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Abstract

Urinary arsenic concentration is often used as a biomarker of arsenic exposure. First morning 

void (FMV) and spot urine samples from 131 participants in southeastern Michigan were analyzed 

using an HPLC-IC-PMS system for six different arsenic species: arsenobetaine (AsB), arsenite 

(As[III]), arsenate (As[V]), methylarsonous acid MMA[III], methylarsenic acid MMA[V], and 

dimethylarsenic DMA[V]. Bland–Altman plots, intraclass correlation coefficients (ICCs), and 

Pearson correlation procedures were used to evaluate the relationship between the arsenic species 

in FMV and spot urine collections after normalizing the samples by specific gravity. DMA[III] 

and MMA[III] were not detected in any of the samples. The sum of As[III], As[V], MMA[V], and 

DMA[V] was designated SumAs. The ICC between SumAs in FMV and SumAs in spot samples 

was 0.90. The ICC showed that 90% of variation comes from between individuals and not within 

individuals. A significant correlation (r = 0.80 p < 0.001) was observed between FMV and spot 

samples for SumAs. The spot sample were a good predictor of the MMA[V] (r = 0.83 p < 0.0001), 

and DMA[V] (r = 0.77 p < 0.0001) in the FMV sample. These associations suggest that either 

FMV or spot samples can be used as an adequate bioindicator of arsenic metabolites in human 

urine. The benefit of using spot urine samples, instead of 24-h or FMV urine samples, is the 

potential reduction in budgetary and logistic requirements in epidemiological studies.
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Introduction

The concentrations and forms of arsenic in urine are often used as biomarkers of arsenic 

exposure (ATSDR, 2005). Differences in urinary arsenic metabolites may stem from 

sampling and storage procedures (Michalke, 2003). Consequently, the study of common and 

consistent methodologies which can lead to reduced variance in measured levels of urinary 

arsenic metabolites among different individuals is critical to improve the validation process. 
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Sample collection strategies vary depending on the purpose of the study, the logistics, 

and budget constraints. Three urine collection methods are common: a 24-h sample, a 

first morning void (FMV) sample, and a spot urine sample (Calderon et al., 1999; Smith 

and Steinmaus, 2000). The 24-h urine is often considered to be the most reliable sample 

type (Cornelius et al., 1996). However, it is infrequently used in epidemiological studies 

involving a large number of participants due to complex logistics. Participants have to 

commit to participate in the project to a greater extend to provide a 24-h sample. A FMV 

sample is more frequently used in epidemiological studies to evaluate arsenic exposure 

(Caceres et al., 2005; Karagas et al., 2001; Meza et al., 2004), because it is more feasible to 

collect than 24-h samples.

First morning voids are attractive because they are more concentrated, and the metabolites 

obtained from the analysis are known to be in contact with the bladder for a longer period. 

Calderon et al. (1999) showed that one FMV sample is a reasonably good estimate of 

exposure but Smith and Steinmaus (2000) reported that a group average of many individual 

spot urine samples also provides a good estimate of exposure. Researchers have also used 

72-, 96- or 120-h samples (Calderon et al., 1999). Samples collected during a period of 

24–120h show increased reliability when assessing within-day and between-day variation 

and intra-individual differences. These multi-day samples are more expensive and difficult to 

collect, however. This research examines the differences in arsenic metabolites in FMV and 

spot urine samples from an adult population in southeastern Michigan. The urine samples 

were analyzed for six different arsenic species: arsenobetaine (AsB), arsenite (As[III]), 

arsenate (As[V]), methylarsonous acid (MMA[III]), methylarsenic acid (MMA[V]), and 

dimethylarsenic (DMA[V]). Arsenic speciation is useful to distinguish exposure to organic 

and inorganic arsenic and to assess arsenic metabolism in the human body (ATSDR, 2005). 

The goal of the study was to evaluate arsenic species in FMV and spot urine samples 

as adequate biomarkers using reliability and agreement methods to assess variability. In 

addition, total arsenic concentration in toenails was compared to urinary arsenic to evaluate 

the correlation between the two biomarkers.

Methodology

Study population and sample collection

First morning void and spot urine samples were collected from a sub-sample of participants 

enrolled in a large case–control study of arsenic exposure and bladder cancer in 11 

counties of southeastern Michigan. Project details including recruitment strategies have 

been published elsewhere (Meliker et al., 2010). Briefly, cases were obtained from the 

Michigan State Cancer Registry and were frequency-matched by age, race and gender with 

controls selected through a random-digit dialing procedure. The sub-sample used in this 

study included those individuals from the main study that had both type of samples, FMV 

and spot. Participants were recruited from June 2005 to May 2007. The total number of 

individuals was 131 of which 50 were cases and 81 were controls. Initially, individuals 

completed a phone interview to obtain information on medical history, life-styles habits, and 

water consumption patterns. Subsequently, water, toenails and urine samples were collected 

during visits to participants’ homes.
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The research team provided two different ‘urine collection kits’ to participants along with 

materials and instructions for urine collection. Kit A (the FMV sample) included a plastic 

bag packed with an acid-washed polyethylene urine cup, antibacterial wipes, gloves, and 

urine collection instructions. Kit A also included a small foam cooler with dry ice into which 

the urine sample would be placed. Kit B (the spot sample) included only the plastic bag 

with collection materials with no dry ice and foam cooler. Each participant was asked to 

use Kit A to collect FMV sample first thing in the morning and immediately fast-freeze it 

by immersing the container in dry ice. FMV samples were picked up (frozen) the morning 

they were collected and transported to the laboratory. Participants were asked to collect spot 

urine samples using Kit B during field visits. Spot samples were immediately frozen in dry 

ice brought along by the research team and then transported to the laboratory. The FMV and 

spot samples were stored in the laboratory at −20°C until analysis. Each of the participants 

provided both spot and FMV urine samples.

In addition to urine samples, toenail samples were also collected by researchers during field 

visits. Participants were asked to clip toenails with materials provided by the research team 

using the methodology described by Slotnick et al. (2007).

Sample preparation and analysis

Urine samples were quickly thawed using a water bath. After they achieved room 

temperature, samples were filtered using a 0.22 μm syringe filter and no preservatives were 

added. Specific gravity measures were taken immediately after samples were thawed and 

reached room temperature; freezing urine samples apparently does not change the specific 

gravity (Nermell et al., 2008). Specific gravity measures provide a measure of dissolved 

material and particles concentration in urine (Flasar, 2008). Specific gravity measurements 

were conducted with a pycnometer (Fisher Scientific) using the density of water as a 

reference. Three weight measurements were taken using a pycnometer: the empty flask, 

flask with water, and flask with urine sample. The weight of the urine was obtained by 

subtracting the weight of the empty flask and its specific gravity was calculated by dividing 

the urine by the weight of the water previously obtained. Samples with specific gravity 

above 1.03 or below 1.01 were considered too concentrated or too diluted and were excluded 

from the analysis (n = 2) (Teass et al., 2003). Concentrations were adjusted to the mean 

specific gravity of the samples (1.018 g/ml).

Immediately after filtration, samples were analyzed using a High Performance Liquid 

Chromatography-Inductively Coupled Plasma-Mass Spectrometry (HPLC-ICP-MS) system 

following an adaptation protocol from Le et al. (2000). Urine samples were filtered through 

a 5μm 250mm × 4.6 mm column (Phenomenex, Torrance, CA, USA). The mobile phase 

contained 4% (v/v) methanol, 5 mM tetrabutylammonium hydroxide (TBAH), 10 mM 

ammonium phosphate at pH 9.5. The HPLC system (Alltech) was coupled to an ICP-MS 

(Agilent Technologies Model 7500c) unit. Detection limits following the method were: 

AsB, 0.06μg/L; As[III], 0.112μg/L; As[V], 0.147 μg/L; MMA[III], 0.138 μg/L; MMA[V], 

0.117 μg/L; and DMA[V], 0.076 μg/L, with recovery rates ranging between 96% and 105%, 

respectively. Urine certified reference material (National Institute for Environmental Studies, 

NIES NO. 18, Tsukuba, Ibaraki, Japan) was prepared by dissolving the appropriate amount 
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of urine powder in water to obtain 69 ± 12 μg/L AsB, 36 ± 9 μg/L DMA and 137 ± 11 μg/L 

total As. A 2mgL−1 germanium internal standard solution was prepared from the stock Ge 

solution (Inorganic Ventures, 1000mgL−1 Ge) by dilution with the same mobile phase being 

used in the analytical column.

Toenail samples, after being collected, were washed and dried overnight in a 60°C oven. 

Following the drying procedure, toenails were digested using Optima HNO3 (Fisher 

Chemical) and Suprapur H2O2 (Merk). Toenail samples were analyzed for total arsenic 

using ICP-MS and calibration standards were prepared prior to analysis. A complete 

description of toenail sample preparation and analysis has been described in Slotnick et 

al. (2007).

Statistical analysis

Descriptive statistics were calculated for urinary arsenic metabolites as well as for 

the participants’ attribute data. Histograms and normal probability plots revealed 

deviations from normal distribution for all urinary arsenic metabolites and toenail arsenic 

concentrations. Log10-transformations were therefore applied to the data before performing 

statistical analysis. No difference was found between spot samples collected in the morning 

and those collected in the afternoon. For this paper, the sum of As[III], As[V], MMA[V] and 

DMA[V] was designated SumAs. The sum of As[III] and As[V] was used as the total of 

inorganic arsenic (InAs) because it provides a more stable measure of inorganic arsenic in 

urine, since these two species may interconvert while in urine. MMA[III] was not detected 

in any of the samples. MMA and DMA will refer to the pentavalent species of MMA 

and DMA, unless otherwise stated. Concentrations below the detection limit were set to 

the limit of detection divided by the square root of two. Values below the detection limit 

were labeled “BDL” in tables and figures. The relative proportion of arsenic in each species 

(%InAs, %MMA, and %DMA) was calculated by dividing the concentration of arsenic in 

each species by the concentration of InAs, MMA, and DMA combined.

The association of each arsenic species with variables such as disease status, gender, age, 

and smoking was assessed using univariate analyses. In order to evaluate reliability for 

each species in FMV samples and spot samples, the intraclass correlation coefficient (ICC) 

was calculated. The ICC was used to estimate the correlation of each species among 

individuals within the same group of samples (FMV or spot) and it is different from 

the Pearson correlation coefficient where the variables of interest are modeled as two 

distinct traits. The ICC shows how much of the variance comes from between subjects 

and not within subjects. To evaluate the degree of agreement, a Bland–Altman plot of the 

difference between the urinary arsenic concentration of both sample types against the mean 

of both sample types (FMV-spot ±2SD) was constructed (Bland and Altman, 1986). Pearson 

correlation coefficients (r) were generated to compare arsenic concentration and species 

in each sampling method. Pearson correlation coefficients were also generated to compare 

arsenic in toenails with total urinary arsenic metabolites for each sample type. The use 

of non-parametric analyses did not change or improve the correlation coefficients. Pearson 

correlation coefficients and ICC were estimated on log-transformed levels that accounted for 

urine dilution using specific gravity, and on the samples not adjusted for specific gravity.
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The ICC and Pearson correlation coefficient were performed for all individual species 

and SumAs. The Bland–Altman plot was performed for SumAs. Since no significant 

differences among disease status, gender, age, and smoking status were seen these groups 

were combined for the correlation coefficients presented here. All statistical analyses were 

run using SAS statistical software, version 9.1 (SAS Institute, Inc., Cary, NC).

Results

Demographic information and arsenic average concentrations for participants who provided 

urine samples are shown in Table 1. A total of 131 FMV and corresponding spot samples 

were used in this study. The majority of participants included in this research were men 

(86%) and the group’s average age was 65.7; the age distribution reflects the fact that 

bladder cancer is predominantly a disease of elderly Caucasian men. Table 1 also shows 

SumAs for all groups. Cases and ever smokers have a slightly higher arsenic concentration 

in both samples, FMV and spot, than controls and never smokers.

Table 2 shows the distribution of concentrations for each species in FMV and spot samples 

before and after specific gravity adjustment. The average storage time for samples was 41 

days (0–189 days). MMA[III] was not detected in any of the samples. Overall, spot urine 

samples had more detectable arsenic concentrations of all species than FMV samples. After 

specific gravity adjustment, median values for first morning voids of As[III], As[V], MMA, 

DMA and AsB were BDL, BDL, 0.7μg/L, 3.5μg/L, and 2.4μg/L, respectively. After specific 

gravity adjustment, median values for spot samples of As[III], As[V], MMA, DMA and AsB 

were 0.26μg/L, BDL, 0.9μg/L, 3.9μg/L, and 2.6μg/L, respectively.

To evaluate the degree of agreement, a Bland–Altman plot was constructed (Fig. 1). The 

mean difference in SumAs between samples was −1.11 μg/L (95% CI −1.89, −0.33). The 

Bland–Altman plot showed a high degree of agreement with 92% of samples within the 

limits of agreements determined by two standard deviations. This indicates that there is little 

difference between FMV and spot urine levels for 92% of the samples. Table 3 shows the 

Pearson correlation coefficients and ICC for associations of each arsenic species between 

FMV and spot samples. Arsenic concentrations (SumAs) between spot and FMV samples 

were strongly correlated (r = 0.80) (Fig. 2). Individual arsenic species were also correlated. 

Methylated metabolites, MMA and DMA showed a higher correlation between FMV and 

spot samples than inorganic arsenic (As[III] and As[V]). Spot and FMV samples were the 

most correlated for MMA (r = 0.83), and DMA was also strongly correlated (r = 0.77). The 

ICC between SumAs in FMV and SumAs in spot samples was 0.90. The ICC shows that 

90% of variation comes from between individuals and not within individuals. ICCs were 

0.88, 0.91, 0.91 for InAs, MMA and DMA, respectively.

Given the interest in arsenic methylation, the urinary arsenic profile for the 131 individuals 

was determined using FMV and spot samples separately and is presented in Table 4. The 

relative proportion of FMV samples for %InAs, %MMA, and %DMA were 7.9%, 16.0%, 

and 76.0%, respectively. The relative proportion of spot samples for %InAs, %MMA, 

and %DMA were 9.6%, 18.1%, and 72.3%, respectively. Pearson correlation coefficients 
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between FMV and spot samples for %InAs, %MMA, and %DMA were significant (∞ = 

0.05) (results not shown).

In order to compare biomarkers of arsenic exposure, toenail arsenic levels were compared 

with spot and FMV urine samples (Table 5). Spot samples and FMV samples were 

significantly correlated to arsenic in toenails. However, the correlation for FMV samples 

was higher than for spot samples. In addition, arsenic concentrations in toenails were 

compared with arsenic concentrations in FMV samples and spot samples. All correlations 

were positively significant and similar between toenail total arsenic concentrations and both 

FMV and spot urine arsenic species, with the exception of AsB which showed a small 

negative association.

Discussion

Our analysis of 131 paired urine samples shows that arsenic species in spot urine samples 

are adequate biomarkers to measure arsenic exposure. To our knowledge, this is the first 

reported study evaluating FMV vs. spot urine samples with a large sample size where 

99% of participants had detectable total arsenic concentrations. Furthermore, this research 

measured several urinary arsenic metabolites in order to better compare sampling methods. 

Although 24-h samples are considered the most reliable sample type (Cornelius et al., 1996), 

the search for less-expensive and more logistically efficient methods is always a goal. Spot 

sample collection, instead of FMV, will decrease budgetary and logistical issues.

Dilution variation adjustments and arsenic metabolism are often discussed as confounders 

in biomarker validation. Data interpretation of 24-h, FMV, and spot urine samples are 

influenced by factors such as urine concentration and volume. To avoid biased results due 

to variation in urine dilution, an adjustment by urinary creatinine concentration is usually 

performed (Hinwood et al., 2002). Creatinine analysis is performed on the basis that its 

excretion is constant from the body. However, creatinine is formed by creatine and its 

excretion is related to muscle mass and meat intake (Hall Moran et al., 2001; Worsfold 

et al., 1999). Studies have shown that urinary creatinine excretion varies by age, gender, 

body size, and diet (Boeniger et al., 1993; Suwazono et al., 2005). As a result, some studies 

have proposed the use of specific gravity instead of creatinine for normalization purposes, 

because of the strong correlation between specific gravity and creatinine (Moore et al., 1997; 

Parikh et al., 2002).

Our results show slightly more detectable arsenic concentrations in spot samples than 

in FMV samples before and after specific gravity adjustment. There are some studies 

evaluating dilution adjustments and urinary arsenic but not sample type. Nermell et al. 

(2008) evaluated specific gravity vs. creatinine and urinary arsenic in a Bangladeshi 

population (n = 1466). They concluded that specific gravity may be influenced by age, 

gender, and body size but the influence of these is less than for creatinine. Suwazono et al. 

(2005) evaluated creatinine vs. specific gravity and urinary cadmium in Swedish populations 

(n = 993). They also concluded that urinary cadmium adjusted for creatinine is more 

affected by age, gender, body size, and meat intake than is specific gravity.
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The Bland–Altman plot showed a high degree of agreement between sample types indicating 

that spot samples are adequate to evaluate arsenic exposure. In A addition to the strong 

correlations presented here, the ICCs for SumAs, InAs, MMA, DMA, and AsB indicate 

that most of the variance between FMV and spot urine samples is due to subject-to-subject 

variability. The same results are true for methylation patterns where just ~10% of the 

variation is due to other sources. A previous study where two or three samples were 

collected over time from the same individuals revealed that besides within-person variation, 

laboratory imprecision makes a substantial contribution to the total variance not due to 

between-subject variability (Steinmaus et al., 2005). They estimated that ~45% of variance 

in their analysis was due to laboratory imprecision. Another study that evaluated intra-

individual variability, Concha et al. (2002), found considerable between-person variability in 

the urinary excretion while little day-to-day variation was seen among arsenic metabolites. 

An important consideration when evaluating variability is the population level of exposure. 

This population is exposed to low-to-moderate levels of arsenic (≤50μg/L). Drastic changes 

in arsenic metabolism may not be expected and arsenic excretion may be happening at a 

constant rate. In populations with a constant arsenic exposure a single urine sample may 

provide useful information to assess arsenic exposure and individual arsenic metabolism 

(Navas-Acien et al., 2009).

A moderate correlation was observed between urinary arsenic (SumAs) and arsenic in 

toenails (Table 5). Even though urinary arsenic is a short term biomarker and arsenic 

in toenails is a longer term biomarker, the fact that arsenic concentrations of public and 

private water sources are stable over time (Steinmaus et al., 2005) may influence the 

correlation between the two biomarkers. Total arsenic concentrations in toenails were found 

significantly correlated with those of both FMV and spot samples. FMV vs. total toenail 

concentrations were more strongly correlated than spot vs. toenails concentrations. However, 

when outlying FMV samples were removed from the analysis, the correlation was lower 

(r = 0.39), very similar to the correlation for arsenic toenails vs. spot samples (r = 0.38). 

The correlations of each urinary arsenic species, including arsenobetaine, with total arsenic 

concentration in toenails also confirm that toenail arsenic reflects mostly inorganic arsenic. 

Urine reflects exposures occurring in the past days or weeks while toenails may reflect 

a longer period of exposure (NRC, 2001). Arsenobetaine appear to undergo little or no 

metabolism and therefore is excreted without any significant changes in structure (Borak 

and Hosgood, 2007). AsB is excreted after 2 or 3 days following ingestion, therefore it is 

reflected in urine but may not be reflected in the toenail biomarker since the latter reflects 

a longer period of more chronic exposure, presumably, mostly inorganic arsenic. Further, 

inorganic arsenic is thought to bind to keratin proteins in nails (Mandal et al., 2003; NRC, 

1999). The correlation of arsenic in urine and toenails is notable considering the lifetimes 

of these biomarkers and the many variables that can moderate the arsenic burden in each 

biomarker (Slotnick et al., 2007). Diet, arsenobetaine excretion, and its correlation with 

toenails in this population will be assessed further in future research.

Although MMA[III] and DMA[III] have been reported in human urine (Aposhian et al., 

2000; Valenzuela et al., 2005) most epidemiological studies have recorded only As[III], 

As[V], MMA[V], and DMA[V] (Loffredo et al., 2003; Steinmaus et al., 2006) since the 

detection of the trivalent species is very difficult if samples are not analyzed immediately 
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(Gong et al., 2001; Mandal et al., 2001). Moreover, in populations exposed to low levels 

of arsenic, they may be undetectable since MMA[III] and DMA[III] have been observed 

only in areas where residents have endemically been exposed to high levels of arsenic 

(>100μg/L) in drinking water (e.g. Mexico, India). Recently, a model has been proposed 

which questions the formation of MMA[III] and DMA[III] as significant intermediates 

during arsenic metabolism in humans (Slejkovec et al., 2008). The levels of pentavalent 

methylated species were highly correlated between FMV and spot samples, especially 

MMA. MMA[V] excretion has been related to an increased risk of arsenic-related diseases 

such as bladder and skin cancer (ATSDR, 2005; Chen et al., 2003; Hopenhayn-Rich et al., 

1996; Steinmaus et al., 2006).

Two different pathways have been proposed to explain arsenic metabolism. The first one, 

described by Cullen and Reimer (1986) explains arsenic biotransformation in two stages: 

oxidation/reduction followed by methylation reactions. The second pathway was described 

more by Hayakawa et al. (2005). The main difference between the two is that Hayakawa 

et al.’s model involves preferential formation of trivalent methylated species before the 

pentavalent methylated species. At the present time, the precise mechanisms of arsenic 

biotransformation and the enzymes involved are still unclear. The urinary arsenic profiles 

observed in this study do not provide confirmatory evidence that arsenic metabolism follows 

either the Cullen and Reimer (1986) or Hayakawa et al. (2005) biotransformation pathways. 

However, collection of urine samples using the methods described here, combined with 

genetic information may provide insight on the metabolic processes.

In conclusion, results presented here suggest that FMV and spot samples can be used 

without preference when evaluating arsenic exposure in epidemiological studies. Spot 

urine samples, as opposed to 24-h or FMV urine samples, are simpler to obtain and less-

expensive to collect, making them a good biomarker candidate for epidemiological studies. 

Nonetheless, factors such as laboratory imprecision and stability of methylation patterns 

may result in some within-individual variability.
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Fig. 1. 
Bland–Altman plot of difference between FMV and spot SumAs (μg/L) urine samples (n = 

131).
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Fig. 2. 
Correlation between FMV and spot samples for log10-SumAs.
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Table 5

Association between urine arsenic species and total arsenic concentration in toenails.

FMV and Spot sample species correlated with total arsenic in toenail samples Pearson’s correlation coefficient p-value

SumAsFMV 0.45 <0.0001

SumAsSPOT 0.38 <0.0001

InAsFMV 0.40 <0.0001

InAsSPOT 0.31 <0.0001

MMAfmv 0.42 <0.0001

MMASPOT 0.40 <0.0001

DMAfmv 0.43 <0.0001

DMASPOT 0.35 <0.0001

AsBFMV −0.10 <0.0001

AsBSPOT −0.15 <0.0001
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