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Background: Epidemiological and toxicological evidence suggests that maternal total arsenic (As) levels are
associated with an elevated risk of gestational diabetes (GDM). Uncertainty remains regarding the metabolic
toxicity of speciﬁc arsenic species, comprised of both organic and inorganic sources of arsenic exposure.
Objectives: We assessed associations between speciated As and GDM using data from the Maternal-Infant
Research on Environmental Chemicals (MIREC) Study.
Methods: Concentrations of speciated As [(inorganic (trivalent, pentavalent)), methylated arsenic species metabolites (monomethylarsonic acid (MMA), dimethylarsinic acid (DMA)), and organic (arsenobetaine)] were
measured in ﬁrst trimester maternal urine samples. GDM cases were identiﬁed in accordance with Canadian
guidelines. Multivariable regression models were used to estimate associations between speciated As and GDM,
evaluate potential interaction between speciated As exposures, and assess fetal sex-speciﬁc ﬁndings.
Results: Among 1243 women who had a live, singleton birth and no previous history of diabetes, 4% met the
diagnostic criteria for GDM. Our analyses focused on DMA and arsenobetaine as these were the subtypes with
detectable concentrations in at least 40% of samples. Compared to women in the lowest tertile of DMA
(< 1.49 μg As/L), women with concentrations exceeding 3.52 μg As/L (3rd tertile) experienced an increased risk
of GDM (aOR = 3.86; 95% CI: 1.18, 12.57) (p-value for trend across tertiles = 0.04). When restricted to women
carrying male infants, the magnitude of this association increased (aOR 3rd tertile = 4.71; 95% CI: 1.05, 21.10).
Conclusions: These results suggest a positive relation between DMA and GDM; potential diﬀerences in risk by
fetal sex requires further investigation.
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1. Introduction
Exposure to inorganic arsenic (iAs), a globally ubiquitous contaminant, can produce toxic eﬀects within multiple organ systems
(IARC, 2012; Kuo et al., 2017; Quansah et al., 2015; Wang et al., 2014).
Several studies have reported that total arsenic levels during pregnancy
are associated with an increased risk of adverse maternal metabolic
outcomes such as gestational diabetes mellitus (GDM) (Ettinger et al.,

2009; Farzan et al., 2016; Peng et al., 2015; Shapiro et al., 2015; Xia
et al., 2018). Total arsenic is comprised of numerous inorganic and
organic As compounds and metabolites; the degree and type of toxicity
induced by exposure to these species is heterogeneous (Molin et al.,
2015).
Inorganic arsenic, found in drinking water and some foods (e.g. rice,
seaweed), largely consists of arsenate (pentavalent arsenic (As(V))) and,
to a lesser extent, arsenite (trivalent arsenic (As(III))). Upon ingestion,

Abbreviations: As, arsenic; AsB, arsenobetaine; As(III), arsenite; As(V), arsenate; BMI, body mass index; Cd, cadmium; DMA, dimethylarsinic acid; GCT, glucose
challenge screening test; GDM, gestational diabetes mellitus; iAs, inorganic arsenic; IGT, impaired glucose tolerance; LOD, limit of detection; MMA, monomethylarsonic acid; OGTT, oral glucose tolerance test; SG, speciﬁc gravity
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guidelines from the Canadian Diabetes Association and the Society of
Obstetricians and Gynaecologists of Canada (Berger et al., 2002;
Canadian Diabetes Association Clinical Practice Guidelines Expert
Committee, et al., 2013). Results of GCT and oral glucose tolerance tests
(OGTT) were recorded via chart review. Diagnosis was based on a twostep approach using results from both the GCT and OGTT. The criterion
for GDM was a 1-hour 50 g GCT ≥10.3 mmol/L or at least two elevated
OGTT values. Women were assigned a diagnosis of IGT if one of the
OGTT cut-oﬀ values was met or exceeded. The 75 g OGTT cut-oﬀ values
were 5.3 mmol/L for fasting glucose, 10.6 mmol/L one hour post glucose, and 8.9 mmol/L two hours post glucose. Cut-oﬀ values for a 100-g
OGTT were 5.8 mmol/L for fasting glucose, 10.6 mmol/L one hour post
glucose, 9.2 mmol/L two hours post glucose, and 8.0 mmol/L three
hours post glucose.
We evaluated the a diagnosis with either GDM or IGT as a secondary
outcome because it closely resembles a diagnosis of GDM according to
guidelines adopted by the International Association of Diabetes and
Pregnancy Study Groups (International Association of Diabetes and
Pregnancy Study Groups Consensus Panel, 2010) and the Canadian
Diabetes Association (Canadian Diabetes Association Clinical Practice
Guidelines Expert Committee et al., 2013). This less conservative GDM
classiﬁcation was not used in MIREC because the guidelines had not
been adopted at the time that participants were undergoing prenatal
screening. Analysis of the association between As and GCT results, our
other secondary outcome, facilitated insight regarding potential subdiagnostic changes in glucose tolerance.

arsenate and arsenite are either metabolized and methylated in the liver
to both monomethylarsonic acid (MMA) and dimethylarsinic acid
(DMA) or excreted unchanged in urine (National Academic Press, 2013;
Watanabe and Hirano, 2013). Organic As, primarily found in seafood, is
comprised of arsenosugars, arsenolipids, and arsenobetaine (AsB). In
contrast to the well-established toxicity of inorganic As, organic arsenic
compounds have historically been thought to be relatively nontoxic and
excreted largely unchanged in urine (Aylward et al., 2014; Molin et al.,
2015).
Research investigating the relationships between levels of individual As species and GDM is lacking. We examined the association
between maternal ﬁrst trimester urinary speciated As levels and measures of glucose intolerance using data from a Canadian pregnancy
cohort. Our primary outcome was GDM and our secondary outcomes
were i) diagnosis of impaired glucose tolerance (IGT) or GDM and ii)
results of glucose challenge screening test (GCT). In light of previous
evidence suggesting that risk of GDM may diﬀer according to fetal sex
(Jaskolka et al., 2015), we also evaluated eﬀect modiﬁcation by fetal
sex.
2. Methods
2.1. Study population
The Maternal-Infant Research on Environmental Chemicals
(MIREC) study is a Canadian longitudinal study of 2001 women
(Arbuckle et al., 2013) who were recruited between 2008 and 2011 at
10 diﬀerent sites in 6 Canadian provinces. Our study population was
comprised of women over the age of 18, with singleton, live births, no
preexisting diabetes and complete urinary arsenic and glucose testing
data (n = 1243). This study received ethical approval from Health
Canada, St. Justine's Hospital (Montreal, QC), and all participating
sites. All participants gave informed consent prior to participation.

2.4. Statistical analysis
Descriptive statistics were performed for all exposures, outcomes,
and potential covariates. Since several urinary As species were seldom
detected, we only analyzed the association with impaired glucose tolerance and gestational diabetes for As species that were detected in at
least 40% of samples (i.e., DMA and AsB). Samples below the LOD were
deﬁned as the LOD/√2. Descriptive statistics for arsenic species are
presented as speciﬁc gravity standardized concentrations according to
the formula adapted from Just et al. (2010):

2.2. Exposure assessment: maternal urinary speciated arsenic
Concentrations of the following arsenic species were measured in
ﬁrst trimester maternal urine samples: arsenite, arsenate, monomethylarsonic acid (MMA), dimethylarsinic acid (DMA), and arsenobetaine (AsB). Details regarding urinary arsenic measurement have
been described elsewhere (Bélanger and Dumas, 2010; Ettinger et al.,
2017). Brieﬂy, urine samples were analyzed using HPLC coupled with
ICP-MS with a limit of detection (LOD) of 0.01 μmol/L (0.75 μg As/L).
The limit of quantiﬁcation (LOQ) was 0.0013, 0.0016, 0.0020, and
0.0009 μmol/L for AsB, DMA, trivalent, pentavalent, and MMA respectively. The concentrations of the various species were expressed as
μg As/L by dividing the concentration in μmol/L by 0.01335. Due to the
percentage of samples below the limit of detection (< 50% detectable
for all species other than DMA), we were not able to calculate total
inorganic arsenic exposure or primary and secondary methylation indices. For exploratory purposes, we created a measure of inorganic
arsenic by summing MMA, trivalent, pentavalent, and DMA and determined that the correlation coeﬃcient between this summary measure and DMA was 0.98. Based on this ﬁnding, we concluded that DMA
was the appropriate and most precise estimate of inorganic arsenic
exposure. Maternal cadmium (Cd) levels, included as a potential confounder in this study, were measured in whole blood using inductively
coupled plasma mass spectrometry (PerkinElmer ELAN ICP-MS DRC II).
Analyses for both cadmium and arsenic were performed at the Toxicology Centre of the Quebec Institute of Public Health, accredited by
the Standards Council of Canada.

SGm − 1 ⎤
Pc = Pi ⎡
⎣ SGi − 1 ⎦
where Pc is the SG standardized concentration, Pi is the observed
concentration, SGi is the speciﬁc gravity of the sample and SGm is the
median SG in the cohort.
We calculated the percent of GDM cases among women with detectable vs non detectable levels of arsenic species and determined
statistical signiﬁcance with the chi-square test. This portion of our
analyses was limited to species where at least 10% of samples had
detectable concentrations (DMA, AsB, and arsenite). We then used
multivariable logistic regression to calculate odds ratios and 95%
conﬁdence intervals of the association between arsenic species (DMA or
AsB) and i) GDM and ii) GDM or IGT. Linear regression was used to
assess the association between As exposure and a continuous measure
of GCT.
We evaluated DMA as a categorical variable, deﬁned by tertiles, and
a continuous variable. AsB was dichotomized at the LOD due to the
high number of samples with undetectable concentrations. Due to the
right skewed distribution, DMA was natural log transformed prior to
analysis as a continuous variable. Based on knowledge of GDM risk
factors (Casagrande et al., 2018) and predictors of urinary arsenic
within the MIREC cohort, models were adjusted for the following potential confounders: maternal age, race, education, parity, and prepregnancy BMI (Ettinger et al., 2017). Based on previous reports of
possible associations between maternal cadmium levels and GDM (Liu
et al., 2018; Shapiro et al., 2015) and potential for co-occurring exposure (Olmedo et al., 2013), we also adjusted for maternal ﬁrst trimester blood Cd levels. To account for varying urine dilution, the

2.3. Outcome assessment: measures of glucose intolerance
As described in our previous work (Shapiro et al., 2015), impaired
glucose tolerance and gestational diabetes cases were identiﬁed using
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speciﬁc gravity of each urine specimen was included in all models as a
covariate. We present results from three models: unadjusted, adjusted
for potential maternal confounders, and additionally adjusted for cooccurring arsenic metabolites (ie, either DMA or AsB). The third model
(adjusted for DMA or AsB) was done to account for co-occurring As
exposure. In addition, we evaluated additive and multiplicative interaction between DMA and AsB. Additive interaction was calculated
using the relative excess risk due to interaction (RERI) (Richardson and
Kaufman, 2009) and conﬁdence intervals were calculated using the
method described by Zou (2008) DMA and AsB were dichotomized at
the lowest tertile (1.49 μg As/L) and LOD (0.75 μg As/L) respectively.
Multiplicative interaction was evaluated by calculating the p-value of
the product term. To assess potential eﬀect modiﬁcation by fetal sex, we
conducted a stratiﬁed analysis and calculated the p-value for the
sex ∗ exposure product terms in models of the association between each
arsenic species and both GDM (logistic regression) and GCT (linear
regression). Due to small numbers in the stratiﬁed analysis, we estimates model parameters using penalized likelihood.
In recognition of higher reported rates of GDM (Hedderson et al.,
2012) and higher urinary As levels among Asian compared to non-Asian
women (Awata et al., 2017a, 2017b; Ettinger et al., 2017), we conducted a sensitivity analysis of the study population stratiﬁed according
to Asian race. We examined this relation using the continuous measure
of DMA due to the relatively low number of Asian women in the population (n = 76).
All analyses were performed in SAS v 9.3 (SAS Institute Inc. Cary,
USA) and R v. 3.4.0 (R Foundation for Statistical Computing, Vienna,
Austria).

Table 1
Characteristics of MIREC participants with speciated As data (n = 1243).
Total

3. Results

Normal Glucose

GDM

N

%

N

%

N

%

Maternal age (y)
< 29
30–34
≥35

367
454
422

29.5
36.5
34.0

345
411
384

30.3
36.1
33.7

9
22
16

19.2
46.8
34.0

Race
White
Other

1006
237

80.9
19.1

935
205

82.0
18.0

25
22

53.2
46.8

Pre-pregnancy BMI (kg/m2)
< 25
25- < 30
≥30

718
249
184

62.4
21.6
16.0

682
224
157

64.2
21.1
14.8

18
12
12

42.9
28.6
28.6

Education
High school or less
Some college
Undergrad or higher

103
345
794

8.3
27.8
63.9

96
298
745

8.4
26.2
65.4

6
15
26

12.8
31.9
55.3

Parity
Nulliparous
Parous

559
643

46.5
53.5

512
628

44.9
55.1

23
24

48.9
51.1

Smoking
Current
Former
Never or quit during pregnancy

62
343
837

5.0
27.6
67.4

56
315
768

4.9
27.7
67.4

4
9
34

8.5
19.2
72.3

Household income ($CAD$)
≤50,000
50,001–100,000
≥ 100,000

200
496
495

16.8
41.6
41.6

176
451
465

16.1
41.3
42.6

11
20
14

24.4
44.4
31.1

Note: MIREC, Maternal Infant Research on Environmental Chemicals; As, arsenic; BMI, body mass index; Missing: BMI n = 92, education n = 1, income
n = 52, smoking n = 1.

Among 1243 women with live, singleton births, no previous history
of diabetes, and complete arsenic and glucose tolerance data, 4.0%
were classiﬁed as having GDM and 8.3% were classiﬁed as having
combined GDM and IGT. The women in the present analysis were on
average older than 30 years of age, of normal BMI, non-smokers, white,
and were of moderate to high socioeconomic status (annual household
income > $50,000) (Table 1).
Details regarding descriptive statistics of maternal urinary speciated
arsenic concentrations have been reported previously (Ettinger et al.,
2017). Brieﬂy, the percent of detectable concentrations for arsenite,
arsenate, MMA, DMA, and AsB was 15.9, 1.7, 7.8, 85.8, and 48.8 respectively. Median (IQR) DMA and AsB concentrations (μg As/L) were
2.32 (1.12–4.49) and LOD (LOD-3.52) respectively. Median (IQR)
speciﬁc gravity standardized DMA and AsB concentrations (μg As/L)
were 2.40 (1.65–3.82) and LOD (LOD- 3.66) respectively. The Kendall's
tau correlation between continuous measures of DMA and AsB was 0.31
(p < 0.05). Median DMA concentrations were slightly higher among
women with GDM (3.22 μg As/L) than women without GDM (2.32 μg
As/L). Similarly, women with GDM had higher median AsB concentrations than women with normal glucose tolerance (GDM
AsB = 1.87 μg As/L; no GDM AsB = 0.63 μg As/L).
The prevalence of GDM was higher among women with detectable
versus undetectable As concentrations, yet these diﬀerences were not
statistically signiﬁcant. Among women with detectable DMA, AsB, or
arsenite concentrations, GDM prevalence was 4.2, 5.3, and 4.7%.
Comparatively, 2.4, 2.6, and 3.8% of women with undetectable DMA,
AsB and arsenite concentrations met the criteria for GDM diagnosis.
Using a chi-square test, these diﬀerences in GDM prevalence were not
observed to be statistically signiﬁcant.
A one unit increase in natural log transformed DMA, which corresponds to a nearly threefold increase in urinary DMA concentrations,
was associated with elevated odds of GDM in the unadjusted and adjusted models, though the conﬁdence interval in the adjusted results
included the null value (aOR = 1.38, 95% CI: 0.92, 2.07). The odds
were attenuated when adjusted for arsenobetaine (Table 2). In models

Table 2
Odds ratios of association between maternal urinary speciated As (μg As/L) and
gestational diabetes mellitus.
GDM OR (95%CI)a
No. GDM

No.
normal
glucose

Model 1
OR (95%
CI)

Model 2 OR
(95% CI)

Model 3 OR
(95% CI)

Ln DMA

42

1049

1.38
(1.03,1.87)

1.38
(0.92,2.07)

1.18
(0.74,1.88)

DMA
≤1.49
1.49– ≤ 3.52

6
16

331
365

> 3.52

20

353

1.0
2.42
(0.94,6.25)
3.13
(1.24,7.88)
0.02

1.0
3.21
(1.12,9.23)
3.86
(1.18,12.57)
0.04

1.0
2.75
(0.92,8.19)
2.88
(0.79,10.46)
0.18

14
28

525
524

1.0
2.00
(1.04,3.85)

1.0
1.96 (0.97,
3.96)

1.0
1.53 (0.71,
3.28)

Test for trend
p-value
AsB
< LOD
≥LOD

Note: Ln DMA, natural log transformed dimethylarsinic acid; AsB, arsenobetaine; GDM, gestational diabetes.
a
Model 1 = unadjusted, Model 2 = adjusted for maternal age, speciﬁc
gravity, education, pre-pregnancy BMI, parity, race, ln Cd, Model 3 = Model
2 + As (AsB in DMA model, DMA in AsB model).

examining the association with a diagnosis of either GDM or IGT, no
evidence of association or trend were observed (data not shown).
Compared to women in the lowest tertile of DMA, those with DMA
in the highest tertile (> 3.52 μg As/L) were at an increased risk of GDM
(aOR: 3.86 95% CI: 1.18, 12.57, test for trend p-value = 0.04). This risk
716
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Table 3
Odds ratios of association between maternal urinary speciated As (μg As/L) and gestational diabetes stratiﬁed by fetal sex.
No. GDM

Males n = 565

DMA
≤1.49
1.49–≤3.52
> 3.52
Test for trend p-value
AsB
< LOD
≥LOD

No. GDM
b

Females n = 524

Model 3

Model 2a

Model 3b

OR (95% CI)

OR (95% CI)

OR (95% CI)

OR (95% CI)

3
11
8

1.0
5.48 (1.49,20.14)
4.71 (1.05,21.10)
0.08

1.0
4.04 (1.05,15.62)
2.73 (0.53,14.19)
0.43

3
5
12

1.0
1.44 (0.33,6.21)
2.43 (0.51,11.74)
0.22

1.0
1.35 (0.30,6.04)
2.12 (0.38,11.96)
0.34

7
15

1.0
2.74 (1.08,7.00)

1.0
2.01 (0.75,5.41)

7
13

1.0
1.50 (0.58,3.86)

1.0
1.19 (0.42,3.36)

Model 2

a

Note: DMA, dimethylarsinic acid; AsB, arsenobetaine.
a
Model 2: adjusted for maternal age, speciﬁc gravity, education, pre-pregnancy BMI, parity, race, ln Cd.
b
Model 3: Model 2 + As(AsB in DMA model, DMA in AsB model.

among either male or female in the DMA-GCT model estimates. The
interactions between sex and AsB or DMA were not signiﬁcant
(sex ∗ AsB p-value = 0.67, sex ∗ DMA p-value = 0.81).
We observed that the rate of GDM was 9.5% among women who
self-identiﬁed as Asian. The adjusted odds of GDM per unit increases in
ln DMA was elevated but not statistically signiﬁcant in the analyses
restricted to Asians [OR = 2.42 (95% CI: 0.67, 8.74)] and when Asians
were excluded [OR = 1.26 (95% CI: 0.80, 1.98)].

was attenuated when adjusted for concurrent exposure to arsenobetaine
(OR: 2.88 95% CI: 0.79, 10.46, test for trend p-value = 0.18). A similar
pattern was observed for AsB. Compared to women with undetectable
arsenobetaine concentrations, the magnitude of association was highest
in the unadjusted GDM model (OR: 2.00 95% CI: 1.04, 3.85). The odds
of GDM diminished incrementally when adjusting for covariates and
DMA (Table 2). Neither DMA nor AsB was associated with the combined outcome of GDM or IGT (data not shown). The product term
between AsB and DMA was not signiﬁcant (p-value = 0.45) and the
RERI was 1.83 (95% CI:−3.47, 5.28), indicating a greater than additive
relation that was not statistically signiﬁcant.
When stratiﬁed by infant sex, the magnitude of the association between both DMA or AsB and GDM was stronger among mothers with
males than female infants (Table 3). Being pregnant with a male fetus
and having higher DMA levels (2nd tertile) increased the odds of developing GDM by up to 5 times. Consistent with the total population,
results were attenuated when adjusted for co-occurring arsenic species
(AsB in DMA model, DMA in AsB model). The product terms for sex and
AsB or DMA were not signiﬁcant (sex ∗ AsB p-value = 0.88, sex ∗ DMA
p-value = 0.19).
No association was observed between DMA levels and GCT results.
Compared to undetectable AsB concentrations, detectable AsB concentrations were associated with slightly increased glucose challenge
test results (β = 0.19; 95% CI:0.00,0.38); this result was minimally
aﬀected by adjustment for DMA (β = 0.22; 95% CI:0.01,0.43)
(Table 4). When stratiﬁed by sex, the association between AsB and GCT
results was positive and statistically signiﬁcant among male infants but
not among female infants (Table 5). No association was observed

4. Discussion
In this cohort of Canadian women, women with elevated ﬁrst trimester maternal urinary DMA experienced an increased risk of GDM.
The magnitude of this increase was highest in models that were not
adjusted for AsB. We did not identify any evidence of interaction between DMA and AsB, yet the small number of exposed cases may have
precluded the ability to identify a synergistic or antagonistic eﬀect.
Detectable concentrations of AsB were positively associated with both
GDM and glucose challenge test results, though the magnitude of the
association with GCT was small and of questionable clinical signiﬁcance. The association between DMA and GDM was stronger when
restricted to women carrying male infants; however, these results were
marked by wide conﬁdence intervals. DMA exposure was not associated
with changes in glucose challenge test results or with an increased risk
of a less conservative deﬁnition of GDM (GDM or IGT).
Our ﬁndings are consistent with the few previous studies in the US
(Ettinger et al., 2009; Farzan et al., 2016), and China (Peng et al., 2015;
Xia et al., 2018) that have evaluated the relation between certain
measures of total arsenic and GDM. In our previous analysis from the
MIREC cohort, we observed a statistically signiﬁcant association between total ﬁrst trimester blood arsenic levels and GDM (Shapiro et al.,
2015). Authors of the New Hampshire (NH) birth cohort study reported
a statistically signiﬁcantly association between arsenic and GDM when
exposure assessment was based on toenail samples but not when using
urinary samples. This NH study reported a lower LOD (ranging from 0.1
to 0.15 μg As/L for all species) with only 0.5% of samples with DMA
concentrations below the LOD. It should be noted that the NH study was
conducted in an area with known arsenic contamination of some private water supplies. While NH study (Farzan et al., 2016) did not report
species speciﬁc concentrations, the median concentrations of urinary
DMA in MIREC participants (2.32 μg As/L) were lower than reported in
US NHANES (DMA = 3.5 μg As/L) (Aylward et al., 2014) and CHMS
(3.8 μg As/L) (Health Canada, 2017) with similar detection limits.
A positive association between DMA and GDM is also consistent
with biological mechanisms identiﬁed in experimental studies. Mice
exposed to inorganic arsenic have been observed to exhibit impaired
glucose tolerance and increased concentrations of arsenic metabolites

Table 4
Linear regression parameter estimates of association between maternal ﬁrst
trimester urinary speciated As levels (μg As/L) and glucose challenge test
(mmol/L) results (n = 1063).
Parameter estimates GCT (95% CI)

Ln DMA
AsB ≥ LOD

Model 1a

Model 2b

Model 3c

0.05 (−0.05,0.14)
0.19 (0.01,0.37)

0.00 (−0.13,0.14)
0.19 (0.00,0.38)

−0.06 (−0.21,0.08)
0.22 (0.01,0.43)

Note: Ln DMA, natural log transformed dimethylarsinic acid; AsB, arsenobetaine; GCT, glucose challenge test. Model estimates represent the change in GCT
result per 1 ln unit increase in DMA or the change in GCT result per detectable
vs undetectable AsB concentrations.
a
Model 1: unadjusted.
b
Model 2: adjusted for maternal age, speciﬁc gravity, education, pre-pregnancy BMI, parity, race, ln Cd.
c
Model 3: Model 2+ AsB or DMA.
717
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Table 5
Linear regression parameter estimates of association between maternal ﬁrst trimester urinary speciated As levels (μg As/L) and glucose challenge test (GCT) (mmol/
L) results stratiﬁed by fetal sex.
Parameter estimates GCT (95% CI)
No. GDM

Ln DMA
AsB ≥ LOD

21
14

Males n = 553

No. GDM

Model 2a

Model 3b

0.06 (−0.11,0.24)
0.35 (0.08,0.62)

−0.04 (−0.23,0.15)
0.37 (0.08,0.67)

17
11

Females n = 508
Model 2a

Model 3b

−0.09 (−0.30,0.13)
0.05 (−0.22,0.33)

−0.13 (−0.36,0.11)
0.12 (−0.18,0.42)

Note: Ln DMA, natural log transformed dimethylarsinic acid; AsB, arsenobetaine; GCT, glucose challenge test. Model estimates represent the change in GCT result per
1 ln unit increase in DMA or the change in GCT result per detectable vs undetectable AsB concentrations.
a
Model 2: adjusted for maternal age, speciﬁc gravity, education, pre-pregnancy BMI, parity, race, ln Cd.
b
Model 3: Model 2+ AsB or DMA.

in our study, it is diﬃcult to determine whether AsB has an eﬀect on
GDM or glucose challenge test results independent of DMA. The attenuation of DMA estimates in the AsB model could also be a consequence of modeling two moderately correlated exposures. Studies
examining AsB as an independent outcome are sparse (Baek et al.,
2017; Thomas et al., 2015). Authors of studies of the association between arsenic and GDM have either adjusted model estimates for AsB
(Navas-Acien et al., 2008) or excluded AsB from analyses (Farzan et al.,
2016). An analysis of the Korean National Health and Nutrition Examination suggest a possible association between AsB and glucose intolerance in men, though the authors of that study did not adjust for
DMA (Baek et al., 2017). In a MIREC based analysis, Thomas et al.
(2015) reported that AsB concentrations > 2.25 μg As/L were associated with a 65% increased risk of small for gestational age (SGA).
Further inquiry regarding the potential independent association of
health eﬀects with AsB is, therefore, warranted.
Arsenic metabolism varies between individuals and populations due
to genetic and phenotypic diﬀerences in metabolism, methylation, and
availability of diﬀerent species (Molin et al., 2015). Arsenic metabolism
is also aﬀected by pregnancy. The eﬃciency of arsenic methylation, and
subsequent concentrations of metabolites such as DMA, is known to
increase during pregnancy (Gardner et al., 2011). Pregnant women,
therefore, may be particularly susceptible to DMA-related toxic eﬀects.
Genetic factors, namely polymorphisms of enzymes involved in arsenic
metabolism (arsenic methyltransferase (AS3MT), DNA-methyltransferases) also aﬀect methylation eﬃciency (Engstrom et al., 2013;
Gardner et al., 2012). Pregnancy has been reported to have a greater
eﬀect on methylation eﬃciency than genotype (Gardner et al., 2012).
Though we did not have the capacity to address inter-individual factors
on arsenic metabolism in our study, our ﬁnding of a positive association
between DMA and GDM is consistent with the notion that arsenic methylation is not a complete detoxiﬁcation pathway (Khairul et al.,
2017).
We also did not have capacity to account for the inﬂuence of diet,
particularly rice and seafood intake, on model estimates. This issue is of
particular interest for certain racial groups, such as Asians, where rice is
a dietary staple. We attempted to account for race and diet by adjusting
for race and conducting a sensitivity analysis among women who selfidentiﬁed as Asian. Due to the composition of the MIREC study population, we were not able to more fully explore whether, compared to
other groups, women of Asian race are more susceptible to the potentially adverse eﬀects of As exposure on GDM risk. Authors of a recent
analysis of a Chinese cohort reported that ﬁrst trimester serum arsenic
levels were signiﬁcantly associated with a modestly elevated risk of
GDM (Xia et al., 2018). Though the diﬀerences in arsenic measurement
(serum versus urinary) preclude direct comparison, the magnitude of
the association between maternal arsenic levels and GDM in this more
homogenous population was comparable to ﬁndings among MIREC
participants (Xia et al., 2018).
Strengths of this study are the relatively large sample size, ability to

(Paul et al., 2007). As reviewed by Tseng et al. (Tseng, 2004), arsenic
has multiple properties that may adversely aﬀect glucose homeostasis.
Two of the primary mechanistic pathways are increased oxidative stress
and changes in gene expression. Oxidative stress may damage pancreatic beta cells and consequently inhibit glucose stimulated insulin
secretion (Douillet et al., 2013; Walton et al., 2004). Our study highlights areas of scientiﬁc uncertainty regarding the roles of fetal sex,
organic arsenic exposure, and arsenic methylation on GDM risk.
Recent literature suggests that both GDM risk and arsenic toxicity
may diﬀer by sex. A systematic review of 20 studies reported that
women carrying a male fetus experienced a 4% higher risk of GDM
(Jaskolka et al., 2015). In addition, an analysis of metabolic function
during pregnancy found reduced beta cell function and a higher risk of
GDM among women carrying a male fetus (Retnakaran and Shah,
2015). Maternal sex hormone levels may contribute to the cascade of
physiological events involving fetal sex, glucose homeostasis, and arsenic toxicity. For example, higher circulating estradiol levels in mothers of female oﬀspring (Toriola et al., 2011) may oﬀer a protective
eﬀect on diabetes-related arsenic toxicity. Authors of an in vitro study
of cancer cell cultures reported that arsenic may bind to estrogen and,
in turn, negate the eﬀects of both chemicals (Kumar et al., 2016).
Consistent with the premise that the toxic eﬀects of arsenic are mitigated by estrogen, arsenic exposed mice who underwent an ovariectomy were more likely to experience insulin resistance than mice
who underwent a sham surgery (Huang et al., 2015). A recent Chinese
cohort study reported a statistically signiﬁcant interaction between
fetal sex and maternal Cd levels in an analysis of GDM risk; women
carrying males infants were at increased risk of GDM (Liu et al., 2018).
Among MIREC participants, the number of GDM cases was not statistically diﬀerent according to fetal sex (3.9% in female, 4.0% in male
infants). DMA concentrations, on the other hand, were higher among
women carrying a male infant (males = 4.48 ugl, females = 3.57 ugl)
(p-value t-test of logged concentrations = 0.10). Due to the small
number of GDM cases and resulting wide conﬁdence intervals in the sex
stratiﬁed analyses, these results are best viewed as exploratory. Our
ﬁndings support the need for further investigation into the role of fetal
sex in arsenic metabolism, toxicity, and maternal outcomes.
Results pertaining to AsB highlight questions about the potential
toxicity of this organic species. Adjustment for AsB attenuated DMA
model estimates; one interpretation of this result is that DMA risk estimates not adjusted for AsB may inﬂate the risk of GDM potentially
attributable to inorganic As species (Aylward et al., 2014). Primary
sources of urinary DMA concentrations are ingestion of rice and seafood
(including shellﬁsh and seaweed); these foods contain DMA as well as
inorganic species which are metabolized to DMA (Guillod-Magnin
et al., 2018; Molin et al., 2015). Analyses of NHANES data demonstrated that DMA concentrations rise subsequent to seafood ingestion
(Navas-Acien et al., 2011) and that DMA is correlated with arsenobetaine (Aylward et al., 2014). Due to the moderate degree of correlation
between these two species and the percent of undetectable AsB samples
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control for multiple confounders, and availability of individual level
arsenic data. Despite these strengths, our analysis was subject to some
limitations. First, due to the percent of samples below the limit of detection, our analysis focused primarily on DMA and we had limited
capacity to explore the association of the parent compounds or MMA
with GDM. Although our study was hindered by the degree of undetectable samples, this is an issue common to measurement of urinary
speciated arsenic. National biomonitoring studies in the US and Canada
have reported similarly low detection rates for the speciated arsenic,
particularly the inorganic compounds. Compared to a 15.9% detection
rate in MIREC samples, trivalent arsenic was detected in 4% of NHANES
(Aylward et al., 2014) and 24.4% of CHMS samples (Saravanabhavan
et al., 2017). Detection rates for pentavalent arsenic are even lower;
2.2% in NHANES (Aylward et al., 2014) samples, 0.8% in CHMS samples (Saravanabhavan et al., 2017), and 1.7% in MIREC samples. To
reﬁne arsenic exposure assessment, future biomonitoring research may
require more precise analytic methods or alternative matrices such as
toenails. In addition to the issue with detection, our exposure assessment was based on one measure of As during the ﬁrst trimester as a
surrogate of relevant exposure throughout early pregnancy. In a study
of repeated urinary As concentrations repeated over two years, the
intraclass correlation of DMA was 0.47, indicative of a moderate degree
of reproducibility (Kile et al., 2009). The timing and frequency of our
exposure assessment is unlikely to introduce a notable source of bias, as
the ﬁrst trimester is a reasonable proxy for the critical window of exposure for GDM and any exposure misclassiﬁcation is unlikely to diﬀer
according to GDM status. To assess potential confounding due to Cd
exposure, we adjusted for maternal blood Cd levels. Adjustment for
maternal urinary Cd levels may have been preferable due to use of the
same biological matrix as arsenic, but Cd was not measured in the urine
of MIREC participants. Another limitation of our study was the number
of women with no glucose screening data. Since this information was
extracted from chart review rather than collected as part of a MIREC
study visit, data were only available from study centres that regularly
perform screening on all patients. The potential selection bias resulting
from this limitation is likely to be minimal because we did not observe
any notable diﬀerences in study population characteristics between
women with and without GDM data. Finally, due to the unique composition of the MIREC cohort, generalizability to other populations of
diverse racial and socioeconomic status composition may be limited.
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