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Abstract

A growing body of evidence suggests that in utero and early-life exposure to arsenic may have
detrimental effects on children, even at the low to moderate levels common in the United States
and elsewhere. In a sample of 170 mother—infant pairs from New Hampshire, we determined
infant exposure to in utero arsenic by evaluating infant toenails as a biomarker using inductively
coupled plasma mass spectrometry. Infant toenail arsenic concentration correlated with maternal
postpartum toenail concentrations (Spearman’s correlation coefficient 0.34). In adjusted linear
models, a doubling of maternal toenail arsenic concentration was associated with a 53.8% increase
in infant toenail arsenic concentration as compared with 20.4% for a doubling of maternal urine
arsenic concentration. In a structural equation model, a doubling of the latent variable integrating
maternal toenail and urine arsenic concentrations was associated with a 67.5% increase in infant
toenail arsenic concentration. A similar correlation between infant and maternal postpartum
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toenail concentrations was observed in a validation cohort of 130 mother—infant pairs from Rhode
Island. In utero exposure to arsenic occurs through maternal water and dietary sources, and infant
toenails appear to be a reliable biomarker for estimating arsenic exposure during the critical
window of gestation.
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INTRODUCTION

Arsenic is a ubiquitous metalloid that is found in both inorganic (iAs) and organic forms and
can readily cross the placental barrier and appear in fetal tissue.l:2 Early-life exposure to
arsenic has been associated with an increase in cancer, cardiovascular, and all-cause
mortality3 and other health changes later in life including neurobehavioral effects.*% As
gestation is a period of rapid cellular differentiation and proliferation, the fetus may be
particularly vulnerable to the effects of environmental toxicants.1%11 In utero arsenic
exposure has been associated with adverse health events such as low birth weight, increased
risk of infection and diarrheal disease, and higher infant mortality.12-18

Inorganic arsenic species, including arsenate (AsV*) and arsenite (As'''*), accumulate in
keratin-rich tissues of the integumentary system, and thus toenails can serve as a biomarker
of internal dosel® for up to 6-12 months in adults.20-2! Beginning at ~10 weeks of gestation,
human nails develop in utero, and toenails at birth range from 3.2 to 5.7 mm in length.22 In
general, the growth rate of nails is accelerated in early life and only begins to slow around
10 years of age.23 Therefore, infant toenails collected at birth likely estimate iAs exposure
during the entire window of gestation as opposed to short-term measures of arsenic
exposure, such as blood and urine, that reflect hours or days since exposure.24 From a
practical perspective, toenails have the added advantage of being minimally invasive to
collect and inexpensive to store.

Prior studies that used infant toenails as a biomarker of in utero exposure were conducted in
highly exposed populations.17:25.26 Therefore, in a sample of US mother-infant pairs
exposed to relatively low levels of arsenic, we examined the reliability of infant toenails as a
biomarker of in utero exposure and evaluated whether maternal exposure to water and food
(particularly rice and rice products)27-28 influenced infant toenail concentration.

MATERIALS AND METHODS

The study protocols for the New Hampshire Birth Cohort Study (NHBCS) and the Rhode

Island Child Health Study (RICHS) were approved by the Committee for the Protection of
Human Subjects at Dartmouth College and by the Institutional Review Boards for Women
and Infants’ Hospital and Brown University respectively. All study participants from both
cohorts provided written informed consent.
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Sample Collection

The NHBCS is an ongoing prospective study that began in 2009 and includes over 1000
women from New Hampshire between the ages of 18 and 45 years, with a singleton
pregnancy, and who report having a private well as their primary home water source. During
enrollment at a study clinic (typically at 24-28 weeks of gestation), study participants
provided a spot urine sample and completed a prenatal questionnaire that collects
information about their pregnancy, including the estimated amount of home tap water
consumed daily and a 3-day dietary recall questionnaire that specifically asks for the number
of eight-ounce cups of cooked rice and rice cereals consumed daily. Participants were also
provided with a kit to collect a home drinking water sample using a commercially washed,
high-density polyethylene bottle that meets the Environmental Protection Agency’s
standards for water collection. Urine and water samples were frozen at —20 °C until analysis.
At 2 weeks postpartum, an information packet was mailed to study participants requesting
maternal and infant toenail clipping samples within 8 weeks of birth; toenails were stored at
room temperature until analysis.

To validate our primary association of interest (infant and maternal toenail arsenic
concentration), we also examined the association between infant and maternal toenail
arsenic concentration in 130 mother-infant pairs from the RICHS, which utilized similar
toenail collection procedures as the NHBCS.29 More than 90% of participants in the RICHS
use public water sources (as a selection criteria, all NHBCS participants use private water
sources) and therefore exposure to arsenic was presumably lower in the RICHS than the
NHBCS. Study participants in the RICHS were older (73.1% older than 30 years in RICHS
compared with 52.4% in the NHBCS) and more likely to be obese (23.8% in RICHS
compared with 17.1% in the NHBCS). By design, RICHS oversampled both low and high
birth weight babies, and thus had a higher proportion of infants who were low birth weight
(6.9% were <2500 g in RICHS compared with 2.3% in the NHBCS).

Trace Element Analysis

Infant toenail samples were collected from NHBCS participants in prelabeled collection
vials. Upon analysis, samples were weighed and digested in Optima nitric acid (Fisher
Scientific, St. Louis, MO, USA) by low-pressure microwave digestion at the Trace Element
Analysis (TEA) Core Laboratory (Dartmouth College, Hanover, NH, USA).30 After
digestion, the final sample weight was recorded and samples were then analyzed for total
arsenic, measured in g total arsenic per g toenail (ug/g), using inductively coupled plasma
mass spectrometry (ICPMS) on an Agilent 7700x (Agilent Technologies Headquarters,
Santa Clara, CA, USA). Arsenic was detected in all but one infant toenail sample. Among
samples with detectable levels, infant toenail arsenic concentration ranged from 0.001 to
1.21 pg/g.

Maternal toenail samples were collected in paper envelopes, and analysis entailed an
additional washing procedure that included the manual removal of any visible dirt and five
washes in an ultrasonic bath using Triton X-100 (LabChem, Pittsburgh, PA, USA) and
acetone followed by deionized water. Toenails were then dried before low-pressure
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microwave digestion and ICPMS analysis. Arsenic was detected in all maternal toenails and
ranged from 0.001 to 0.41 pg/g.

Maternal urine samples were analyzed at the University of Arizona within 1 month of
collection. Samples were analyzed for individual species of arsenic using a combination of
high-performance liquid chromatography (HPLC) and ICPMS that is able to detect five
arsenic species, including arsenate, arsenite, monomethylarsonic acid (MMA),
dimethylarsinic acid (DMA), and arsenobetaine.3! As unmetabolized arsenobetaine is
believed to be non-toxic, we estimated total arsenic by summing arsenate, arsenite, MMA,
and DMA 2732 Detection limits for the four individual arsenic species ranged from 0.10 to
0.15 pg/l and 158, 59, 29, and 0 of the 170 samples for arsenate, arsenite, MMA, and DMA,
respectively, were below the detection limit. For samples below the detection limit, we
assigned a value equal to the detection limit divided by 2. The Cayman’s Creatinine Assay
Kit (Cayman Chemical Company, Ann Arbor, MI, USA) was used to determine urinary
creatinine.

Tap water samples were analyzed at Dartmouth’s TEA core for total arsenic concentration
also by ICPMS on an Agilent 7700x (Agilent Technologies Headquarters).2” The detection
limit for arsenic in tap water samples ranged between 0.009 and 0.074 ug/l, and 96% of
samples were above the detection limit.

Statistical Analysis

We used several different approaches to evaluate the reliability of infant toenail arsenic
concentrations as a biomarker of in utero exposure. First, we used Spearman’s correlation
coefficients to explore relationships between maternal exposure variables and infant toenail
arsenic concentration. Next, we examined univariate relationships between characteristics
collected by the NHBCS and infant toenail arsenic concentration using analysis of variance
(ANOVA) on geometric means to identify candidate covariates for our final models; we
then used linear models to adjust for confounding factors.

To improve model fit and normalize residuals, we log;g-transformed arsenic biomarker
variables. Exponentiated coefficients from our models therefore represent the percent
change in infant toenail arsenic concentration based on an increase in the respective
maternal exposure variable.33 More specifically, in models where both dependent and
independent variables were log;o-transformed, 27 represents the percent change in the
dependent variable based on a relative doubling of the independent variable. Finally, we
examined potential non-linear relationships between our dependent and independent
variables using LoWeSS (locally weighted scatterplot smoothing). Study participants with
missing covariate data were excluded in our final regression models. Our final regression
model with maternal toenail concentration as an independent variable included both infant
and maternal season of toenail collection, and our final model with maternal urine
concentration as an independent variable included creatinine concentration to account of
urinary dilution. Estimates of maternal arsenic intake (both from water and rice) were
included in a single model.
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Measurements of infant toenail arsenic concentration considered laboratory imprecision.
Because infant toenails were digested in the collection vials and sample weight was
determined by subtracting the pre- and post-digestion vial weights, some samples had a
negative sample weight because of imprecision in measurements. To account for this, we
subtracted the largest negative sample weight from all samples and examined vial batch as a
fixed effect in our initial linear models. As we found no evidence of confounding by vial
batch, we excluded this effect from our final models.

Metabolism of iAs differs among individuals and the relative concentration of urinary
arsenic species can be used to estimate arsenic methylation capacity.3* Therefore, we
examined maternal arsenic metabolism (as measured by relative urinary arsenic species) as a
potential effect modifier in the relationship between infant and maternal toenail arsenic
concentration. To do so, we identified mothers above the median for iAs/total arsenic,
MMA/total arsenic, and DMA/total arsenic proportions, and for MMA to iAs ratio (primary
methylation index) and DMA to MMA ratio (secondary methylation index). Interaction
terms were tested in linear models between these and maternal toenail arsenic concentration.

We also evaluated maternal water and rice consumption as potential contributors to arsenic
exposure. For water, we calculated pg of arsenic consumed per day by multiplying the
mothers’ home tap water arsenic concentration (ug/l) by the daily water consumption
reported in the prenatal questionnaire. Self-report of water consumption in a questionnaire
has been shown to be a valid assessment of water consumption in other populations—for
instance, Spearman’s correlation coefficient between water consumption reported in a food
frequency questionnaire compared with dietary recalls is 0.52 among women.3° As previous
studies have done, we calculated rice consumption from the most recent 2 days by
converting cups of cooked rice or rice cereal to g of dry rice consumed daily.2’

Finally, as we had multiple correlated measures of maternal arsenic exposure (i.e., toenails,
urine, and arsenic from water consumption),26 we combined the maternal arsenic biomarker
variables into a latent variable using structural equation modeling (SEM). We then explored
including estimated arsenic from water and rice consumption in the SEM model and
evaluated the relationship between the latent variable for maternal arsenic biomarkers and
infant toenail arsenic concentration.

All analyses were performed using Stata version 12.1 statistical software (StataCorp,
College Station, TX, USA).

Infant toenail arsenic concentration in the NHBCS ranged from 0.000 to 1.21 pg/g with a
median of 0.06 pg/g (interquartile range (IQR): 0.03-0.11) and maternal toenail arsenic
concentration ranged from 0.001 to 0.41 pg/g with a median of 0.06 pg/g (IQR: 0.04-0.09).
Maternal urinary total arsenic (excluding arsenobetaine) ranged from 0.45 to 58.3 g/l with a
median of 3.88 ug/l (IQR: 1.77-7.03).

Infant and maternal toenail arsenic concentrations in the NHBCS differed little across select
characteristics (Table 1). However, for both infant and maternal toenails, specimens varied
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by season of collection (ANOVA P-value <0.01 to 0.02); consequently, our models included
season of toenail collection as covariates.

Infant toenail arsenic concentration was correlated with both maternal toenail arsenic
concentration and maternal urinary arsenic, and the correlation was stronger with maternal
toenail arsenic concentration (Figure 1). A similar correlation between infant and maternal
toenail arsenic concentration was observed for 130 mother—infant pairs in the RICHS (rg =
0.29, P-value <0.001).

In the NHBCS, the relationship between infant and maternal toenail arsenic concentration
differed somewhat by the relative concentration of urinary arsenic species. Among mothers
above the median ratio for urinary DMA to MMA, Spearman’s correlation coefficient was
0.29 (P-value <0.001) compared with 0.36 (P-value <0.01) for those below the median.

In a linear model adjusted for infant and maternal season of toenail collection, a doubling of
maternal toenail arsenic concentration was associated with a 53.8% (95% confidence
interval (Cl): 33.9-76.7) increase in infant toenail arsenic concentration (Table 2). Similarly,
in models adjusted for urinary creatinine concentration,36 a doubling of total urinary arsenic
concentration was associated with a 20.4% (95% CI: 2.7-41.1) increase.

Both arsenic from water and rice intake were related to infant toenail arsenic concentration
(Table 2 and Figure 2). Adjusted for rice consumption, a 10 pg/day increase in arsenic from
water consumption was associated with a 14.5% (95% CI: 5.7-23.9) increase in infant
toenail arsenic concentration. However, adjusted for arsenic intake from water, an increase
of 0.25 cooked cup/day of rice consumption was associated with a 16.9% (95% CI: 1.7—
34.4) increase in infant toenail arsenic concentration.

Our SEM including maternal arsenic biomarkers (toenail and urine concentrations as a latent
variable) and arsenic intake variables (arsenic from water and rice consumption) exhibited
an excellent fit with the data (likelihood ratio P-value comparing our model with a fully
saturated model = 0.48; Figure 3). A doubling of the latent maternal arsenic biomarker
variable was associated with a 67.5% (95% CI: 32.1-212.5) increase in infant toenail arsenic
concentration. Rice consumption was related through a direct pathway from maternal
ingestion. In our model, 0.25 cups/day of cooked rice was associated with an 18.2% (95%
Cl: 3.4-35.2) increase in infant toenail arsenic concentration.

DISCUSSION

In this US population exposed to relatively low levels of arsenic, infant toenail arsenic
concentrations were correlated with two maternal biomarkers—toenails and urine—but
more strongly with toenail concentrations. The stronger correlation is likely because
maternal arsenic toenail concentration represents a more integrated, longer-term biomarker.
These data suggest that infant toenails can be used as a reliable biomarker to estimate in
utero exposure. Moreover, maternal arsenic intake from water and diet was directly related
to infant exposure, as measured by infant toenail arsenic concentration. This finding has
important implications in understanding the sources of arsenic exposure.
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Although prior studies have used a wide variety of biomarkers to estimate in utero exposure
to arsenic,8:17.19.2526.37-41 fe\y have evaluated the use of infant toenails. These are confined
to highly exposed regions of the world such as Bangladesh and West Bengal.17:25.26 The
findings from our study, conducted in a larger US study population, and confirmed in an
independent cohort, are consistent with those from more highly exposed populations.
Indeed, they suggest that the association between maternal exposure and infant toenail
arsenic may be even stronger. For example, the sole prior study, to our knowledge,
comparing infant and maternal toenail arsenic concentration reported Pearson’s correlation
coefficient of 0.24 (n = 52, P-value 0.12).17 Potentially because of seasonal dietary patterns,
we also found = that season of toenail collection is a factor that should be used for
adjustment in statistical models, consistent with previous studies of adult populations
exposed to low levels of arsenic.42 In addition to being a reliable biomarker of in utero
exposure in populations exposed to low levels of arsenic via drinking water, our findings
indicate that infant toenails are sensitive enough to detect very low levels from sources such
as diet, as most of the RICHS validation cohort consume public regulated drinking water
with levels presumably <10 pg/I arsenic. Furthermore, the similar correlations between
infant and maternal toenail arsenic concentration between the NHBCS and RICHS suggest
the association is reliable in populations of different sociodemographic characteristics.

We found some evidence that the relationship between infant and toenail arsenic
concentration may be modified by maternal arsenic metabolism, and this warrants further
investigation. Arsenic metabolism differs by age and sex and has been attributed to both
genetic (e.g., via arsenic methyltransferase) and nutritional factors.#3-45 There is evidence as
well that arsenic metabolism is accelerated during pregnancy (manifested by higher relative
concentrations of DMA in urine and a higher DMA to MMA ratio or secondary methylation
index) that could, in theory, protect the developing fetus from arsenic toxicity particularly
early in gestation.3# Although we can only speculate, the weaker correlation between infant
and maternal toenail arsenic concentration we observed among women with a higher DMA
to MMA ratio suggests that infants of mothers with a more efficient arsenic metabolism may
have reduced fetal exposure.

In our study, infant toenail arsenic concentrations were related to all measures of maternal
arsenic exposure including both biomarkers and estimates of arsenic intake. Similar to prior
work,27:28 our results suggest that dietary sources of arsenic exist in US populations. The
overall association between maternal rice consumption and infant toenail arsenic
concentration is similar to that of urinary arsenic concentrations recently reported in US
children (an increase of 0.25 cooked cups/day was associated with a 16.9% increase in
infant toenail arsenic concentration in this study compared with a 14.2% increase in urinary
arsenic concentration?8). This is an important finding for future health policies aimed at
public protection from environmental hazards and further evidence that maternal factors
directly influence fetal exposure. Maternal rice intake was directly associated with infant
toenail arsenic concentrations, suggesting that infant toenails may be more sensitive to
estimating in utero exposure than maternal toenail concentration. This may be because of
the fact that infant toenails develop within the in utero environment. Because toenails in the
NHBCS were collected near the time of birth, we assumed that infant toenails would be less
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prone to external contamination, and therefore our laboratory analysis did not entail a
washing step for infant toenails. Future studies should examine potential external
contamination of infant nails and whether timing of collection following birth affects arsenic
exposure estimates.

Overall, our study indicates that fetal exposure to arsenic may occur directly from maternal
water and dietary sources and that infant toenails are an integrated biomarker of in utero
exposure. Toenails have the advantage of being non-invasive to collect and convenient to
store; however, because of their small size, infant toenails can be more challenging to handle
in the laboratory than adult nail specimens. In our study, the small size of infant toenail
specimens may have introduced additional measurement error (because of a loss in precision
of the pre- and post-weight calculation method) and is a limitation of infant toenails as a
biomarker that must be acknowledged. Nevertheless, our findings suggest that infant
toenails can be used as a reliable biomarker to estimate in utero arsenic exposure even at
relatively low levels of maternal arsenic exposure, and thus can be considered in the design
of future environmental studies that seek to analyze the impacts of common levels of arsenic
exposure on children’s health.
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Figure 1.
The relationship between logyg-transformed infant toenail arsenic concentration and

maternal biomarkers including log;o-transformed maternal toenail arsenic concentration (a)
and logqo-transformed maternal urinary arsenic concentration (b). In both panels, the ry
represents Spearman’s correlation coefficient, the black line represents least-squares
regression, and the dashed line represents LoWeSS (locally weighted scatterplot smoothing)
moving average fitted curve.
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Structural equation model based on observed maternal biomarkers and arsenic intake
variables. The latent maternal arsenic biomarkers variable includes both log;-transformed
maternal toenail arsenic concentration and log;g-transformed maternal urinary arsenic
concentration as loading factors. Effect estimates represent the change based on the
respective unit increase in the corresponding independent variable. The P-value of the
likelihood ratio comparing the above model with a fully saturated model is 0.48, the root
mean squared error approximation is 0.00, the comparative fit index is 1.00, and Tucker—

Lewis index is 1.01.
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Table 1

Geometric mean of infant and maternal toenail arsenic concentration according to characteristics collected by
the New Hampshire Birth Cohort Study.

Geometric mean (SD) toenail arsenic concentration, mg/g
No. (%) Infant Maternal
Infant characteristics
Sex
Male 72 (42.4) 0.06 (2.49) —
Female 87 (51.2) 0.07 (2.64) —
Unknown 11(6.4) 0.09 (2.18) —
Breast feeding status
Yes 131 (77.0) 0.06 (2.63) —
No 30 (17.6) 0.08 (2.20) —
Unknown 9(5.3) 0.08 (2.17) —
Age at toenail collection
<10 Weeks 112 (65.9) 0.07 (2.62) —
> 10 Weeks 58 (34.1) 0.07 (2.41) —
Birth weight
Low weight, < 2500 g 4(2.3) 0.06 (1.75) —
Normal weight, 225009 155 (91.2) 0.06 (2.58) —
Unknown 11 (6.5) 0.09 (2.18) —
Season of toenail collection el
Spring 48 (28.2) 0.08 (2.06) —
Summer 34 (20.0) 0.10 (2.92) —
Fall 35 (20.6) 0.06 (2.10) —
Winter 53 (31.2) 0.05 (2.77) —
Maternal characteristics
Age at conception
<30 Years 65 (38.2) 0.06 (2.51) 0.06 (2.05)
>30 Years 89 (52.4) 0.07 (2.49) 0.06 (2.11)
Unknown 16 (9.4) 0.06 (3.03) 0.06 (2.26)
Prepregnancy BMI, kg/m?
Normal weight, <25.0 94 (55.3) 0.07 (2.56) 0.06 (2.18)
Overweight, >25.0 t0<30.0 39 (22.9) 0.06 (2.64) 0.06 (2.17)
Obese, Z30.0 29 (17.1) 0.05 (2.32) 0.05 (1.79)
Unknown 8(4.7) 0.05 (2.47) 0.08 (1.49)
Smoking status
Smoker 7(4.1) 0.08 (2.73) 0.10 (2.07)
Non-smoker 148 (87.1) 0.06 (2.55) 0.06 (1.96)
Unknown 15 (8.8) 0.08 (2.48) 0.05 (3.53)
Parity
First live birth 61 (35.9) 0.06 (2.47) 0.05 (1.97)
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Geometric mean (SD) toenail arsenic concentration, mg/g

No. (%) Infant Maternal

1 .0r more live births 105 (61.8) 0.07 (2.56) 0.07 (2.15)

Unknown 4(2.9) 0.06 (2.99) 0.07 (2.15)
Gestational diabetes

Yes 7(4.1) 0.04 (2.57) 0.05 (2.00)

No 163 (95.9) 0.07 (2.53) 0.06 (2.10)
Season of toenail collection *

Spring 50 (29.4) — 0.05 (2.47)

Summer 25(14.7) — 0.06 (1.64)

Fall 51 (30.0) — 0.07 (1.80)

Winter 44 (25.9) — 0.07 (2.09)
Mean daily energy intake

<2000 kcal 86 (50.6) 0.08 (2.48) 0.07 (2.07)

> 2000 kcal 70 (41.2) 0.05 (2.42) 0.05 (2.15)

Unknown 14 (8.2) 0.08 (3.22) 0.07 (1.74)
Rice consumption *

Yes 36 (21.2) 0.09 (2.41) 0.06 (2.35)

No 134 (78.8) 0.06 (2.53) 0.06 (2.03)
Arsenic from water ** *x

< 10 pg/day 126 (74.1) 0.06 (2.33) 0.05 (1.93)

> 10 pg/day 29 (17.1) 0.11 (2.72) 0.13 (1.93)
Unknown 15 (8.8) 0.08 (3.10) 0.07 (1.71)

Abbreviation: BMI, body mass index.

*
P<0.05;

Fk

P<0.01. Analysis of variance (ANOVA) was used to compare geometric means across categories.
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Table 2

Change in infant toenail arsenic concentration in relation to maternal arsenic exposure variables.

Exposure No. Percent changein infant toenail arsenic concentration (95% CI)

Maternal toenail arsenic 162

Toenail arsenic, pg/g® 53.8% (33.9, 76.7)

Season of maternal toenail collection

Spring 0.0% (reference)
Summer -12.6% (- 46.9, 43.9)
Fall - 20.6% (- 54.5, 38.8)
Winter - 17.1% (- 48.9, 34.5)
Season of infant toenail collection
Spring 0.0% (reference)
Summer 36.7% (- 12.1, 112.6)
Fall - 14.5% (- 51.7, 51.1)
Winter - 37.9% (- 62.2, 1.9)
Maternal urinary arsenic 143
Total urinary arsenic, },lg/la‘b 20.4% (2.7, 41.1)
Urinary creatinine, mg/d| -0.2%(-0.7,0.3)
Maternal arsenic intake variables 149
Arsenic from water, 10 ug/dayc 14.5% (5.7, 23.9)
Rice consumption, 0.25 cooked cup/day 16.9% (1.7, 34.4)

Abbreviation: Cl, confidence interval.

All coefficients have been exponentiated and represent the change in infant toenail arsenic concentration.
a .

Increase based on a doubling of the exposure.
b . . .

Total urinary arsenic excludes arsenobetaine.

c_ .. . . . .
Estimated by total arsenic concentration of tap water and self-reported amount of daily consumption.
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