR. 

Such findings lead to more complex studies of UVR. Other migration studies 

have estimated risk using age at migration and the duration of residence (Levine 

et al. 2013; Whiteman et al. 2001). They found increased risk of CM for 

individuals who spent their youth in high UVR places, and increased risk of CM 

for those with longer residence after moving to a high UVR place. Use of 

migration history may be problematic though in studies where movement into and 

out of the study area is low, or when the study area cannot be simply defined as 

high sun exposure vs. low sun exposure (Whiteman et al. 2001). 
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Another approach to UVR exposure assessment has been through the use of 

latitude as a proxy for sun exposure. Unlike subject recall, latitude provides an 

objective measurement. Previous studies have found associations of latitude with 

melanoma (Bulliard 2000; Erdmann et al. 2013) and non-melanoma skin cancers 

(Lomas et al. 2012). Bulliard et al., (2000) found increases in CM incidence as 

degree of latitude toward the equator increased. However, these studies do not 

capture intra latitude variability between places such as South Carolina and 

Arizona, two US states within the same latitude but with very different sun 

exposures (Schuurman et al. 2013). Furthermore, latitude is a crude marker for 

actual ambient UVR exposure.  

 

Ambient UVR has many benefits including worldwide continuous data (satellite 

derived only) and its correlation to personal dosimetry (Cahoon et al. 2013; Sun 

et al. 2014). One technique in ambient UVR exposure estimation involves use of 

ground level meteorological stations. Interpolated estimates of ground level UVR 

from stations have been shown to be less accurate than satellite-derived 

estimates using an estimated ground truth (Zelenka et al. 1999). With 

interpolated data, seemingly small but clinically relevant variation may be lost 

depending on the density of the stations and interpolation methods used, 

especially in areas where data sampling is more dispersed such as some 

Western US states (Tatalovich et al. 2006a). Several studies have estimated 

ambient UVR from ground level meteorological stations and assessed the 

relationship with melanoma finding a slightly positive relationship for lifetime 
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UVR, but these results have been inconsistent (Fears et al. 2002; Jemal et al. 

2000; Lea et al. 2007; Tatalovich et al. 2006b; Wu et al. 2014). 

 

In our study, sun exposure was measured objectively using remotely sensed 

ambient UVR data from NASA’s Total Ozone Mapping Spectrometers (TOMS). 

Briefly, TOMS allows for estimation of spatially continuous gridded UVR data 

without the disadvantage of large scale interpolation. Unlike ground level 

instruments, the satellite data provide continuous standardized measurements 

across the globe, which allows for study of UVR exposures outside of the US. 

The association between satellite-derived ambient sun exposure and melanoma 

has been examined in recent case-control and ecological studies (Boscoe and 

Schymura 2006; Cust et al. 2011; Kricker et al. 2007; Solomon et al. 2004). 

These studies used mainly short-term averages of UVR and extrapolated over 

long time periods. We advanced this area by using a more stable estimate of 

UVR (30-year average UVR). Also, of the few studies that captured residential 

history completely, none achieved the accuracy of residential history seen in our 

study. We advanced this area by capturing the month and year moved instead of 

solely the year. Use of satellite data has been criticized since it only consists of 

data over 30 years. However, the first aim of this project concluded that available 

satellite data may be used to estimate lifetime ambient exposures for outcomes 

such as melanoma. The innovative use of satellite-derived ambient UVR for 

exposure assessment in aim 3, allowed for greater accuracy of objective ambient 

UVR estimation. This increased our ability to detect the association of lifetime 
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ambient UVR and melanoma compared to previous studies using recalled sun 

exposure, migration patterns, latitude as a proxy, or ground level measures, as 

evidenced by the large magnitude of effect seen compared to other studies.  

 

6.5 Strengthening Arsenic Measurement  

In aim 3, we attempted to find an association between CM and arsenic in 

environmental soil and drinking water. While the lack of association we described 

for soil was a novel finding, our results for water have confirmed previous 

investigations of arsenic in water and CM (Baastrup et al. 2008; Yager et al. 

2015).  

 

Understanding the source of arsenic exposure (drinking water, environmental 

soil, or both) that was important for CM became the next step in determining risk. 

We did not find an association with CM for arsenic in either source when looking 

at raw concentrations of each type, filtered concentrations of each type, or high 

exposures according to environmental regulations. Additionally, no association 

with CM was seen when combining assessment from both sources comparing 

high exposure concordance in both sources to low exposure concordance in both 

sources. However, there are a few methodological issues that must be 

addressed to better assess arsenic exposure in future studies.  

 

Arsenic Detection 
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Arsenic was detected in 26% of private wells in our study, and 3% exceeded the 

EPA’s MCL for arsenic. Arsenic ranged from 0.001 ppm to 0.067 ppm. In 

Wisconsin 20% of well water samples contained arsenic values in excess of the 

MCL, with arsenic ranging from 0.001 ppm to 3.1 ppm (Knobeloch et al. 2006). In 

Arizona, arsenic has exceeded the MCL in 19% of groundwater supplies (Towne 

and Jones 2011). The mean soil concentrations observed in our study across 

Iowa were 8.72 ppm for topsoil and 9.67 ppm for subsoil. These values were 

both above the average US background soil concentration of 6.87 ppm, including 

estimates from 40 states (Jennings 2010). These estimates show that compared 

to other regions of the country our observed concentrations of arsenic in private 

wells were fairly low, but may be higher than average for soil across the US. Lack 

of a gradient of arsenic in water that included enough high arsenic areas may 

have contributed to the null findings in aim 3. Since arsenic exposure has not 

been consistently associated with CM in previous studies, future US studies 

should examine the association in a high arsenic endemic area to achieve a 

gradient of exposure for comparison. Areas previously reported with high arsenic 

include parts of Arizona, Nevada, and the New England area. 

 

Organic vs. Inorganic Arsenic  

Previous studies of arsenic and melanoma have all measured the total arsenic 

exposure or total inorganic arsenic exposure (Baastrup et al. 2008; Beane 

Freeman et al. 2004; Yager et al. 2015). While the inorganic form may be toxic, 

considerations for the arsenic metabolites must also be made, especially for 
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studies in low arsenic exposure areas where low levels of total arsenic may 

increase the likelihood for misclassification of exposure. As previously 

mentioned, arsenic concentrations found in drinking water in our study were fairly 

low compared to other US estimates. Use of a crude measure such as total 

arsenic may drive results towards the null value if the biological pathway requires 

understanding of arsenic metabolites. Therefore, DMA and MMA must be 

measured in exposure studies in addition to total arsenic. Some idea of 

cutaneous lesions and the role of arsenic metabolites can be attained from the 

vast work done in non-melanoma skin cancer (NMSC). 

 

In a Slovakian case-control study for NMSC, the ratio of inorganic to organic 

(MMA+DMA) arsenic was lower among cases than controls (Pesch et al. 2002). 

Another study found that the association between inorganic arsenic and basal 

cell carcinoma was modified by the ability to metabolize inorganic arsenic, with 

the risk increased for those above the median MMA% or below the median 

DMA% (Leonardi et al. 2012). A US study found that concentrations of inorganic 

arsenic, MMA, and DMA were positively associated with squamous cell 

carcinoma, but percent inorganic arsenic, MMA, and DMA were not (Gilbert-

Diamond et al. 2013). These studies on arsenic and its metabolites for NMSC 

highlight the importance of understanding the various species of arsenic in 

estimating risk. To advance study on CM and arsenic, speciation of arsenic must 

be taken into account, especially in low to moderate arsenic concentration 
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regions. Estimation of total arsenic alone may not capture the total arsenic 

attributable risk for CM. 

 

6.6 Future Directions 

Future studies should a) use satellite-derived ambient UVR data to examine the 

risk of CM in a high UVR and high migration area, b) compare the association of 

CM for recalled sun exposure with ambient UVR, and c) replicate the method of 

environmental soil arsenic estimation used in this study to examine the 

association between soil arsenic concentration and other cancers. 

 

The benefits of satellite-derived UVR data have been previously described. 

Briefly, this dataset allows for linkage of UVR to individual residential histories 

using worldwide spatially continuous estimates. For studies of ambient UVR, 

estimates from NASA’s TOMS system should be used when examining 

association with CM. In particular, such studies should be conducted in a high 

sun exposure area with high migration, such as Arizona or Florida. These high 

exposure areas combined with high migration would allow for greater variability in 

UVR estimates. The sample should be large enough as well to calculate the risks 

of lifetime sun exposure and CM in a case-control study. Iowa, our study 

population, has a low to moderate cumulative average UVR compared to other 

US states (Chapter 3) and a low migration pattern (Winkler et al. 2013).   Our 

findings for ambient lifetime UVR were not consistent with those in a high UVR 

exposure area like Australia (Cust et al. 2011), or those in a low UVR exposure 
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area but high migration area like Seattle (Solomon et al. 2004). These studies 

are difficult to compare based on the different UVR exposures, population sun 

sensitivity composition, and migration patterns. However, use of ambient UVR 

measures makes them more comparable than traditional sun exposure 

measures. Understanding the risks of lifetime UVR and CM may be improved by 

repetition of our methods in other populations. 

 

In our next study, we plan a to compare satellite derived ambient UVR exposure 

and more traditional measures of sun exposure, including time spent outdoors 

during periods of life, to increase our ability to understand the aspects of sun 

exposure that each measure captures. Time spent outdoors may capture only 

perceived, planned, or intentional sun exposures. This measure accounts for 

sun-seeking behavior, recreational activities, and occupational exposure. In aim 

3, we hypothesized that ambient UVR captures incidental sun exposure. Time 

spent outdoors may underestimate total sun exposure by omitting incidental 

exposure, whereas ambient UVR may overestimate sun exposure since those in 

the same geographic location may have different sun-seeking behaviors. 

Therefore, we could examine the concordance for exposure classification using 

inter-method reliability estimates to compare ambient UVR with self-reported sun 

exposure. Additionally, we can examine the association between CM and both 

measures of sun exposure. The effect size differences may give some idea of the 

relative effects of each. Finally, we could estimate UVR exposure weighted by 

time spent outdoors in the sun. This novel measure may strengthen individual 
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measurement of sun exposure and capture both intentional and incidental 

exposure.  

 

Future studies could replicate the method of environmental soil arsenic 

estimation used in this study to examine the association between soil arsenic 

concentration and CM or other cancers that have been associated with arsenic. 

Exposure to arsenic has been positively associated with cancers of the bladder, 

kidney, liver, prostate, lung, and non-melanoma skin cancer (Cantor 1997; Chen 

et al. 1985; Guo et al. 2001; Hinwood et al. 2003; Hopenhayn-Rich et al. 1998; 

Hsueh et al. 1997; Hsueh et al. 1995; Steinmaus et al. 2013; Tseng et al. 1968). 

Arsenic in soil has only been evaluated with prostate cancer and skin cancers 

(Hinwood et al. 2003; Pearce et al. 2012; Wong et al. 1992). The lack of research 

in this area provides the opportunity to evaluate the association of soil arsenic 

and cancer. We suggest two study designs. First, an ecological study in Iowa 

using the results from the Iowa Statewide Trace Element Sampling Project to 

estimate arsenic in soil (Rowden 2010). Cancer incidence data by zip code for 

the following cancer sites: bladder, kidney, liver, prostate, and melanoma could 

be obtained from the Iowa Cancer Registry. Age and gender standardized 

incidence rates could be compared for high soil arsenic counties vs. low soil 

arsenic counties to determine if incidence rates are higher in the high soil arsenic 

areas. The ecological study might identify cancer sites for further study using a 

less naïve approach. Second, the CM study discussed here could be replicated 

for the cancer site with greatest evidence of ecological association in a 
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population-based case-control study, by identifying cases from the Iowa Cancer 

Registry and population based controls from the Iowa voter registration list. 

 

6.7 Conclusions 

In aim 1, we concluded that 30-year averages of UVR data should only create 

minimal measurement error in estimation of lifetime ambient UVR. In aim 2, we 

found that lack of a spatial correlation between environmental soil arsenic 

concentration and arsenic concentration in drinking water provided rationale for 

modeling arsenic exposure from both sources independently with CM. For aim 3, 

30-year average ambient UVR estimated in Aim 1 was used to estimate total sun 

exposure. Ambient UVR during childhood and adolescence was not associated 

with CM, but was positively associated during adulthood overall. Lifetime ambient 

UVR was positively associated with CM in men, but this result only approached 

significance among women. In aim 3, spatially derived arsenic concentrations 

estimated for aim 2 in environmental soil and drinking water were not associated 

with melanoma independently or combined. 

 

Future studies using ambient UVR should be conducted replicating our methods 

in a high sun exposure and high migration area. Also a future study should be 

conducted comparing the association of CM for recalled sun exposure using time 

spent outdoors and total sun exposure using ambient UVR. This case-control 

study should also estimate a novel UVR exposure weighted by time spent 

outdoors in the sun. For arsenic, future studies could replicate the method of 
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environmental soil arsenic estimation used in this study to examine the 

association between soil arsenic concentration and other cancers.
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Appendix A: Ambient lifetime UVR modified by spatially derived arsenic exposure 

and cutaneous melanoma, Iowa, 2010-20121 

Ambient lifetime UVR(kJ/m2)  

(In tertiles defined by controls) 
Cases 

OR2 Cases OR2 

Males Soil arsenic concentration:  Exceeds RGV3  Compliant 
 <28,524 8 ref 84 ref 
 28,525-35,6004 18 1.80 (0.43-7.47) 130 2.49 (0.98-6.31) 
 >35,601 49 4.97 (1.16-21.3) 276 3.40 (1.41-11.3) 
      
   P-value for 

interaction 
p=0.49  

      
 Water arsenic 

concentration: 
 Exceeds MCL5  Compliant 

 <28,524 7 ref 85 ref 
 28,525-35,6004 13 1.31 (0.31-5.55) 135 1.73 (0.72-4.17) 
 >35,601 38 2.95 (0.67-12.92) 287 2.71 (1.02-7.18) 
      
   P-value for 

interaction 
p=0.77  

      
Females Soil arsenic concentration:  Exceeds RGV3  Compliant 

 <28,524 20 ref 180 ref 
 28,525-35,6004 14 1.36 (0.44-4.27) 133 1.35 (0.64-2.87) 
 >35,601 21 1.71 (0.50-5.77) 163 1.70 (0.69-4.22) 

      
   P-value for 

interaction 
p=0.98  

      
 Water arsenic 

concentration: 
 Exceeds MCL5  Compliant 

 <28,524 19 ref 181 ref 
 28,525-35,6004 10 0.86 (0.25-2.94) 137 1.28 (0.65-2.40) 
 >35,601 13 0.55 (0.16-1.92) 171 1.58 (1.24-3.91) 
      
   P-value for 

interaction 
p=0.13  

UVR=ultraviolet radiation.  

1 Cumulative UVR by time period based on the months lived at each location and 30-year average erythemal UVR by 
month  
2 Adjusted for age, skin type,  lifetime tanning bed use, and lifetime sunny vacations 
3 Exceeding the mean US regulatory guidance value for arsenic in soil (11 ppm) 
4 Indicates average UVR exposure category for residents who have only ever lived in Iowa  
5 Exceeding the maximum containment level for arsenic in drinking water (10 ppb) 
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