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INTRODUCTION: A commonly used approach to adjust for urine dilution in analyses of biomarkers is to adjust for urinary creatinine. However, creati-
nine is a product of muscle mass and is therefore associated with body mass. In studies of urinary analytes and obesity or obesity-related outcomes,
controlling for creatinine could induce collider stratification bias. We illustrate this phenomenon with an analysis of urinary arsenic.

OBJECTIVE: We aimed to evaluate various approaches of adjustment for urinary dilution on the associations between urinary arsenic concentration
and measures of obesity.

METHODS: Using data from the National Health and Nutrition Examination Survey, we regressed body mass index (BMI) and waist-to-height ratios
on urinary arsenic concentrations. We compared eight approaches to account for urine dilution, including standardization by urinary creatinine, osmo-
lality, and flow rates, and inclusion of these metrics as independent covariates. We also used a recently proposed method known as covariate-adjusted
standardization.

RESULTS: Inverse associations between urinary arsenic concentration with BMI and waist-to-height ratio were observed when either creatinine or os-
molality were used to standardize or as covariates. Not adjusting for dilution, standardizing or adjusting for urinary flow rate, and using covariate-
adjusted standardization resulted in null associations observed between arsenic concentration in relation to BMI and waist-to-height ratio.
CONCLUSIONS: Our findings suggest that arsenic exposure is not associated with obesity, and that urinary creatinine and osmolality may be colliders
on the causal pathway from arsenic exposure to obesity, as common descendants of hydration and body composition. In studies of urinary biomarkers
and obesity or obesity-related outcomes, alternative metrics such as urinary flow rate or analytic strategies such as covariate-adjusted standardization
should be considered. https://doi.org/10.1289/EHP1202

Introduction
Exposure concentrations assessed from spot urine samples are
typically adjusted to a constant creatinine concentration to
correct for dilution of the samples due to the variable hydra-
tion status of the participants. However, recent studies have
suggested that this commonly used approach of correcting uri-
nary analyte concentrations by creatinine could result in bi-
ased estimates in some instances (Christensen et al. 2014;
Hoet et al. 2016; Middleton et al. 2016). Urine specimens are
susceptible to inter- and intra-individual variations in dilution
due to a variety of factors such as water intake, circadian fluc-
tuations, physical activity, temperature, humidity, age, and
disease status (Aylward et al. 2014; Hoet et al. 2016). As a
result, measurement error can bias analyte concentrations in
the form of under- or overestimations if adjustments for dilu-
tion are not made. Creatinine is a byproduct of muscle metabo-
lism excreted from the body primarily through glomerular
filtration, in addition to active secretion by peritubular capilla-
ries of the kidney (Barr et al. 2005). In healthy individuals,
urinary creatinine concentrations are correlated with anthropo-
metric measurements including body mass and body mass
index (BMI); lean body mass, rather than adiposity, likely
explains these associations (Baxmann et al. 2008; Gerchman

et al. 2009; Yeh et al. 2015). These relationships have implica-
tions for epidemiologic analyses of biomarkers and obesity, in
which creatinine correction may be inappropriate.

With more than one-third of the U.S. adult population obese,
interest in understanding how exposure to environmental chemi-
cals may contribute is increasing (Maull et al. 2012; Ogden et al.
2014; Thayer et al. 2012). However, a limited number of studies
have focused on the association of arsenic exposure with obesity.
These studies have been heterogeneous in terms of study popula-
tions, biomarkers of exposure, and results (Ettinger et al. 2014;
Grashow et al. 2014; Lin et al. 2014; Ronco et al. 2010). In an
occupational study of welders in the U.S. (n=74), toenail arsenic
concentrations were inversely associated with BMI (b= − 0:03,
p=0:006) after adjusting for age, caloric intake, alcohol intake,
smoking status, and season of toenail clipping (Grashow et al.
2014). A cross-sectional analysis of young adults of African
descent (n=500) across five countries (Ghana, South Africa,
Seychelles, Jamaica, and the United States) found blood arsenic
concentrations greater than the median (8:48 lg=L) were asso-
ciated with significantly lower odds of being overweight
[odds ratio ðORÞ=0:27, 95% CI: 0.09–0.81], but not with obe-
sity (OR=0:86; 95% CI: 0.24–3.07), after adjustment for age,
sex, site location, marital status, education, paid employment,
smoking, alcohol use, and fish intake (Ettinger et al. 2014). A
cross-sectional study of Chilean women of childbearing age
(n=107) found no crude associations between urinary arsenic con-
centrations and BMI or fat mass percentage (p-value= 0:79)
(Ronco et al. 2010). Average urinary arsenic concentrations when
expressed as per gram of creatinine were 11:3 lg=g (95% CI:
8.9–20.3) among women with a BMI<18:5 kg=m2, 11:9 lg=g
(95% CI: 6.2–16.1) among women with a BMI between 19 and
24:9 kg=m2, and 12:3 lg=g (95% CI: 6.9–16.5) among women
with a BMI>25 kg=m2 (Ronco et al. 2010). Last, a cross-
sectional study of Taiwanese adolescents (n=303) found a
significant age- and sex-adjusted inverse relationship with BMI
regardless of creatinine correction (p-value for trend= 0:01;
0.03 when creatinine corrected), but the urinary arsenic con-
centrations observed (mean: 24:54 lg=L) suggested higher
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exposures than would be expected in the United States (Su
et al. 2012).

It has been hypothesized that urinary creatinine may be a col-
lider, or common descendent of two variables, in causal pathways
(Greenland et al. 1999; O'Brien et al. 2016). Specifically, urinary
creatinine concentrations are influenced by both the body’s
hydration status and body composition. Crude measures of obe-
sity like BMI poorly discriminate between fat and muscle; as
such, controlling for urinary creatinine in regression models
could induce spurious associations (Greenland 2003). Given
the biological process of creatinine excretion and the equivo-
cal epidemiological evidence of a relationship between low-
level arsenic exposure and obesity, a thorough investigation of
appropriate urinary dilution metrics and analytic techniques is
warranted. Thus, using data from the National Health and
Nutrition Examination Survey (NHANES), we evaluated the
association between arsenic exposure and obesity using vari-
ous dilution adjustment approaches, including creatinine, uri-
nary osmolality (the amount of solute particles contained in
urine), and urinary flow rate (the quantity of urine produced
over a specified period of time) as alternative metrics of urine
dilution (Hays et al. 2015). We also employed a novel method
(covariate-adjusted standardization) to obtain an estimate of
arsenic exposure that is independent of demographic factors
and anthropometric measures, and solely attributable to hydra-
tion status (O'Brien et al. 2016; O'Brien et al. 2017).

Methods
We used data from the 2009–2012 NHANES survey cycles.
Conducted by the National Center for Health Statistics (NCHS) and
the Centers for Disease Control and Prevention (CDC), NHANES
is a complex survey design that surveys a representative sample of
the civilian, noninstitutionalized U.S. population (NHANES 2014).
We limited our analysis to adults (≥20 y), and complete data for
the measures are described below (n=3,097). Females who self-
reported being pregnant or breastfeeding, or who had a positive
urine pregnancy test at the time of exam, were excluded. We also
excluded participants with chronic kidney disease, defined as an
estimated glomerular filtration rate less than 60 mL=min=1:73m2

using the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation, or self-report of receiving dialysis in the past
12 mo (Levey et al. 2009). NHANES is approved by the National
Center for Health Statistics Research Ethics Review Board. All
NHANES participants provide informed consent before taking part
in the survey.

Arsenic Biomarkers
Participants were asked to provide a spot urine sample at the mo-
bile examination center (CDC 2009a, 2011c). A random one-
third subsample was selected for urinary total arsenic and speci-
ated arsenic laboratory measurements. Detection limits varied by
survey cycle. For the 2009–2010 survey, limits were 0.74, 0.4,
0.6, 1.2, 1.0, 0.9, and 1:7 lg=L for total arsenic, arsenobetaine,
arsenocholine, arsenite, arsenate, monomethylarsonic acid, and
dimethylarsonic acid, respectively. For the 2011–2012 survey,
corresponding limits were 1.25, 1.19, 0.28, 0.48, 0.87, 0.89, and
1:80 lg=L. To be conservative, we used the higher limit of detec-
tion across the survey cycles. We substituted the limit divided by
the square root of 2 for nondetectable values (Table 1).

We estimated urinary arsenic concentrations (estimated urinary
arsenic 1) as total arsenic minus arsenobetaine and arsenocholine
(nontoxic forms of organic arsenic); this method previously has
been proposed for modeling NHANES arsenic data (Cardenas
et al. 2015; Davis et al. 2012; Steinmaus et al. 2009). After

subtracting arsenobetaine and arsenocholine, some estimates were
negative due to measurement error. We substituted a constant of
0:01 lg=L for these samples (n=10). An alternative estimate of
arsenic (estimated urinary arsenic 2), calculated as the sum
of arsenite, arsenate, monomethylarsonic acid, and dimethylar-
sonic acid, was also assessed to allow for comparisons with the
study of Taiwanese adolescents (Su et al. 2012).

Obesity Ascertainment
Participants were examined for anthropometric measures using
standardized techniques and equipment (CDC 2009b, 2011a).
Body weight was measured using an electronic digital scale;
standing height was measured using a stadiometer. Obesity was
assessed using BMI, calculated as body weight in kilograms di-
vided by height in meters-squared (kg=m2). Secondary analyses
were performed using waist-to-height ratio as an additional indi-
cator of obesity because BMI has been criticized for not
adequately distinguishing between adipose tissue and muscle
mass (Ashwell et al. 1996a; Ashwell et al. 1996b; Ashwell et al.
2012; Flegal et al. 2009; Gomez-Ambrosi et al. 2012; Heymsfield
et al. 2009; Nevill et al. 2006). Waist circumference was meas-
ured following a standard protocol using a measuring tape on
standing participants (CDC 2009b, 2011a). Waist-to-height ratio
was calculated as waist circumference in centimeters divided by
height in centimeters.

Urinary Dilution Metrics
Participants were asked to void the bladder completely and to
provide the time of their previous urinary void before the exami-
nation (CDC 2009a, 2011c). If the volume of urine provided at
the mobile clinical examination was insufficient (i.e., <2 mL for
females of childbearing age to allow for pregnancy testing, and
<1 mL for all other participants), up to two additional voids were
collected. The volumes and time of voids were recorded, which
allowed for the calculation of urinary flow rates. We summed the
total volume of urine collected in milliliters, and divided that total
by the total time in hours between voids (i.e., the time between
the void prior to examination and the last collected void during
the examination) (Hays et al. 2015).

Osmolality was measured on collected urine samples using
freezing point depression osmometry (CDC 2009a, 2011c).
Results were reported as milliosmoles per kilogram of water
(mOsm/kg), with higher values indicating a more concentrated
sample (Yeh et al. 2015). Urinary creatinine was measured on a
Roche/Hitachi Modular P Chemistry Analyzer using an enzy-
matic (creatininase) reaction (CDC 2011b). Results were
reported as milligrams per deciliter (mg/dL), with higher values
also indicating a more concentrated sample (WHO 1996).

Covariates
Participants completed demographic questionnaires. Self-reported
data on age (years), gender (male, female), and race/ethnicity
(non-Hispanic white, non-Hispanic black, Mexican American,

Table 1. Detection limit and proportion undetectable for total and speciated
arsenic.

Arsenic species LOD (lg=g) <LOD (Weighted %)

Total arsenic 1.25 3.2
Arsenobetaine 1.19 1.2
Arsenocholine 0.6 97.6
Arsenite 1.2 95.5
Arsenate 1.0 97.4
Monomethylarsonic acid 0.9 74.0
Dimethylarsonic acid 1.80 23.0
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other Hispanic, or other race/multiracial) were utilized in these
analyses.

Statistical Methods
We considered several approaches for urine dilution adjustment
of arsenic concentrations: 1) no adjustment; 2) creatinine as an
independent covariate in the regression model; 3) arsenic concen-
tration divided by creatinine concentration (lg=g); 4) covariate-
adjusted standardization of arsenic concentration divided by
creatinine concentration (lg=g); 5) osmolality as an independ-
ent covariate in the regression model; 6) arsenic concentration
divided by osmolality (lg=mOsm=kg); 7) urinary flow rate as
an independent covariate in the regression model; and 8) arsenic
concentration multiplied by urinary flow rate to obtain excretion
rate (lg=hour).

Model 4 employed a newly developed method known as
covariate-adjusted standardization (O'Brien et al. 2016). Creatinine
corrections assume that urinary creatinine excretion is constant.
To avoid this assumption, entering urinary creatinine as a sepa-
rate variable has been recommended (Barr et al. 2005). However,
if urinary creatinine is a collider (Figure 1), neither method is
appropriate because it will introduce collider stratification bias
(Greenland 2003). As an alternative, we performed covariate-
adjusted standardization. In this multistep approach, log-
transformed creatinine is first regressed on variables known to
directly and chronically affect urine dilution. We included age,
gender, race/ethnicity, and BMI as predictors in our model. In
this capacity, BMI was used as a proxy for muscle mass and stat-
ure. Observed creatinine concentrations were then divided by
the fitted creatinine values obtained from this model, producing
a ratio representing the covariate-independent residual effect of
hydration on creatinine. We then standardized urinary arsenic
concentrations by dividing the biomarker concentrations by the
ratio of observed to fitted creatinine.

Statistical analyses accounted for the complex survey design
of NHANES by incorporating sampling weights, primary sam-
pling units, and strata. We used the laboratory subsample weights
multiplied by one-half because we combined two survey cycles.
Selected characteristics, including urinary arsenic, dilution metrics,
BMI, waist-to-height ratio, and demographics, were compared using
least-square geometric means. Urinary arsenic concentrations and
dilution-adjusted arsenic concentrations were categorized into quar-
tiles and modeled as categorical variables to evaluate dose-response
and ordinal variables to test for linear trends. BMI, which was posi-
tively skewed, was log-transformed prior to being modeled as a
continuous dependent variable using linear regression. Estimates

and 95% confidence intervals were back-transformed to provide
geometric means. Age (continuous), gender (male, female), race/
ethnicity (non-Hispanic white, non-Hispanic black, Mexican
American, other Hispanic, or other race/multiracial), and survey
cycle (2009–2010 or 2011–2012) were included as potential con-
founders in all regression models. All analyses were performed in
SAS (version 9.4). p-Values<0:05 were considered statistically
significant.

Results
Complete data were available for 3,097 adult NHANES partici-
pants. Geometric means of the urinary arsenic concentrations,
dilution metrics, BMI, and waist-to-height ratio across covariate
groups are presented in Table 2. Urinary arsenic concentrations
were positively associated with urinary creatinine and osmolality,
and inversely associated with urinary flow rates. BMI and waist-
to-height ratio were also positively associated with urinary creati-
nine and osmolality, but no associations were observed with uri-
nary flow rate.

The associations between estimated urinary total arsenic 1
and BMI are summarized in Figure 2. Strong inverse associa-
tions between urinary total arsenic and BMI were observed
when creatinine was included as an independent covariate in the
regression model (Model 2), arsenic concentration was standar-
dized by creatinine (Model 3), osmolality was included as an in-
dependent covariate in the regression model (Model 5), and
arsenic concentration was standardized by osmolality (Model 6).
Null associations were observed between urinary total arsenic
and BMI when no adjustment for urinary dilution was made
(Model 1), arsenic concentration was covariate-adjusted standar-
dized by creatinine (Model 4), and urinary flow rate was
included as an independent covariate in the regression model
(Model 7). A marginally positive association was observed
between urinary total arsenic concentration and BMI when ar-
senic was standardized to urinary flow rate through multiplica-
tion to obtain excretion rates (Model 8). Appreciably similar
associations were observed between estimated urinary total ar-
senic 2 and BMI (Figure 3).

The associations between estimated urinary total arsenic 1
and waist-to-height ratio are summarized in Figure 4. Inverse
associations between urinary total arsenic and waist-to-height
ratio were observed when creatinine was included as an inde-
pendent covariate in the regression model (Model 2), arsenic
concentration was standardized by creatinine (Model 3), os-
molality was included as an independent covariate in the
regression model (Model 5), and arsenic concentration was

Figure 1. Directed acyclic graph of the causal pathway between arsenic exposure and anthropometric measurements (BMI and waist-to-height ratio). Variables
with solid outlines are observed; variables with dashed lines are unobserved. Body composition refers to the amounts of fat, bone, water, and muscle in human
bodies. Note: Age, gender, race/ethnicity, and survey cycle, which were hypothesized to directly affect arsenic exposure, urine dilution, and anthropometric
measures, are not pictured.
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standardized by osmolality (Model 6). Null associations were
observed between urinary total arsenic and waist-to-height ra-
tio when no adjustment for urinary dilution was made (Model
1), arsenic concentration was covariate-adjusted standardized
by creatinine (Model 4), urinary flow rate was included as an
independent covariate in the regression model (Model 7), and
arsenic was standardized to urinary flow rate through multipli-
cation (Model 8). Appreciably similar associations were observed
between estimated urinary total arsenic 2 and weight-to-height ra-
tio (Figure 5).

Discussion
The epidemiologic literature on arsenic and obesity is scant, but
limited evidence exists suggesting arsenic exposure may be inver-
sely related to BMI (Ettinger et al. 2014; Grashow et al. 2014;
Ronco et al. 2010; Su et al. 2012). In contrast, our findings do not
support an association between arsenic exposure, as measured in
urine, and obesity. It is possible that low-level arsenic exposure,
as seen among the general population of the United States, has no
effects on adiposity; occupational studies and studies conducted
outside of the United States may be capturing exposures above a
potential threshold. Our findings further suggest that urinary creat-
inine and osmolality may be colliders on the causal pathway from
arsenic exposure to obesity as common descendants of hydration
and body composition. When urinary creatinine and osmolality
were accounted for in our analyses, we observed significant
inverse associations with BMI and waist-to-height ratios. In other

words, controlling for these variables may have opened a previ-
ously blocked backdoor path between urinary arsenic concentra-
tions and obesity. Using covariate-adjusted standardization,
adjusting for urine dilution using urinary flow rates, or modeling
arsenic excretion rates resulted in null associations between uri-
nary arsenic concentrations and measures of obesity.

Nearly all the creatinine excreted in urine is produced in skel-
etal muscle (Barr et al. 2005). Skeletal muscle is positively asso-
ciated with stature, as taller individuals have longer bones and
muscles (Janssen et al. 2000). Similarly, skeletal muscle mass is
correlated with body weight; not only is muscle denser than adi-
pose tissue, but heavier individuals require more muscle mass for
movement (Janssen et al. 2000). In comparison with normal-
weight individuals, obese individuals have more skeletal muscle,
albeit with lesser amounts of muscle relative to body fat (Janssen
et al. 2000). As such, obese individuals excrete more creatinine
than their normal-weight counterparts (Gerchman et al. 2009). It
is unclear whether more refined methods of measuring adiposity
(e.g., bioelectrical impedance, dual-energy X-ray absorptiometry)
would be useful in disentangling fat from muscle mass rendering
creatinine a noncollider. Urine osmolality and creatinine are
highly correlated (Yeh et al. 2015). Although osmolality is gener-
ally considered more robust than creatinine because it is less
influenced by individual characteristics (e.g., demographics or
medical conditions), we observed that both factors similarly
introduced bias (Middleton et al. 2016; Yeh et al. 2015).
Multiple studies have observed that osmolality tends to be
higher in urine samples from obese individuals, indicating more

Table 2. Geometric means for selected characteristics (N =3,097).

Characteristic

Estimated urinary
arsenic 1a

(lg=L)

Estimated urinary
arsenic 2b

(lg=L)

Urinary
creatinine
(mg=dL)

Urinary
osmolality
ðmOsm=kgÞ

Urinary
flow rate
(mL=hour)

BMI
(kg=m2)

Waist-to-height
ratio

Age (years)
20–39 (reference) 3.7 6.5 101.6 567.6 53.6 27.1 0.54
40–59 3.6 6.3 89.3* 524.0* 54.5 28.3* 0.58*

≥60 3.5 6.4 76.7* 494.8* 49.5 28.1* 0.60*

Gender
Female (reference) 3.0 6.1 73.6 482.0 50.8 27.6 0.58
Male 4.4* 6.8* 111.5* 589.6* 55.3* 28.0 0.57*

Race/ethnicity
Non-Hispanic white (reference) 2.9 5.8 85.4 510.7 55.5 27.6 0.57
Non-Hispanic black 4.8* 7.1* 128.6* 599.6* 44.1* 30.1* 0.59*

Mexican American 4.9* 6.8* 97.5* 616.2* 48.3* 28.8* 0.60*

Other Hispanic 5.5* 7.8* 92.8 575.1* 51.4 28.1 0.58
Other race/multi-racial 7.9* 10.2* 85.1 533.3 52.3 25.3* 0.54*

Survey cycle
2009-2010 (reference) 5.1 6.7 94.5 532.7 53.3 27.8 0.57
2011-2012 2.6* 6.1* 87.2* 534.0 52.8 27.8 0.58
Estimated urinary arsenic 1a (lg=L)
0.0–2.3 (reference) 0.6 3.8 47.2 337.6 86.3 27.7 0.57
2.4–5.3 3.7* 5.2* 93.2* 545.2* 51.2* 27.6 0.57
5.4–10.7 7.5* 7.4* 126.5* 689.0* 41.6* 28.0 0.57
>10:7 21.7* 14.6* 149.0* 733.8* 37.1* 27.9 0.57

Estimated urinary arsenic 2b (lg=L)
3.5-4.3 (reference) 0.7 3.6 45.4 325.6 89.7 27.5 0.57
4.4–6.1 3.3* 5.1* 92.1* 551.5* 51.4* 27.8 0.57
6.2–9.6 7.1* 7.5* 127.3* 674.1* 43.1* 28.2* 0.58
>9:6 18.7* 15.9* 151.7* 753.7* 34.8* 27.8 0.57

BMI (kg=m2)
<25 (reference) 3.5 6.3 76.8 475.9 53.2 22.1 0.49
25–29 3.6 6.5 92.9* 528.6* 52.6 27.3* 0.57*

≥30 3.8 6.5 104.6* 602.7* 53.3 35.5* 0.68*

Waist-to-height ratio
<0:51 (reference) 3.7 6.2 84.0 492.0 53.5 22.0 0.47
0.51–0.57 3.6 6.5 86.6 511.1 55.3 25.6* 0.54*

>0:57 3.6 6.4 97.2* 569.5* 51.7 32.6* 0.65*

aEstimated as [total arsenic in lg=L− ðarsenocholine in lg=L+ arsenobetaine in lg=LÞ] with negative values set to 0:01 lg=L.
bEstimated as [arsenite inlg=L+ arsenate in lg=L+monomethylacrsonic acid in lg=L+dimethylarsonic acid inlg=L]. *p<0:05 compared with reference.
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concentrated urine, than in normal-weight individuals (Chang
et al. 2016; Hays et al. 2015; Yeh et al. 2015). However, osmo-
lality has been considered the optimal metric of urine concen-
tration, because it provides a measure of the number of all
solutes present regardless of their molecular mass or structure
(Chadha et al. 2001; Dossin et al. 2003). The solutes that con-
tribute to total osmolality include urea, sodium, potassium,
chloride, and creatinine, among others (Chadha et al. 2001).
Studies have observed that urinary concentrations of sodium,
chloride, and creatinine solutes have been positively associated
with obesity (Al-Hayek et al. 2013; Fotheringham et al. 2014;

Fram et al. 2015; Ge et al. 2016; Taylor and Curhan 2006).
With the exception of creatinine, however, these urinary com-
ponents are not derived from muscle; rather, urinary solute con-
centrations likely reflect dietary intakes (Bingham 2003; Taylor
and Curhan 2006).

Urinary flow rate has been proposed as a direct metric of
hydration status (Hays et al. 2015). In the present analyses, uri-
nary flow rate was observed to be independent of BMI and
waist-to-height ratio, suggesting that it is not a collider of the
causal path between urinary arsenic and obesity. Flow-rate cal-
culations assume that the bladder is entirely emptied and requires

Figure 3. Geometric mean (95% CI) of BMI across estimated urinary arsenic 2a quartiles by urine dilution adjustment approaches. a Estimated as
[arsenite in lg=L+ arsenate in lg=L+monomethylarsonic acid inlg=L+ dimethylarsonic acid in lg=L]. p-Values are for assessment of linear trends across
urinary arsenic quartiles. Models refer to: 1) no adjustment for urine dilution; 2) creatinine as an independent covariate in the regression model; 3) ar-
senic concentration divided by creatinine concentration (lg=g); 4) covariate-adjusted standardization of arsenic concentration (lg=L); 5) osmolality as
an independent covariate in the regression model; 6) arsenic concentration divided by osmolality (lg=mOsm=kg); 7) urinary flow rate as an independent
covariate in the regression model; and 8) arsenic concentration multiplied by urinary flow rate to obtain excretion rate (lg=hour). All models were addi-
tionally adjusted for age (continuous), gender (male/female), race/ethnicity (non-Hispanic white, non-Hispanic black, Mexican American, other
Hispanic, or other race/multiracial), and survey cycle (2009–2010 or 2011–2012).

Figure 2. Geometric mean (95% CI) of BMI across estimated urinary arsenic 1a quartiles by urine dilution adjustment approaches. aEstimated as
[total arsenic in lg=L− ðarsenocholine inlg=L+ arsenobetaine in lg=LÞ] with negative values set to 0:01 lg=L. p-Values are for assessment of linear
trends across urinary arsenic quartiles. Models refer to: 1) no adjustment for urine dilution; 2) creatinine as an independent covariate in the regression
model; 3) arsenic concentration divided by creatinine concentration (lg=g); 4) covariate-adjusted standardization of arsenic concentration (lg=L); 5) os-
molality as an independent covariate in the regression model; 6) arsenic concentration divided by osmolality (lg=mOsm=kg); 7) urinary flow rate as an
independent covariate in the regression model; and 8) arsenic concentration multiplied by urinary flow rate to obtain excretion rate (lg=hour). All models
were additionally adjusted for age (continuous), gender (male/female), race/ethnicity (non-Hispanic white, non-Hispanic black, Mexican American, other
Hispanic, or other race/multiracial), and survey cycle (2009–2010 or 2011–2012).
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both the total void volume and times of the prior and current
void. To calculate excretion rates, analyte concentrations are
multiplied by urinary flow rates. However, the time between
voids is rarely collected in large-scale epidemiologic studies and
may be difficult to accurately obtain in certain populations, such
as children.

In the present analysis, we evaluated a general population
sample; however, analytical approaches in high-risk populations
should also be considered. For example, kidney disease is quali-
tatively associated with metrics of urine dilution. Urinary creat-
inine is elevated in individuals with chronic kidney disease,

whereas osmolality and urinary flow rates are significantly
lower among diseased individuals. This contrast suggests that
urinary flow rate, although not related to measures of obesity
among healthy individuals, may be a collider among persons with
chronic kidney disease. Thus, covariate-adjusted standardization
may be the most suitable approach for high-risk populations, such
as individuals with chronic kidney disease. Children were not
included in our analyses because the obesity metrics used are sys-
tematically lower in this population. We have no reason to believe,
however, that methods to account for urine dilution would perform
differentially among children. In fact, a recently published study

Figure 5. Geometric mean (95% CI) of waist-to-height ratio across estimated urinary arsenic 2a quartiles by urine dilution adjustment approaches. aEstimated
as [arsenite inlg=L+ arsenate inlg=L+monomethylarsonic acid inlg=L+dimethylarsonic acid inlg=L]. p-Values are for assessment of linear trends across
urinary arsenic quartiles. Models refer to: 1) no adjustment for urine dilution; 2) creatinine as an independent covariate in the regression model; 3) arsenic con-
centration divided by creatinine concentration (lg=g); 4) covariate-adjusted standardization of arsenic concentration (lg=L); 5) osmolality as an independent
covariate in the regression model; 6) arsenic concentration divided by osmolality (lg=mOsm=kg); 7) urinary flow rate as an independent covariate in the
regression model; and 8) arsenic concentration multiplied by urinary flow rate to obtain excretion rate (lg=hour). All models were additionally adjusted for age
(continuous), gender (male/female), race/ethnicity (non-Hispanic white, non-Hispanic black, Mexican American, other Hispanic, or other race/multiracial), and
survey cycle (2009–2010 or 2011–2012).

Figure 4. Geometric mean (95% CI) of waist-to-height ratio across estimated urinary arsenic 1a quartiles by urine dilution adjustment approaches. a Estimated
as [total arsenic in lg=L− ðarsenocholine in lg=L+ arsenobetaine in lg=LÞ] with negative values set to 0:01 lg=L. p-Values are for assessment of linear trends
across urinary arsenic quartiles. Models refer to: 1) no adjustment for urine dilution; 2) creatinine as an independent covariate in the regression model; 3) ar-
senic concentration divided by creatinine concentration (lg=g); 4) covariate-adjusted standardization of arsenic concentration (lg=L); 5) osmolality as an inde-
pendent covariate in the regression model; 6) arsenic concentration divided by osmolality (lg=mOsm=kg ); 7) urinary flow rate as an independent covariate in
the regression model; and 8) arsenic concentration multiplied by urinary flow rate to obtain excretion rate (lg=hour). All models were additionally adjusted for
age (continuous), gender (male/female), race/ethnicity (non-Hispanic white, non-Hispanic black, Mexican American, other Hispanic, or other race/multiracial),
and survey cycle (2009–2010 or 2011–2012).
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utilized the covariate-adjusted standardization approach to account
for urine dilution in a study of urinary phenols and childhood fat
mass in a birth cohort (Buckley et al. 2016).

We acknowledge several limitations of our analyses. We did
not evaluate specific gravity, a measure of the number of solute
particles in urine as well as their size, because it was not
measured as part of the NHANES 2009–2012 surveys.
Although specific gravity is considered a more robust measure
of urine dilution than creatinine (Pearson et al. 2009), it is
associated with muscle mass (Hamouti et al. 2010) and would
have likely yielded results similar to those observed with cre-
atinine and osmolality in these analyses. Additionally, condi-
tions like diabetes can alter solute concentrations (e.g., glucose
and protein) in urine, further disqualifying specific gravity
adjustments (Voinescu et al. 2002). Urinary flow rates were used
independently and to calculate arsenic excretion rates. The accu-
racy of the urinary flow rates is questionable, as participants
were asked to self-report the time of their last void. However, we
have no reason to believe that any inaccuracies would be related
to urinary arsenic concentrations or anthropometric measures.
We adjusted for age, gender, race/ethnicity, and survey cycle in
all regression models, but as in all observational studies, residual
confounding could partially explain our findings. Specifically,
we did not assess muscle wasting and diuretic usage, which could
directly affect urinary creatinine and osmolality, as well as body
mass or size, although we expect their effect to be minimal, given
the low prevalence in the general population. Further, we did not
evaluate total water or protein intake, which could be common
causes of urine diluteness and anthropometric measures (Krieger
et al. 2006; Rosinger et al. 2016). Lastly, we simplified the causal
diagram by not showing the involvement of the one carbon me-
tabolism pathway. Evidence has been found that suggests that ar-
senic exposure alters creatinine excretion via folate-mediated
single-carbon metabolism and that obesity may alter the body’s
ability to metabolize arsenic (Gamble and Hall 2012; Hudgens
et al. 2016). Regardless of these relationships, urinary creatinine
and osmolality would remain colliders in our hypothesized causal
scenario.

Conclusions
We recommend investigators draw a directed acyclic graph of a
biomarker of exposure–outcome relationships prior to making
adjustments for urine dilution. For studies of arsenic specifically,
such adjustments may be unnecessary as 24-h concentrations do
not significantly differ from spot urine samples (Hinwood et al.
2002). However, if measurement error is a concern, performing
covariate-adjusted standardization, adjusting for urinary flow
rates (if collected), or modeling analyte excretion rates may be
good options, depending on the specific causal scenario. Given
that metrics of urine dilution are often affected by body composi-
tion, studies of urinary biomarkers of environmental exposures
and obesity or obesity-related conditions should carefully con-
sider how to best correct for variations in urine dilution at the
time of measurement.
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