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Abstract

IMPORTANCE—RIice—a typical first food and major ingredient in various infant foods—
contains inorganic arsenic (As), but the extent of As exposure from these foods has not been well
characterized in early childhood.

OBJECTIVE—To determine the types and frequency of rice and rice-containing products
consumed by infants in the first year of life and the association with As biomarker concentrations.

DESIGN, SETTING, AND PARTICIPANTS—Included were infants from singleton births of
pregnant women enrolled in the New Hampshire Birth Cohort Study from 2011 to 2014 whose
parents were interviewed during their first year of life. Enrolled women from selected clinics were
aged 18 to 45 years, living in the same residence since their last menstrual period, in households
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served by a private water system, and had no plans to move during pregnancy. Data on infants’
intake of rice and rice products were collected from interviews with their parents at 4, 8, and 12
months’ follow-up and from a 3-day food diary at 12 months from March 2013 to August 2014.

EXPOSURES—Infants’ intake of rice and rice products.

MAIN OUTCOMES AND MEASURES—Total urinary As and the sum of As species measured
using inductively coupled mass spectrometry and high-performance liquid chromatography with
inductively coupled mass spectrometry. Commonly reported infant rice snacks were tested for As.

RESULTS—We obtained dietary data on 759 of 951 infants (79.8% participation rate). Of these,
391 infants (51.7%) were male, and the mean (SD) gestational age was 39.4 (1.7) weeks. An
estimated 80% were introduced to rice cereal during their first year. At 12 months, 32.6% of
infants (42 of 129) were fed rice snacks. Among infants aged 12 months who did not eat fish or
seafood, the geometric mean total urinary As concentrations were higher among those who ate
infant rice cereal (9.53 pg/L) or rice snacks (4.97 pg/L) compared with those who did not eat rice
or rice products (2.85 pg/L; all P<.01). Infant rice snacks contained between 36 and 568 ng/g of
As and 5 to 201 ng/g of inorganic As.

CONCLUSIONS AND RELEVANCE—Our findings indicate that intake of rice cereal and other
rice-containing foods, such as rice snacks, contribute to infants’ As exposure and suggest that
efforts should be made to reduce As exposure during this critical phase of development.

Arsenic (As) exposure from rice is of particular concern for infants and children.1# Infant
rice cereal, a common first food,>® may contain inorganic As concentrations exceeding the
recommendation from the Codex Alimentarius Commission of the World Health
Organization and the Food and Agriculture Organization of the United Nations of 200 ng/g
for polished (white) rice,* the new European Union regulations of 100 ng/g for products
aimed at infants’ (eTable 1 in the Supplement), and the proposed US Food and Drug
Administration limit.8 Infants consuming only a few servings of rice cereal or other products
(eg, rice snacks) per day may exceed the now-withdrawn provisional weekly tolerable
intakes for As set by the Joint Food and Agriculture Organization of the United Nations and
the World Health Organization Expert Committee on Food Additives.%10

Intake of rice early in childhood has not been well characterized in the United States, and
there are only limited data from other regions of the world.5¢ Moreover, biomarker
concentrations of As among infants consuming rice are virtually unknown. An association
between rice consumption and urinary As would be expected based on previous studies,11-18
including work from our group on rice consumption during pregnancy,1® on elevated As
concentrations in second- and third-stage infant foods,2% and on toddler formulas sweetened
with brown rice syrup.2! Emerging epidemiologic evidence suggests that As exposure in
utero and during early life may be associated with adverse health effects on fetal growth?2.23
and on infant and child immune?4:25 and neurodevelopmentalZ® outcomes, even at the
relatively low levels of exposure common in the United States. Given the vulnerability of
infants and young children to the effects of As exposure,2” we investigated food-borne
sources of As among infants during the first year of life as part of a US pregnancy cohort.
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Study Participants

Our study included 951 of 984 infants (96.6%) delivered to mothers enrolled in the New
Hampshire Birth Cohort Study from February 2011 to October 2014 who consented for the
follow-up component. Pregnant women using a private water system, living at the same
residence since their last menstrual period, not planning to move prior to delivery, and
delivering a singleton birth were recruited from participating prenatal clinics. Women were
asked to complete a self-administered lifestyle and medical history questionnaire that
included information about their home water supply (eg, drilled or dug well vs spring) and
use of water filters. Participants were asked to provide a home tap water sample, which was
analyzed using collision cell inductively coupled plasma mass spectrometry (ICP-MS) as
described previously.1® The Committee for the Protection of Human Subjects at Dartmouth
College approved this study, and all participants provided written informed consent at
enrollment in accordance with guidelines from the committee and were compensated for
their participation.

Follow-up Interviews to Ascertain Diet in All Enrolled Infants

Infants were followed up through a structured telephone interview every 4 months (ie, at 4,
8, and 12 months), which included questions about general dietary patterns (breast and
formula feeding), the timing of introduction of solid foods (including rice cereal), and
changes in water supply. At 12 months, the interviewer asked about dietary patterns during
the past week, including whether the infant had consumed rice cereal, white or brown rice,
or foods either made with rice (eg, rice-based snacks such as rice cakes or puffs or dried
breakfast cereals containing rice) or sweetened with brown rice syrup (eg, certain brands of
cereal bars).

Urine and Food Diary Collection at 12 Months

In March 2013, we began collecting urine samples along with a 3-day food diary from the
parents of infants who received pediatric care at the 2 major clinics involved in our study.
Parents were asked to record the time of feedings along with the type and amount of all
foods and beverages consumed for 3 days, ending at the time the urine sample was obtained.
Urine was collected following a protocol adapted from Fangstrém et al,28 with diapers and
cotton pads tested for As content,2? analyzed for specific gravity using a handheld
refractometer with automatic temperature compensation (PAL-10S; ATAGO Co Ltd),
processed, and frozen at —80°C within 24 hours.

Total urinary As was measured by collision cell ICP-MS using germanium as an internal
standard.30 Arsenic species were obtained by a high-performance liquid chromatography
GP50 pump (Dionex Corp) and a PRP100X column (Hamilton Co) connected to a collision
cell ICP-MS.29:31-33 Approximately 10% of samples were run in duplicate for both
analyses. The limit of detection for total urinary As was 0.05 pg/L and was 0.078, 0.15,
0.174, and 0.15 for As'!", AsV, monomethylarsonic acidV, and dimethylarsinic acidV,
respectively, and the coefficient of variation for the sum of the metabolites remained less
than 10%. The As speciation standard reference materials were National Institute of
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Standards and Technology 2669 (levels 1 and 2) and Institut National de Santé Publique
Québec S0905, S0909, S0911, S1002, S1015, and S1017 and included 2 urine samples from
the Center for Toxicology of Quebec. Average recoveries were all within 15%.

Market Basket Study of Infant Rice Snacks

Rice snacks frequently reported in the infant food diaries were purchased from online
sources and a local supermarket in Hanover, New Hampshire. Duplicate samples were
obtained and analyzed for each product. For products with As concentrations of more than
300 ng/g, a different lot number sample was purchased and tested using ICP-MS for total As
and high-performance liquid chromatography with ICP-MS for As species. Quality control
included duplicate analyses of all samples and 1 sample spike, National Institute of
Standards and Technology standard reference materials (1568b), 2 fortified blanks, and 2
digestion blanks. Recoveries were all within the 95% Cls of the certified value.

Statistical Analysis

We estimated the timing of the introduction of rice cereal in the first year of life by
computing the cumulative proportion of infants who were introduced to rice cereal based on
responses to the interval interviews up to 12 months. Using data from the interviews at 12
months, we determined the proportion of infants who had ingested white or brown rice as
well as foods made with rice or sweetened with brown rice syrup in the past week.

We calculated the percentage of infants who consumed rice-containing foods during the 2
days prior to the collection of urine samples (based on As excretion rates34:3%) in the
following categories: (1) rice (as the primary ingredient); (2) infant rice cereal (marketed as
baby, infant, or toddler/transitional cereals with the primary ingredient as rice); (3) non-
infant rice cereal (not specifically marketed to infants); (4) adult food with rice (prepared
with rice and not specifically marketed to infants); (5) baby food with rice (marketed as baby
foods, toddler foods, or other transitional foods for infants and toddlers prepared with rice as
one of the ingredients); and (6) snacks made with rice (marketed as snacks with rice as a
listed ingredient).

We evaluated associations between logqg-transformed urinary As concentrations at 12
months and consumption of rice products using general linear models (GLMs), taking into
account urinary dilution by including specific gravity as a covariate in all models.2% We used
logyg transformations to linearize the association between urinary As concentration and
specific gravity and to better meet model assumptions of equal variance and normality. In
humans, AsV reduces to As'!! and metabolizes to monomethylarsonic acid and
dimethylarsinic acid with S-adenosylmethionine as the methyl donor. Arsenobetaine is an
unmetabolized form of As present in seafood and fish. Therefore, models for total urinary
As concentrations (TUAS) were restricted to infants who had not consumed seafood or fish
during the 3 days prior to the collection of urine samples. We also created a model for the
speciated urinary As (SUAs), composed of the sum of the inorganic As species (As'!! and
AsY) and the metabolites of inorganic As (monomethylarsonic acid and dimethylarsinic
acid), excluding the 7 participants for whom each of the urinary metabolites of interest were
below the method detection limit in at least 1 run. We examined the potential confounding
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effects of home tap water As concentration and sex, but because these factors were unrelated
to urinary As concentrations, we report only the models including specific gravity.

Using GLMs, we tested a 3-level categorical variable to compare infants who consumed no
rice products at all, infants who consumed rice, and infants who consumed foods made with
rice. We then performed pairwise comparisons for consumers vs nonconsumers of each of
the 6 rice food categories. Infants who consumed multiple kinds of rice products were
included with each type of food consumed. Additionally, we used a GLM with all food items
(as binary variables) entered into a single model to evaluate the relative contributions of
particular food items to logo-transformed TUAs and SUAs. Finally, we fit a GLM to logyo-
SUAs and logyp-TUAS as a function of the total servings of rice products and specific
gravity. Statistical significance was assessed at A= .05.

As of June 2015, interval telephone interviews regarding infants’ diets were completed for
759 of 951 infants (79.8%). More detailed information on diet and total urinary As at 12
months was available for 129 infants approached for the substudy, with data on urinary As
species available for 48 infants. The characteristics of the infants were generally similar in
the subgroups included in the analyses (Table 1).

Consumption of Rice and Rice Products During the First Year of Life

Association

Of the 759 infants whose parents consented to a telephone interview during the infants’ first
year of life, an estimated 80% of infants were introduced to rice cereal in the first year of
life, with most (64%) starting at 4 to 6 months (eFigure 1 in the Supplement). At 12 months,
43% reported eating some type of rice product in the past week; 13% ate white rice and 10%
ate brown rice at an average of 1 to 2 servings per week. Twenty-four percent of infants
consumed foods made with rice or sweetened with rice syrup in the past week (eg, rice-
based snack foods, nonbaby cereals, and certain cereal bars) at an average of 5 to 6 servings
per week.

Based on information recorded in the food diary 2 days prior to the collection of urine
samples, 42 of 129 infants (32.6%) ate rice snacks (most of which were specifically recorded
as infant or toddler snacks), 13 (10.1%) ate infant or toddler foods containing rice, and 8
(6.2%) ate adult foods with rice. Ten infants (7.8%) consumed white or brown rice, 8 (6.2%)
ate baby rice cereal, and 6 (4.7%) ate nonbaby rice cereal (Figure 1A). Overall, 71 infants
(55.0%) consumed some type of rice product in the prior 2 days.

of Urinary Arsenic Concentration With Rice Consumption at 12 Months

The median (range) urinary As concentrations were 4.11 ug/L (0.36-121.42 pg/L) for TUAS,
0.24 pg/L (below detection limit, 2.90 pg/L) for inorganic As, 0.92 pg/L (below detection
limit, 3.07 pg/L) for monomethylarsonic acid, 3.00 pg/L (below detection limit, 16.46 pg/L)
for dimethylarsinic acid, and 4.06 pg/L (1.05-19.93 ug/L) for SUAs (eTable 2 in the
Supplement). Based on the 129 urine samples at 12 months, As concentrations were higher
among infants who consumed rice or foods mixed with rice compared with infants who ate
no rice (Figure 2 and Figure 3). Total urinary As concentrations were twice as high among
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infants who consumed white or brown rice (geometric mean [GM], 5.83 pg/L; 95% ClI,
4.23-8.05 pg/L) compared with those who reported no rice intake (GM, 2.85 pg/L; 95% ClI,
2.42-3.34 pg/L) and were intermediately elevated among infants who consumed foods
mixed with rice (GM, 4.13 pg/L; 95% Cl, 3.29-5.18 pg/L). These differences were
statistically significant (GLM adjusted for specific gravity comparing nonrice eaters with
rice eaters, P=.002; with mixed rice eaters, P=.02).

The highest urinary As concentrations were observed among infants who consumed baby
rice cereal (GM, 9.53 pg/L; 95% Cl, 4.12-21.98 ug/L; P=.005) (Figure 1B). Of foods
mixed with rice, urinary As concentrations were nearly double for those who consumed rice
snacks (GM, 4.97 pg/L; 95% CI, 3.77-8.76 pug/L) compared with infants who did not
consume rice (P<.001). These 2 rice products were related to statistically significant
increases in both TUAs (eTable 3 in the Supplement) and SUAs (eTable 4 in the
Supplement) in models containing all 6 types of rice products. Based on the difference in the
model /2 for the full model containing rice products and specific gravity vs a reduced model
that contained only specific gravity, intake of rice and rice products explained 10% of the
variability in logyp-TUAs among non-seafood or fish consumers and 21% in log;g-SUAS.
Further, both log;o-TUASs (P < .001)(data not shown) and log1o-SUAs (P = .009; eFigure 2
in the Supplement) were positively associated with the number of rice or rice-product
servings in GLMs with specific gravity.

Arsenic Concentrations of Infant Snacks

Total As concentrations ranged from 36.5 to 568 ng/g in the 9 different rice-based infant
snack foods reported as being consumed by infants in our study, with roughly an equal
distribution between inorganic and methylated As species (Table 2). Arsenic content varied
between different flavors of the same variety and brand of rice snack, with notably higher As
concentrations in the strawberry-flavored puffed rice snacks, which contained 40% inorganic
As (brown and white rice flour were the first 2 listed ingredients).

Discussion

Most infants in our study were exposed to rice and rice products during the first year of life.
Rice cereal was introduced to most infants during weaning, and over half were reportedly
consuming at least 1 rice product at 12 months. Infants who consumed rice and rice
products, including infant rice cereal, had higher urinary As concentrations than those who
did not consume any type of rice, with a trend of increasing urinary As concentrations with
increasing number of servings of rice and rice products. Moreover, rice snacks marketed to
infants and toddlers were reported for nearly one-third of our sample, and some of these
products contained inorganic As above the 100 ng/g European Union standard for inorganic
As in products geared toward infants.

Arsenic exposure through food, particularly rice and rice products, is a growing
concern.2:3:9:11.20.21.36.37 Rice (Oryza sativa L.) appears to accumulate As more than other
cereal crops,38:39 especially when grown in flooded paddies.#? Both the total concentration
of As and the proportion of inorganic As present in commercial rice vary widely owing to
differences in rice cultivars and geographical locations.*1~43 Rice from the United States has
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higher total As concentrations reported than rice from other countries,*#4° but no statutory
limits for As exist for rice sold in the United States.

Limited information is available on the timing of the introduction of rice cereal or the
prevalence of rice-product consumption among US infants. In a cohort study*6 of 1560
children from Denver, Colorado, 87% of infants at high risk for celiac disease (more likely
on gluten-free diets) were introduced to rice by 6 months. In a study® from Cork, Ireland,
baby rice was the first food for 69% of infants. Among infants (6 to 11 months) from the
2002 US Feeding Infants and Toddlers Study,® about 16% of Hispanic and 5% of non-
Hispanic infants consumed rice. Rice intake was far more prevalent in our study, perhaps
reflecting temporal differences or incomplete ascertainment of rice-containing products in
the 2002 survey.

Urinary As concentrations in our infants were an order of magnitude lower than the median
35 ug/L of As in a Bangladeshi population exposed to high drinking water As levels
(median, 80 ug/L).2847 This was expected given the high rate of breastfeeding in our
populations?® and the lower proportion of households with tap water As concentrations
above the US Environmental Protection Agency standard of 10 pg/L (12.5% in our study).
Thus, our study represents a population for which diet is likely the main source of As
exposure. While we are unaware of any prior studies relating As biomarker concentrations to
rice intake among infants, associations have been observed in pregnant women in our
cohort, 19 children in the National Health and Nutrition Examination Survey,16.18 and
multiple studies of adults.11-15

Arsenic concentrations in rice-based snacks we tested were in the range reported in previous
studies (eTable 1 in the Supplement), with the exception of 1 product having a total As
concentration averaging close to 600 ng/g. Two puffed grain rice snacks were tested by the
US Food and Drug Administration; the banana flavor had a total As concentration of 109
ng/g (46 ng/g inorganic), and the blueberry flavor was below the limit of quantitation of 3
ng/g.%® In the study by Signes-Pastor et al, 10 As concentrations in 97 rice crackers from 15
different brands ranged from 19 to 246 ng/g, with inorganic As ranging from 19 to 212 ng/g.

There are limitations to our study. Our population from northern New England using private,
unregulated water systems may not represent the diets of populations elsewhere. This may
affect the generalizability of our results, but we would not expect comparisons of rice intake
and urinary As to have been biased. The lack of association with certain rice products could
have been because of limited statistical power or variability of As content within products.
Moreover, other dietary sources of As, such as apple juice, may be further contributing to
urinary As concentrations. In our study, dietary intake relied on self-report, but this approach
tends to produce an accurate representation of actual diet.48

Conclusions

Arsenic found in rice and rice products can be either in the inorganic or organic form,
whereas virtually all drinking water As is inorganic. The toxic effects of inorganic As are
clear, and laboratory evidence suggest that organic forms also may pose a health risk,32
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although further data are needed. The European Food Safety Authority Panel® estimated that
children younger than 3 years consume 2 to 3 times the amount of inorganic As from food
than adults per kilograms of body weight. In addition to being more highly exposed to As,
children appear to be far more sensitive to the potential carcinogenic effects of As*%:50 and
have a heightened risk for adverse growth, adverse immune response, and adverse
neurodevelopmental outcomes, 225153 even at relatively low levels of exposure.2454 Qur
results indicate that consumption of rice and rice products increases infants’ exposure to As
and that regulation could reduce As exposure during this critical phase of development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points
Question

How frequently do infants consume rice and rice-containing products, and what is their
exposure to arsenic from these foods?

Findings

In this cohort study of 759 infants with dietary data, an estimated 80% were introduced to
rice cereal in the first year of life. In a subset of 129 infants studied at 12 months of age,
55% reported consuming rice or rice products, including rice snacks, in the 2 days prior
to urine collection, and consumption of these products was associated with urinary
arsenic concentrations in infants.

Meaning

These findings suggest that infants” consumption of rice and rice-containing foods,
typical of their diets, contribute to their arsenic exposure and highlight the need for
strategies to reduce exposure during this critical phase of development.
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[] Percentage of infants consuming rice and rice-containing foods
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Figure 1. Prevalence of Rice and Rice-Product Consumption and Association With Urinary
Arsenic Concentrations Among 129 I nfants at 12 Months

aError bars indicate the back-transformed confidence intervals.

bp< 001 for pairwise comparisons of infants who consumed rice with infants who
consumed no rice or rice products in general linear models that also included specific
gravity.

¢p< .05 for pairwise comparisons of infants who consumed rice with infants who consumed
no rice or rice products in general linear models that also included specific gravity.

dp< .01 for pairwise comparisons of infants who consumed rice with infants who consumed
no rice or rice products in general linear models that also included specific gravity.
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Figure 2. Log1o-Transformed Total Urinary Arsenic (TUAS) According to Rice Food Intake
Among 129 Infants

P<.001 from a general linear model including specific gravity to account for urinary
dilution and the 3 rice food intake categories (5, 130 = 9.55). Infants who did not consume
rice had lower logyg-transformed TUAs than infants who consumed either foods mixed with
rice (Tukey honestly significant difference test, #=.02) or pure rice (Tukey honestly
significant difference test, < .001). There was no difference between infants who
consumed foods mixed with rice or pure rice (Tukey honestly significant difference test, P
=.14).
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Figure 3. Logo-Transformed Summed Speciated Urinary Arsenic (SUAs) According to Rice
Food Intake Among 48 I nfants

P<.001 from a general linear model including specific gravity to account for urinary
dilution and the 3 rice food intake categories (/45 = 9.02). Infants who did not consume
rice had lower logyg-transformed SUAs than infants who consumed either foods mixed with
rice (Tukey honestly significant difference test, #=.04) or pure rice (Tukey honestly
significant difference test, < .001). There was no difference between infants who
consumed foods mixed with rice or pure rice (Tukey honestly significant difference test, P
=.20).
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Table 1
Selected Characteristics of Study Mothers and Infants From the New Hampshire Birth Cohort Study

No. (%) of Infants

With Interval Dietary Data With 12-mo Diariesand TUAs  With 12-mo Diariesand SUAs
Characteristic (n=759) (n =129 (n=48)

Maternal age at enrollment, y

<20 9(1.2) 0 0
20-29 294 (38.7) 49 (38.0) 19 (39.6)
30-35 270 (35.6) 54 (41.9) 19 (39.6)
>35 186 (24.5) 26 (20.2) 10 (20.8)

Maternal education

<11th grade 7/702 (1.0) 1/126 (0.8) 1(21)
High school graduate or GED 68/702 (9.7) 4/126 (3.2) 2(4.2)
Junior college or some college ~ 131/702 (18.7) 27/126 (21.4) 11 (22.9)
College graduate 280/702 (39.9) 42/126 (33.3) 16 (33.3)
Postgraduate schooling 216/702 (30.8) 52/126 (41.3) 18 (37.5)

Maternal relationship status

Single 73/702 (10.4) 71126 (5.6) 4(8.3)
Married 605/702 (86.2) 117/126 (92.9) 43 (89.6)
Separated or divorced 24/702 (3.4) 2/126 (1.6) 1(2.1)

Mother smoked during pregnancy

Yes 46/725 (6.3) 4(3.1) 2/44 (4.2)

No 679/725 (93.7) 125 (96.9) 42/44 (95.8)
Infant sex

Male 391/756 (51.7) 72 (55.8) 26/38 (54.2)

Female 365/756 (48.3) 57 (44.2) 12/38 (45.8)
Infant race

White 752/756 (99.5) 129 (100) 48 (100)

Other 4/756 (0.5) 0 0
Gestational age, mean (SD), wk 39.4 (1.7) 39.4 (1.5) 39.7 (1.4)

Tap water arsenic, pug/L

<1 514 (67.7) 83 (64.3) 30 (62.5)
1-10 188 (24.8) 37 (28.7) 12 (25.0)
>10 57 (7.5) 9(7.0) 6 (12.5)

Abbreviations: GED, General Education Development; SUASs, speciated urinary arsenic concentration (the sum of inorganic arsenic,
monomethylarsonic acid, and dimethylarsinic acid concentrations); TUAs, total urinary arsenic concentration.
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