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Abstract
Introduction Diabetes disproportionately affects American Indians/Alaskan Natives (AI/AN). Bisphenol A (BPA) and arsenic
(As), environmental toxicants which may be associated with diabetes, have not been well studied in this population. Our
objectives were to determine if urinary BPA and As are associated with diabetes among adults in the Cheyenne River Sioux
Tribe (CRST), and to compare their urinary levels with the general US population.
Methods We performed a case-control study among 276 volunteers. We matched our cases (persons with diabetes) and controls
(persons without diabetes) using age. We collected questionnaire data and urine samples which were tested for BPA and speciated
As analytes. We used paired t tests and McNemar’s chi-square test to compare continuous and categorical variables, respectively,
between cases and controls and linear regression to assess the association between self-reported exposures and BPA and As levels.
We used conditional logistic regression to investigate the association between case status and BPA andAs levels. BPA andAs levels
among participants were compared with those from the 2011–2012 National Health and Nutrition Examination Survey (NHANES).
Results The average age of participants was 46 years. The majority identified as AI/AN race (97%) and 58% were female. The
geometric means from CRST participant urine specimens were 1.83 ug/L for BPA and 3.89 ug/L for total As. BPA geometric
means of CRST participants were higher than NHANES participants while total As geometric means were lower. BPA and As
were not associated with case status.
Conclusion The results of this study are consistent with others that have reported no association between diabetes and exposure to
BPA or As.
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Introduction

Type 2 diabetes is a major public health problem in the USA,
affecting more than 30 million Americans and costing over
$327 billion in 2017 [1]. American Indian/Alaskan Native
(AI/AN) populations are more adversely impacted by this dis-
ease, likely due to a combination of factors including genetic
predisposition, poor diet, and inadequate access to healthcare
[2, 3]. While traditional risk factors such as diet and lifestyle
practices have been studied in this population, studies inves-
tigating exposure to environmental toxicants associated with
this disease are limited. Two toxicants that may be associated
with type 2 diabetes and other adverse health effects are
bisphenol A (BPA) and inorganic arsenic (As) [4, 5].

BPA is used extensively in the plastic industry; more than 5
million tons of this chemical were produced annually, and it
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can be detected in the body of more than 90% of the US
population [6]. BPA was present in polycarbonate plastics of
food and beverage containers, as well as some inner coatings
and/or linings of preserved canned goods [6]. Media coverage
of this chemical led to a large phase-out of consumer products
such as bottles, containers, and canned good linings that
contained BPA [7]. Despite these changes in exposure pat-
terns, BPA use remained widespread, and the US
Environmental Protection Agency (EPA) estimated that more
than 1 million pounds were released into the environment
each year [6].

BPA has been regarded as a chemical of concern, i.e., an
“endocrine disruptor” that affects several molecular pathways
in the body by interfering with the normal function of the
endocrine or hormone system [6]. A widely cited analysis of
the US National Health and Nutrition Examination Survey
(NHANES) 2003–2004 data showed that persons with diabe-
tes have higher urinary BPA levels [4]. An evaluation of the
Nurses’ Health Study II (NHSII) cohort found a positive as-
sociation between the incidence of type 2 diabetes and urinary
BPA levels in premenopausal women [8]. Previous studies
have shown variable urinary BPA levels across certain socio-
economic and ethnic groups, with Mexican Americans having
the lowest urinary levels of BPA [9]. AI/AN populations have
a higher prevalence of diabetes than the overall US population
[3], and to our knowledge, BPA exposure and its possible
association with diabetes have not been studied in this group.

Humans can be exposed to inorganic or organic forms of
As, the latter of which is normally less toxic, through con-
sumption of contaminated drinking water, certain food prod-
ucts such as seafood and grains, and through occupational
exposure [5]. Inorganic As exposure is associated with signif-
icant health effects, including cardiovascular disease and ma-
lignancies of several organ systems, while organic arsenic
from seafood is considered significantly less toxic [3]. In lab-
oratory animals, exposure to high levels of inorganic As is
associated with impaired glucose tolerance [10]. An analysis
of NHANES 2003–2004 data found a positive association
between urine As and prevalence of type 2 diabetes in the
US population, generating much interest in this topic [5].
Subsequently, a National Toxicology Program review of epi-
demiologic studies performed in multiple countries including
the USA concluded that sufficient evidence exists to support
an association between chronic exposure to high levels of As
in drinking water and diabetes [10].

Based on this information, we hypothesized that diabetes
would be associated with higher urinary BPA and As levels
among AI/AN populations. We conducted a case-control
study among residents of the Cheyenne River Sioux Tribe
(CRST) located in South Dakota to test the hypothesis that
higher levels of urinary BPA and As would increase the odds
of having diabetes. The study objectives were to determine if
urinary BPA and As concentrations are associated with

diabetes among adult CRST residents and to compare BPA
and As levels in this community with the general US
population.

Methods

We chose the CRSTof South Dakota based on the presence of
an established Department of Environmental Protection and
Natural Resources program as well as a robust primary care
medical clinic network that provides healthcare to a large
number of patients with diabetes in the community. We deter-
mined that a sample size of 135 pairs, or 270 participants,
would have a power of 80% to detect an odds ratio of 2.0.
CRST Tribal Council and Centers for Disease Control and
Prevention (CDC) institutional review boards approved the
protocol. CRST study staff recruited a convenience sample
of study participants from four primary care clinics on the
CRST reservation on a volunteer basis while participants were
waiting for a routine clinic visit from July of 2010 to June of
2011. Eligibility for the study was determined using a set of
standard screening questions that included age over 18, not
currently pregnant, and ability to provide a urine sample. We
defined a “case” as any participant meeting eligibility criteria
who reported a medical history of diabetes and a “control” as
any participant meeting eligibility criteria who did not report a
medical history of diabetes. Case status was confirmed using
clinic records. Participants were matched on age (within 10
years) on a 1 to 1 ratio of cases to controls. CRST study
personnel obtained informed consent, administered question-
naires, and collected random spot urine specimens from par-
ticipants during routine clinical care to minimize burden on
study participants. Demographic (including self-reported
race/ethnicity), behavioral, and exposure data from all partic-
ipants were collected via questionnaire. If a blood glucose
measurement was performed as part of the clinic visit, the
results were also recorded.

Spot urine samples collected from participants were frozen
and shipped to the National Center for Environmental Health
(NCEH), Division of Laboratory Sciences (CDC, Atlanta,
GA) for analysis. Urinary BPA concentrations were deter-
mined using liquid chromatography and tandem mass spec-
trometry according to previously published methods [11]. The
urinary total As (UTAS) and several arsenic species and me-
tabolites (arsenic acid (UAS5), arsenobetaine (UASB),
a r senocho l ine (UASC) , a r senous ac id (UAS3) ,
monomethylarsonic acid (UMMA), dimethylarsonic acid
(UDMA), and trimethylarsine oxide (UTMO)) were deter-
mined using inductively coupled plasma mass spectrometry
according to previously published methods [12]. Arsenic spe-
ciation and metabolite analyses were conducted on samples
with UTAS greater than 5 ug/L. Urine creatinine was also
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measured using a Roche-Hitachi 912 chemistry analyzer
(Roche Diagnostics, Indianapolis, IN).

All laboratory and questionnaire data were de-identified
and then entered into an Access 2010 (Microsoft, Redmond,
WA) database. Statistical analyses were conducted using the

SAS 9.3 (SAS Institute, Cary, NC). We used descriptive sta-
tistics to summarize questionnaire data. Laboratory values be-
low the limit of detection (LOD; BPA = 0.4, UTAS = 1.25,
UAS5 = 0.87, UASB = 1.19, UASC = 0.28, UAS3 = 0.48,
UDMA = 1.8, UMMA = 0.89, UTMO = 0.25; all in ug/L)

Table 1 Characteristics and self-reported exposures among cases (participants with diabetes), controls (participants without diabetes), and all partic-
ipants (n = 276), Cheyenne River Sioux Tribe (SD, 2010–2011).

Characteristic Cases (n = 138) Controls (n = 138) All participants (n = 276)

Mean (SD) Mean (SD) Mean (SD)

Age (years) 47.0 (10.7) 45.6 (9.9) 46.3 (10.3)

Finger-stick blood glucose levels (mg/dL) 206.2 (94.5)* 109.7 (26.6)* 158.1 (84.5)

Body mass index (BMI) (kg/m2) 31.7 (6.1) 30.9 (6.3) 31.3 (6.2)

n (%) n (%) n (%)

Sex

Female 78 (57) 82 (59) 160 (58)

Male 59 (43) 56 (41) 115 (42)

Missing 1 (< 1) 0 (0) 1 (< 1)

Race

White 1 (1) 2 (1) 3 (1)

Native Hawaiian 1 (1) 0 (0) 1 (< 1)

American Indian 134 (97) 135 (98) 269 (97)

Missing 2 (1) 1 (< 1) 3 (1)

Education level

High school or less 79 (57) 81 (59) 160 (58)

Bachelor’s degree or some college 58 (42) 56 (41) 114 (41)

Missing 1 (< 1) 1 (< 1) 2 (< 1)

Total household income

< $10,000 95 (69)** 79 (57)** 174 (63)

≥ $10,000 41 (30) 57 (41) 98 (36)

Missing 2 (1) 2 (1) 4 (1)

Cigarette smoking

Never 64 (46) 57 (41) 121 (44)

Former 6 (4) 3 (2) 9 (3)

Current 68 (49) 78 (57) 146 (53)

Chewing tobacco, snuff, or snus

Every day/some days 9 (7) 15 (11) 24 (9)

Not at all 129 (93) 122 (88) 251 (91)

Missing 0 (0) 1 (< 1) 1 (< 1)

Self-reported exposures

Main source of drinking water, bottled water 38 (28) 35 (26) 73 (27)

Drank cold beverages from plastic bottles, cups, or containers in the past 24 hours 116 (85) 107 (79) 223 (81)

Drank hot beverages from plastic bottle, cups, or containers in the past 24 hours 48 (36) 55 (40) 103 (38)

Eaten canned food in the past 24 hours 63 (46) 50 (38) 113 (42)

Eaten cold or unheated foods from plastic dishes or containers in the past 24 hours 28 (20) 35 (26) 63 (23)

Eaten hot food from plastic dishes or containers in the past 24 hours 59 (43) 47 (35) 106 (39)

Consumed fish in last 7 days 22 (16) 25 (18) 47 (17)

Previous occupation with BPA exposure 2 (1) 1 (1) 3 (1)

Previous occupation with arsenic exposure 1 (1) 2 (1) 3 (1)

*p < 0.0001 (paired t test); **p = 0.03 (McNemar’s test)
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were substituted with the LOD divided by the square root of
two [13]. Laboratory data were not normally distributed, so
we used a logarithmic transformation to normalize the data for
statistical analysis. We used paired t tests to compare the
means of continuous variables (age, blood glucose, and
BMI) and McNemar’s test to compare frequencies of categor-
ical variables between cases and controls, and linear regres-
sion, adjusting for urinary creatinine, to assess the association
between self-reported exposures (Table 1) and urinary BPA
and total As levels in univariate and multivariate models. We
determined whether the odds of being a case differed by levels
of BPA and As using conditional logistic regression (univari-
ate and multivariate models). We used Spearman’s correlation
coefficients to assess the correlation between BPA and As
levels. We used non-overlapping 95% confidence intervals
(CI) to determine whether the geometric means for urine
BPA, UTAS, and UDMA were statistically significantly dif-
ferent between CRST participants and the US population,
ages 20 and older, from the 2011–2012 NHANES [14].

Results

A total of 318 patients were enrolled into the study over a 12-
month period from July 2010 to June 2011. A total of 42
participants who did not have an age-matched pair or did not
have both questionnaire and laboratory data were excluded
from the analysis, resulting in 138 matched pairs for analysis
(Fig. 1).

The average age of participants was 46 years; 97% (n =
269) identified as AI/AN race, 58% (n = 160) were female,
and 53% (n = 146) were current smokers. The majority of

participants (63%, n = 174) had a total household income of
less than $10,000 per year. About a quarter of participants
(26%, n = 73) reported bottled water as their main source of
drinking water, and 38% (n = 103) drank hot beverages from
plastic bottles, cups, or containers in the past 24 hours.
Additional demographic and exposure factor characteristics
of the study population are detailed in Table 1. Cases and
controls did not differ significantly in any of the categorical
variables measured except for income; a higher proportion of
cases had an annual household income < $10,000 (p = 0.04).
As expected, cases had significantly higher finger-stick blood
glucose levels than did controls (p < 0.0001).

Among participants with diabetes, 96% reported having
type 2 diabetes, over half had obesity with a BMI greater than
30 kg/m2, and 23% reported using insulin (Table 2). Medians
and geometric means for BPA, UTAS, UDMA, and creatinine
by diabetes status are reported in Table 3. Although arsenic
speciation was done on all samples with UTAS greater than 5
ug/L, we found that several species/metabolites were less than
the LOD among 60% or more of study subjects (percent de-
tected, UAS5 = 15.38%, UASB = 17.09%, UASC = 0.85%,
UAS3 = 51.28%, UMMA = 40.17%, UTMO = 2.56%). Thus,
geometric means, confidence intervals, and p values were not
calculated for these analytes. For all participants, the median
and geometric mean for urinary BPAwere 1.90 and 1.83 ug/L
and for UTAS were 4.15 and 3.89 ug/L. Paired t tests showed
no statistical differences in the levels of BPA, total As,
UDMA, or urinary creatinine between cases and controls.

We used linear regression to assess the association between
the self-reported exposures in Table 1 and BPA and UTAS
levels (data not shown). Only fish consumption in the last 7
days was associated with a significantly higher level of UTAS

Fig. 1 Flowchart illustrating how the final number of cases (Cheyenne River Sioux Tribe (CRST) members with diabetes) and their age-matched
controls (CRST members without diabetes) were determined (n = 276) (SD, 2010–2011).
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(p = 0.0002). Activities that might be expected to increase
exposure to BPA such as consuming bottled water; drinking
hot beverages from plastic bottles, cups, or containers; and
eating hot food from plastic dishes or containers in the past
24 hours were not significantly associated with BPA levels.
BPA and UTAS were statistically correlated (p = <0.001);
however the Spearman’s correlation coefficient was 0.53.

Results for BPA and UTAS were not significant in univar-
iate or multivariate conditional logistic regression models.
BPA and UTAS levels were evaluated as continuous variables
and by quartiles. Odds ratios for both BPA and UTAS were
close to 1 and therefore not clinically relevant. Age was con-
sistently a significant variable in the multivariate models, with

higher ages being associated with increased odds of being in
the diabetes group (cases). The multivariate models were ad-
justed for BMI, continuous age, and sex, and were performed
with and without creatinine adjustment (data not shown).
None of the other variables in the multivariate models
achieved statistical significance.

The 95% confidence intervals (CIs) around the geometric
means for BPA, UDMA, and UTAS were compared between
the CRST participants and the US population, aged 20 and
older from the 2011–2012 NHANES. The CRST participants
had significantly lower mean levels of total As and higher
mean levels of UDMA and BPA when compared with the
2011–2012 NHANES (Table 4).

Discussion

After a single, low-dose exposure, approximately 70% of As
is excreted in urine after undergoing methylation within a few
days of ingestion [15]. BPA is rapidly absorbed after low-dose
oral ingestion and rapidly excreted in the urine as a glucuro-
nide metabolite with a terminal half-life of less than 6 hours
[16].We did not find any statistically significant differences in
UTAS and BPA levels between cases and controls in our
study. Overall results in both cases and controls showed low
urinary levels of As, As metabolites and BPA in our study
population. This may have been due to a lack of any recent
significant exposure to these toxicants. This study is novel
because it reports urinary BPA levels in an AI/AN population
and is also one of few studies examining urinary As levels in
this population.

Our case-control study findings for BPA are similar to
those previously reported in a cross–sectional, population-
based Korean study that did not find a link between BPA
and type 2 diabetes after adjusting for confounders [17].
While the first study by Lang showed a positive association
between BPA and type 2 diabetes, LaKind et. al. (2012) per-
formed a re-analysis of the NHANES data and found that after
applying additional exclusion criteria and outcome defini-
tions, there were no significant associations between urinary
BPA and heart disease or diabetes [18]. According to
NHANES data, urinary BPA concentrations vary by ethnicity
and race in U.S. populations [14]. The urinary BPA geometric
mean among the CRST participants during this study (1.83
ug/L) was higher than all other race/ethnicity groups in the
2011–2012 NHANES with the exception of non-Hispanic
blacks (2.12 ug/L) [14]. The reason for this finding is unclear
but might be related to socioeconomic status, diet and/or a
particular cultural behavior. Another possibility could be a
yet to be identified genetic differences in the metabolism or
elimination of BPA.

Our case-control study findings for As differ from Navas’
original analysis of NHANES 2003–2004 data [5], however

Table 2 Self-reported medical characteristics among participants with
diabetes, Cheyenne River Sioux Tribe (n = 138, SD, 2010–2011).

Characteristic n (%)

Diabetes type

Type 2 133 (96)

Missing 5 (4)

Self-reported use of Insulin

Yes 32 (23)

No 100 (72)

Missing 6 (4)

Oral diabetic medication

Yes 98 (71)

No 35 (25)

Missing 5 (4)

Finger-stick Blood Glucose Category at time of urine collection

Normal range (< or = 125 mg/dL) 28 (20)

Outside normal range (> 125 mg/dL) 110 (80)

Self-reported average blood sugar level at home

≤ 150 mg/dL 52 (38)

151–199 mg/dL 38 (28)

200–299 mg/dL 29 (21)

300–399 mg/dL 12 (9)

Do not know/missing 7 (5)

Categories of body mass index (BMI) (kg/m2)

< 18.5 0

18.5–< 25 14 (10)

25–< 30 48 (35)

> 30 76 (55)

# of times seen a provider for diabetes

≤ 6 times in the past 12 months 113 (82)

> 6 times in the past 12 months 13 (9)

Missing 12 (9)

Emergency department visit due to high blood sugar, in past 12 months

None 117 (85)

> 1 15 (11)

Missing 6 (4)
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they are similar to a subsequent analysis of the same NHANES
dataset published by Steinmaus, which found no evidence of
increased risk of diabetes with arsenic exposure after controlling
for UASB [19]. Similar to Navas’ NHANES analysis, later
studies of Strong Heart Study participants concluded that total
urinary As is associated with diabetes prevalence, but the studies
did not control for organic As, a less toxic form of As commonly
found in seafood [2]. Our study found lower UTAS concentra-
tions in all CRST participants (geometric mean 3.89 ug/L) com-
pared to the Strong Heart Study participants (geometric mean;
11.9 ug/L) [2]. The Strong Heart Study included other AI/AN
populations which likely have different exposures compared to
our participants because their study encompassed several com-
munities that were distributed across several U.S. states.

Interestingly, we also found that UDMA was higher than
either inorganic arsenic forms (UAS3 and UAS5) or MMA, a
finding that was also reported in the Strong Heart Study [2]. The
medianUDMA level among CRST participants was higher than
all racial/ethnic groups in the NHANES 2011–2012 data with
the exception of Asians [14]. This finding was also noted by

investigators of the Strong Heart Study, which looked at the
relative proportion of each urine arsenic species and found
higher percentages for UDMA and UMMA as a proportion of
the UTAS [2]. The significance of this finding is unknown and
the investigators hypothesized that this may possibly represent a
unique genetic-related difference in arsenic metabolism found in
AI/AN populations [3]. Unfortunately in our study, we had a
high proportion of UMMA results that were < LOD and thus we
could not test this hypothesis using accurate statistical analysis.

We found that UTAS levels were associated with self-
reported consumption of seafood; this result was expected
and agrees with previous studies [20]. BPA levels were not
associated with self-reported recent use of plastic containers/
dishes for water and food consumption, a factor which was
thought to be a major source of exposure to BPA [21]. We
found a statistically significant correlation between urinary
BPA and UTAS levels, however, the correlation coefficient
of 0.53 does not indicate a strong association. Possible sce-
narios that could explain this finding include exposure to a
common source that has both BPA andAs (such as a particular

Table 3 Median, geometric mean, and 95% confidence interval of BPA and As metabolites among all participants, cases with diabetes, and controls
without diabetes, Cheyenne River Sioux Tribe (n = 276, SD, 2010–2011).

Variable n % detected Median (range) Geometric mean (95% CI) p valuea

Bisphenol A (ug/L) (BPA) 0.90

Total 276 86 1.90 (< LOD–64.30) 1.83 (1.62–2.07)

Cases 138 89 1.90 (< LOD–64.30) 1.90 (1.61–2.24)

Controls 138 83 1.85 (< LOD–35.40) 1.77 (1.47–2.13)

Urinary total arsenic (ug/L) (UTAS) 0.51

Total 276 88 4.15 (< LOD–44.51) 3.89 (3.51–4.31)

Cases 138 90 4.41 (< LOD–44.51) 4.12 (3.58–4.75)

Controls 138 86 3.95 (< LOD–33.85) 3.68 (3.17–4.27)

Urinary dimethylarsenic acid (ug/L) (UDMA) 0.21

Total 117b 97 4.97 (< LOD–21.60) 5.27 (4.82–5.76)

Cases 63 97 4.83 (< LOD–13.50) 5.21 (4.60–5.90)

Controls 54 98 5.10 (< LOD–21.60) 5.34 (4.68–6.08)

Urinary creatinine (ug/L) 0.63

Total 276 100 103.7 (3.58–436.68) 86.47 (77.76–96.15)

Cases 138 100 98.70 (3.58–75.53) 86.72 (75.00–100.30)

Controls 138 100 107.61 (7.65–436.68) 86.22 (73.71–100.80)

a p values are from paired t tests comparing geometric means between cases and controls
b Arsenic speciation and metabolite analyses conducted on samples with UTAS greater than 5 ug/L

Table 4 Geometric mean BPA, As, and Dimethylarsinic levels from Cheyenne River Sioux Tribe study participants (n=276, South Dakota, 2010-
2011) and US population, 20 years and older, from 2011-2012 NHANES (n~1700).

Geometric Mean (95% CI)

Analyte (ug/L) CRST Participants NHANES Participants

Bisphenol A 1.83 (1.62–2.07) 1.48 (1.35–1.61)

Urinary Total Arsenic 3.89 (3.51–4.31) 7.09 (6.03–8.33)

Urinary Dimethylarsinic acid 5.27 (4.82–5.76) 3.51 (3.22–3.82)
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food product or drinking water) and/or less likely, a common
toxicokinetic mechanism that has yet to be elucidated. This
finding merits further investigation but was outside the scope
of our study.

Limitations

There were several limitations to our study. One limitation of
our study was the recruitment of participants on a volunteer
basis whichmay have caused selection bias. Another limitation
was that some participants with undiagnosed diabetes may
have been included in the control group; however, recruitment
from a local primary care clinic of patients with established
medical history is likely to have reduced misclassification.
We used corroborating clinic information when available, in
addition to self-reported past medical history of diabetes, to
prevent misclassification in the assignment to the control group
vs. the case group. We also used validated approaches for self-
reported diabetes diagnosis used in other scientific studies,
such as screening questions (i.e., “Have you ever been told that
you had diabetes by a doctor?” and “Do you have diabetes type
1 or type 2?”), a list of reported medications, and finger-stick
blood glucose measurement [22]. All participants in the case
group were able to provide very specific information about
diabetes therapy and monitoring (Table 2).

Another limitation was that all our case patients who an-
swered the question about diabetes reported that they had type
2 diabetes. Consequently, we could not evaluate any association
between type 1 diabetes and environmental exposure to BPA
and As. Previous studies reporting an association between BPA
and arsenic in urine and a diagnosis of diabetes were also per-
formed using participants that had type 2 diabetes (given that
type 2 diabetes is more common compared with type 1 diabetes
[3, 5, 8]). While five of our case patients with diabetes did not
indicate whether they had type 1 or type 2 diabetes, this small
number (4%) did not affect the results or conclusions of this
study when excluded and, thus, were retained in the analyses.
A second limitation is potential laboratorymeasurement artifacts
and/or inaccuracies due to urine freezing, shipping, and thawing
procedures. While this possibility always exists with any labo-
ratory testing, we used the collection, shipping, and testing pro-
cedures for NHANES urine samples, which are analyzed at the
sameCDC laboratory (NCEH,Division of Laboratory Sciences,
Atlanta, GA).

Conclusion

We did not find any statistically significant differences in BPA
and arsenic levels between CRST study participants with and
without diabetes. In our study, BPA and As were not signifi-
cant predictors of case status in conditional logistic regression
models.
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