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Abstract

Exposure to high levels of manganese (Mn) in children has recently been associated with

adverse neurodevelopmental effects. Current infant formula regulations for Mn content

were set between 1981 (United States), 2006 (European Union, France), and 2007 (Codex

Alimentarius) prior to the publication of much of the growing body of research on the devel-

opmental neurotoxicity of Mn. In this study, we sought to measure the concentrations of Mn

in some infant formulas and young child nutritional beverages available on the United States

(US) and French markets using ion beam analysis by particle induced X-ray emission

(PIXE) spectrometry and then compare the analytical results to concentrations reported in

the literature for breast milk and applicable infant formula regulations and guidelines. We

were particularly interested in measuring Mn concentrations in product types for which there

is very little data from previous surveys, especially soy-based, rice-based, goat-milk based,

chocolate-flavored, and nutritional beverages for young children that are not regulated as

infant or follow-on formulas (e.g. “toddler formulas” and “toddler powders”). We purchased

44 infant formulas and young child nutritional beverage products in the US and France with

varying protein sources (cow-milk, goat-milk, soy, rice) labelled for birth to 3 years. We

selected these samples using maximum variation sampling to explore market extremes to

facilitate comparisons to regulatory limits. Since this sampling method is non-probabilistic,

other inferences cannot be made beyond this set of samples to the overall markets. We

used ion beam analysis to measure the concentrations of Mn in each product. The range of

measured Mn concentrations in the products is 160–2,800 μg/L, substantially higher than

the 3–6 μg/L mean Mn concentration reported in human breast milk. All products satisfied

national and Codex Alimentarius Commission (CAC) international standards for minimum

Mn content in infant formulas; however, 7/25 of the products purchased in the US exceeded

the CAC Guidance Upper Level of 100 μg Mn/kcal for infant formula.
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Introduction

Manganese (Mn) is both an essential nutrient and a toxic element. The essentiality of Mn is

reflected in national and international infant formula and food policies, which stipulate mini-

mum Mn concentrations [1–3]. While Mn toxicity due to occupational exposures has been

known for almost 200 years [4], the developmental neurotoxicity of Mn has only recently

begun to be explored [4–8]. Infant formula regulations have not yet been adjusted to reflect

this growing body of research on the developmental neurotoxicity of Mn; while maximum Mn

content is regulated for infant formulas in some jurisdictions such as the European Union and

France [3,9], in other jurisdictions, such as the United States (US), there is no regulatory maxi-

mum for Mn in infant formulas [1].

Serious concerns have recently been raised about relatively high Mn exposures and possible

associated adverse effects on child neurodevelopment. Children exposed to higher levels of

Mn compared to other children have been found to have impaired cognitive development

[4,5,7,10–21] lower IQ or intelligence scores [4,6,7,10,12,13,22–31], impaired memory func-

tion [4, 6,10,24,32–37], lower academic skills or achievement [5,6,25], impaired executive

function [6,10,12,24,32], lower visual-spatial ability [32,38], impaired motor function [4–

6,24,25,36,39–41], impaired olfactory function [5,6,24], atypical brain structure or function

[42,43], and relatively high Mn exposures are suspected of increasing the risk of attention defi-

cits, hyperactivity, or attention deficit hyperactivity disorder (ADHD) [5–7,12,13,24,33,36,44],

and other behavior and attention problems [4,6,7,12,16,25,45–47]. Some links that have been

reported between high Mn levels and certain neurodevelopmental effects are not fully conclu-

sive. Levels of Mn exposure that constitute excess for infants or young children as demon-

strated by adverse health effects have not yet been rigorously identified in the literature;

however, a benchmark dose for Mn in drinking water associated with decreased IQ has

recently been calculated for school-aged children [22]. Many studies [13–21,26–43,45–47] and

reviews [4–7, 10–12,22–25,44] of Mn exposures in children have found significant associations

between higher Mn exposures and adverse neurodevelopmental outcomes. In contrast, some

studies [48–52] and one review [53] have not found significant effects. The Mn concentrations

found in infant formula and young child nutritional beverages in this study have not been

compared to Mn intakes associated with adverse effects on child neurodevelopment.

In infants younger than weaning age (4–6 months), breast milk or infant formula typically

constitutes the sole source of nutrition. Human breast milk is considered to be the optimal

food for infants, providing all necessary macro- and micro-nutrients in sufficient quantities to

sustain health and development through the age of weaning [54]. Breast milk usually contains

2–6 μg/L of Mn [55]. Infant formula has been reported to contain 195 times more Mn than the

levels usually found in breast milk [56–58].

There are very few data available on Mn bioavailability in infants. In a study of 2–16 week-

old infants, the retention of Mn was higher for formula-fed infants than for breast-fed infants

due to the higher Mn content of infant formula [59]. It is noteworthy that in laboratory studies

on Mn content in infant formula, high purity water with very low Mn content is used to re-

constitute the infant formula. However, if infant formula is reconstituted with tap water,

Mn from the tap water may further increase the total Mn content of the formula and the total

Mn intake for the infant [56]. Moreover, Mn absorption rates are higher in neonates, 16–37%

[59], compared to roughly 3% in adults [7]. Infants and especially neonates are further suscep-

tible to Mn toxicity due to transiently diminished biliary excretion, which is the major route of

Mn excretion in humans [7]. Overall, these data suggest that Mn intake and retention in chil-

dren fed with infant formula are much higher than in children fed with breast milk or in

adults.
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In this study, we sought to measure the concentrations of Mn in infant formulas and young

child nutritional beverages available on the US and French markets using ion beam analysis by

particle induced X-ray emission (PIXE) spectrometry and then compare the analytical results

to concentrations reported in the literature for breast milk and applicable child feeding regula-

tions and guidelines. Because of their wide availability in analytical chemistry laboratories,

especially in industry, ICP-AES (inductively coupled plasma-atomic emission spectrometry)

and FAAS (flame atomic absorption spectrometry) are the official methods for Mn analysis in

infant formula [60,61]. Other analytical methods can be used as well, among them PIXE analy-

sis [62–69], a less widespread technique that requires a particle accelerator. PIXE is a multi-ele-

mental analytical technique that can be performed to quantify trace element content in a large

variety of samples, including food samples, with minimum sample processing and high analyt-

ical accuracy.

Previous surveys of Mn concentrations in infant formulas often report higher Mn content

in soy-based formulas than milk-based samples [56,58,70] but with few soy-based samples

tested. In the present study, we were particularly interested in measuring Mn concentrations

in product types for which there is very little data from previous surveys, especially soy-based,

rice-based, goat-milk based, chocolate-flavored, and nutritional beverages for young children

that are not regulated as infant or follow-on formulas (e.g. “toddler formulas” and “toddler

powders”). Our hypothesis was that the Mn concentrations would be within the limits of infant

formula regulations but might differ from the reported ranges in breast milk and that the pro-

tein source of the products might affect Mn content. We did not test the link between high Mn

intake in children and brain disorder and adverse neurodevelopmental effects.

Material and methods

Selection of samples

A total of 25 products were purchased in the United States (US). Seventeen of these 25 prod-

ucts were labelled for use by infants (ages 0–12 months) [1] and 8 of these 25 products were

labelled for use by young children (ages 1 year and older). Fifteen of the 17 infant products

were standard infant formulas, and 2 of the 17 products were special medicinal “exempt infant

formulas” [1]. Of the 8 products labelled for use by young children, 5 were “toddler” products,

2 were medical complete nutritional beverages, and 1 was a follow-on formula [2]. Of the 25

products obtained from the US market, 13 were cow milk-based, 5 were soy protein-based, 3

were goat-milk based, 3 were amino acid-based, and 1 was rice-based.

A total of 19 products were purchased in France. Seventeen of these 19 products were stan-

dard infant or follow-on formulas and 2 of these 19 products were liquid infant complemen-

tary foods [3,9]. The 2 liquid complementary foods from France were selected for this study in

order to include samples containing chocolate or rice from the French market. In general, it

was much more difficult to find formulas containing chocolate or rice in the French market

than in the US market. We were not able to locate any powdered formula products in the

French market that were chocolate flavored or rice-based. We were not able to obtain a soy-

based or amino acid-based powdered formula in France.

For the purpose of this paper, all products labeled for use by young children 1 year and

older, including follow-on formulas, medical complete nutritional beverages, liquid comple-

mentary foods, and “toddler” formulas, powders, or beverages are termed “young child nutri-

tional beverage products”.

All 44 of these samples were purchased in the US and France using maximum variation

sampling [71]. More specifically, these samples were purposively selected to yield a wide range

of Mn concentrations. That is, these samples were selected to contain supplemental Mn, soy,
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rice, cow milk, goat milk, and chocolate, and to cover a wide range of ages, from birth to 3

years. This sampling method was designed to explore market extremes as well as apparently

typical products in order to facilitate comparisons to regulatory compliance. Study goals were

to determine the high and low ranges of Mn content in formula products rather than overall

market trends. Since the sampling method is non-probabilistic, other inferences cannot be

made beyond this set of samples to the overall market [71]. This sampling method was not

designed to evaluate the batch to batch variability of any individual product.

Preparation of samples

Forty-two samples were powdered products and 2 samples were solutions. Solutions and sus-

pensions (of the partially soluble products) of all 42 powdered samples were prepared for anal-

ysis using laboratory-grade plasticware. One solution or suspension was made for each sample

of powdered product. A step-by-step protocol of infant formula sample preparation for PIXE/

RBS determination of element concentrations has been deposited in the protocol.io repository

[dx.doi.org/10.17504/protocols.io.5qxg5xn]. More specifically, between 1.0000 grams (g) and

1.0099 g of powdered product, and 10.00 milliliters (mL) of ultra-trace elemental analysis

grade water (Fisher Chemical, Catalog No. W9-500) were delivered to a centrifuge tube,

mixed, and stored at 4˚Celsius (C) until spotted on polycarbonate sample holders for ion beam

analysis by PIXE spectrometry. The PIXE method can be applied to quantify trace elements in

food samples [62]. PIXE has also been used to study trace element content in human breast

milk and infant formulas [63–69].

Each of the 42 sample solutions or suspensions and each of the 2 liquid samples was mixed

and spotted in 3 different locations on a single sample holder. Each spot was delivered with a

1.0 microliter (μL) air displacement pipet. These spots were dried at room temperature in a

laminar flow hood. This process was repeated until a total of 3 spots were superimposed on

each of the 3 different locations of each sample holder.

PIXE/RBS analysis

Each of the 3 spots on the sample holders was analyzed by PIXE; the 3 PIXE measurements

were averaged to give a single reported concentration for each sample. These PIXE analyses

were performed at the Centre d’Etudes Nucléaires de Bordeaux Gradignan (CENBG; Nuclear

Studies Center of Bordeaux Gradignan) using the high-resolution beamline at the Applications
Interdisciplinaires de Faisceaux d’Ions en Région Aquitaine (AIFIRA; Interdisciplinary Applica-

tions of Ion Beams in the Aquitaine Region) facility [72]. A Singletron particle accelerator sys-

tem (High Voltage Engineering Europa B.V.) delivered a 3.0 megaelectron volt (MeV) proton

(H+) beam at approximately 300 picoamperes (pA) to the dried sample.

The principle of PIXE analysis as pioneered by Johansson and Johansson [73] is based on

the interaction of accelerated charged particles, usually H+, with the sample. In brief, the H+

beam can ionize inner shell electrons from the atoms in the sample. For a specific element, an

x-ray with a characteristic energy is emitted when an electron from an outer shell replaces an

ionized electron from an inner shell. For elements heavier than sodium (Na), these x-rays were

measured and averaged by 2 identical lithium-drifted silicon x-ray detectors, Si(Li). Each of

these 2 detectors was at a 45˚ angle to the H+ beam; that is, the H+ beam bisects a 90˚ angle

between the 2 detectors and the sample at the vertex [74]. Each detector was 2 cm from the

sample. A 100 μm thick carbon foil funny filter, a filter with a pinhole drilled at its center, was

placed between the sample and each of the 2 x-ray detectors. This attenuates the signal of the

more abundant light elements and decreases the detector’s dead time. Both Si(Li) x-ray detec-

tors had a 145 electron volt (eV) energy resolution at 5.92 kiloelectron volt (keV), the Mn
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KL2,3 x-ray emission line. This energy resolution enables the clear identification of the Mn

KL2,3 x-ray emission line for the accurate quantification of Mn. For quantitative analysis of

PIXE data, the system is calibrated with a set of thin film standards containing certified con-

centrations of reference elements (Micromatter™). Micromatter™ standards consist of the certi-

fied elements, each with an areal density of about 50 μg/cm2, deposited on a 6 mm Mylar foil.

PIXE allows the determination of element concentration expressed in terms of the areal mass

of the element (μg/cm2).

In order to quantify the element concentration in terms of μg of the element per g of sam-

ple, a second ion beam analysis technique, Rutherford backscattering spectrometry (RBS), is

carried out simultaneously to PIXE [74,75]. For the RBS analysis, a fraction of the protons

from the H+ beam is repelled by the positively charged atomic nuclei in the sample [76]. The

energies of the backscattered protons were measured with a 25 mm2 silicon passivated detec-

tor, 12 keV full width at half maximum at 5.486 MeV using the 241 isotope of americium

(241Am). This detector was at a 45˚ angle to the H+ beam; that is, the H+ beam forms a 45˚

angle to the detector with the sample at the vertex [74]. This detector was 2 cm from the sam-

ple. RBS measures the atomic concentrations of carbon (C), nitrogen (N), and oxygen (O), the

main components in biological samples that cannot be measured by PIXE, which is sensitive

to elements of atomic number > 11. Therefore, for sample matrixes, such as milk, which are

composed mainly of light elements, RBS allows the determination of the total areal mass of the

sample expressed in g/cm2. The combination of PIXE and RBS allows the quantification of ele-

ment concentrations in μg/g of dry mass.

In addition, RBS measures the number of H+ that interact with the sample during the analy-

sis; this parameter is required to quantify the concentrations of the elements that are detected

by PIXE [74]. Therefore, the simultaneous analysis of PIXE and RBS enables the quantification

of the concentrations of elements in solid samples [74,75,77]. GupixWin software [78] and

SIMNRA software [79] were used to calculate these concentrations.

The accuracy of PIXE/RBS quantitative analysis was assessed with the analysis of a National

Institute of Standards & Technology (NIST) Standard Reference Material1 (SRM), 1849a

Infant/Adult Nutritional Formula. This assessment was used to validate the entire analytical

procedure for Mn quantification, from sample preparation through data treatment.

The measured concentrations were converted to μg of element per liter (L) of prepared

product following the instructions from the manufacturer’s labels. This was done using the

mass of solid product measured 3 times to the nearest 0.0001 g with an analytical balance, and

the final volume of the prepared formula measured 3 times to the nearest 0.1 mL with a gradu-

ated cylinder. For formula sold in the US, the legal definition of 1 fluid ounce equals 30 mL

was used for this preparation since product labels must use this definition when reporting ele-

ment concentrations [80].

Finally, the measured concentrations were converted to μg of element per 100 kilocalories

(kcal) of prepared product. This was done using the reported kcal/mass of dried product or

final volume of prepared product from the manufacturer’s label.

Results and discussion

The analysis of Standard Reference Material1 by particle induced x-ray

emission, Rutherford backscattering spectrometry

National Institute of Standards & Technology (NIST) Standard Reference Material1 (SRM)

1849a, Infant/Adult Nutritional Formula is the current industry standard for testing infant

formula in the United States [81]. In this study, NIST SRM 1849a Infant/Adult Nutritional

Formula was analyzed 3 times to assess the accuracy of PIXE/RBS for measuring the

Manganese in infant formula and young child nutritional beverages in the US and France
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concentrations of representative elements in infant formulas and young child nutritional bev-

erage products. NIST SRM 1849a was processed in exactly the same manner as the samples of

infant formula and young child nutritional beverages in this study. Relative error was used to

assess this accuracy (see Eq 1) [82].

Relative Error ¼ Er ¼
ð�x � xtÞ

xt
� 100% ð1Þ

The certified mass fraction value for manganese in NIST SRM 1849a is 49.59 ± 0.97 μg/g.

The mean and sample standard deviation for the 3 analyses of Mn by PIXE are 49.48 ±
1.61 μg/g, respectively. In this case, �x is the sample mean for Mn in μg/g, and xt is the true or

certified mass fraction for Mn in μg/g. The relative error for Mn was -0.22%. This -0.22% rela-

tive error and 1.61 μg/g sample standard deviation for the NIST SRM are estimates of the accu-

racy and precision for the measurement of Mn in each container of sample in this study,

respectively.

NIST SRM 1849a contains more Mn than the infant products in this study; the certified

mass fraction is 49.59 ± 0.97 μg/g for SRM 1849a, and mass fractions ranged from 1.3 μg/g to

32 μg/g for all the samples in this study. This might be a result of SRM 1849a Infant/Adult

Nutritional Formula being designed by NIST to test both infant and adult nutritional formula,

instead of just infant formula. Regardless, SRM 1849a is the current industry standard for test-

ing infant formula in the United States [81]. Therefore, we used the same standard of compari-

son as industry laboratories use for product labeling under the Infant Formula Act of 1980.

The concentrations of manganese in infant formulas and young child

nutritional beverage products from the US and French markets

The measured concentrations of Mn in each of the 25 samples from the US market are shown

in Table 1, along with the minimum, maximum, number of samples, the protein source, the

labeled age range of the product, and whether the product was labeled for special medical pur-

poses or contained chocolate. These parameters for the 19 samples from the French market are

shown in Table 2.

The concentrations in Tables 1 and 2 are given in 3 equivalent units, μg of element per g of

dried product (μg/g), μg of element per L of prepared product (μg/L), and μg of element per

100 kcal of prepared product (μg/100 kcal). In prior surveys of infant formulas and cow, goat,

and human milks, a vast array of units, such as μg/quart [83] and nanomoles per L [84] have

been used, requiring unit conversions in order to compare results across studies. In this study,

results are reported in μg/g because these units are directly measured by PIXE/RBS and many

other instrumental methods.

In this study, results are also reported in μg/L because these units are readily comparable to

many prior surveys of liquid milks [85–87]. The μg/L were calculated from the measured μg/g

by PIXE/RBS and the measured mass of dried product that was used to make a measured final

volume of prepared product according to the instructions on the product labels. Each mea-

surement was done 3 times and averaged; each average was used to convert μg/g to μg/L.

In this study, results are also reported in μg/100 kcal because these units are used in policies

and regulations [1,2,88–91]. The regulations refer to energy units (kcals) so that they automati-

cally scale to an infant’s weight and total energy requirements. Units given by kcals can be

readily used to tabulate total intake of nutrients in both single-item and mixed diets that

include both solid and liquid foods. The μg/100 kcal were calculated from the measured μg/g

by PIXE/RBS and the reported kcal/mass of dried product or final volume of prepared product

from the manufacturer’s label.

Manganese in infant formula and young child nutritional beverages in the US and France
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Ingredients and the concentrations of manganese in infant formulas and

young child nutritional beverage products

The total Mn concentration of an infant formula or young child nutritional beverage product

includes any supplemental Mn, if added by the manufacturer, and the Mn from all of the other

ingredients. Manganese is often added by the manufacturer to ensure that the Mn concentra-

tion of the final product is greater than the minimum required Mn concentration set by regu-

lations. If a product is supplemented with Mn, then it is impossible to assign the total Mn

concentration of the final product to any given ingredient, such as soy, rice, cow milk, goat

milk, or chocolate. Therefore, all products with supplemental Mn in our survey were classified

as “supplemented” for the purpose of assessing the effect of major ingredients on the total Mn

concentration of each product. Products without supplemental Mn that contained soy, rice,

cow milk, or chocolate were classified as “soy”, “rice”, “cow milk”, or “chocolate”, respectively.

Table 1. Mn content by PIXE/RBS spectrometry for the samples from the US market.

ID Mn (μg/g) Mn (μg/L) Mn (μg/100 kcal) Supplemental Mn Protein Source Chocolate Labeled Age Range Medical

US01 1.8 230 36 No Cowa No infant No

US02 2.7 400 55 No Cowa No 6 months + No

US03 2.3 310 47 Yes Cowa No 0–12 months No

US04 1.3 160 26 No Cow No toddler No

US05 7.9 1,000 170 No Soy No toddler No

US06 3.4 430 65 Yes Cow No 0–12 months No

US07 2.7 320 48 Yes Cowa No infant No

US08 7.4 1,600 160 Yes Amino acids No 1+ years Yes

US09 2.6 340 50 Yes Goat No 1–3 years No

US10 11 2,100 240 Yes Cow Yes 1–13 years Yes

US11 9.2 1,100 220 No Goat Yes 13 months-8 years No

US12 32 2,800 860 Yes Rice No 1–4 years No

US13 2.2 330 47 Yes Goat No 1–2 years No

US14 5.7 830 120 Yes Amino acids No infant No

US15 4.2 540 81 No Soy No infant No

US16 3.9 480 72 No Soy No infant No

US17 2.9 420 64 No Soy No 0–12 months No

US18 1.6 210 31 Yes Amino acids No 0–12 months No

US19 6.3 790 120 Yes Soy No 0–12 months No

US20 1.6 230 34 Yes Cow No infant No

US21 2.7 340 51 Yes Cow No infant No

US22 2.9 420 63 Yes Cow No infant No

US23 2.1 260 39 Yes Cow No infant No

US24 2.5 320 48 Yes Cow No infant No

US25 2.1 260 39 Yes Cow No infant No

Min 1.3 160 26

Max 32 2,800 860

Meanb 5.0b 650b 110b

Medianb 2.7b 400b 55b

sb 6.2b 650b 170b

a Contains rice

b Applies to this dataset only. Since the sampling method was non-probabilistic, inferences to the overall market are not intended and should not be made.

https://doi.org/10.1371/journal.pone.0223636.t001
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In the 44 samples that we tested, 4 were soy-protein based without supplemental Mn, 2 con-

tained rice without supplemental Mn, 2 were cow milk-protein based without supplemental

Mn, and 2 contained chocolate without supplemental Mn; the remaining 34 samples contained

supplemental Mn (see Fig 1). The minimum, maximum, and number of samples (n) for sup-

plemented and soy products are shown in Table 3; cow, rice and chocolate products are not

included in Table 3 due to the low number of samples in these categories.

In this study, 34 of the 44 products listed supplemental Mn on the label (Fig 1 and Table 3);

we classified these products as “supplemented”. The addition of supplemental Mn by manufac-

turers is a possible reason why the largest maximum concentration of Mn in this study,

860 μg/100 kcal, is from a product that was supplemented with Mn (Fig 1 and Table 3). For

comparison, a Mn concentration of 860 μg/100 kcal is about 1,000 times greater than that of

breast milk, approximately 0.83 μg/100 kcal [92].

Four of the products in this study were not supplemented with Mn and used soy as a major

ingredient (Fig 1 and Table 3). Soy has a relatively high native concentration of Mn [93]. Prior

surveys have consistently shown that soy protein-based formulas have higher Mn concentra-

tions than milk-based formulas [83,86,94–97]. Therefore, soy is a possible source of the rela-

tively high maximum concentration of Mn in the 4 “soy” products, 170 μg/100 kcal (Fig 1 and

Table 3). For comparison, a Mn concentration of 170 μg/100 kcal is about 200 times greater

than that of breast milk [92].

Table 2. Mn content by PIXE/RBS for the samples from the French market.

ID Mn (μg/g) Mn (μg/L) Mn (μg/100 kcal) Supplemental Mn Protein Source Chocolate Labeled Age Range Medical

FR01 1.7 240 35 Yes Cow No 0–6 months No

FR02 2.1 290 46 Yes Cow No 12+ months No

FR03 1.7 230 37 Yes Cow No 6–12 months No

FR04 2.3 290 46 Yes Goat No 6+ months No

FR05 1.7 220 34 Yes Goat No 1+ years No

FR06 2.4 310 46 Yes Cow No 0–6 months No

FR07 2.7 350 53 Yes Cow No 0–6 months No

FR08 5.9 1,200 140 No Cow Yes 6+ months No

FR09 4.6 860 100 No Cowa No 6+ months No

FR10 2.5 350 53 Yes Goat No 6+ months No

FR11 2.0 320 42 Yes Cow No 6–12 months No

FR12 2.6 390 55 Yes Cow No 10+ months No

FR13 1.5 200 32 Yes Cow No 1–3 years No

FR14 2.1 300 44 Yes Cow No 6–12 months No

FR15 2.0 280 40 Yes Cowa No 6 months + No

FR16 2.0 320 47 Yes Cow No 6–12 months No

FR17 1.9 290 44 Yes Cow No 1+ years No

FR18 2.5 340 52 Yes Cow No 12+ months No

FR19 4.4 560 93 Yes Cowa No 0–36 months No

Min 1.5 200 32

Max 5.9 1,200 140

Meanb 2.6b 390b 55b

Medianb 2.1b 310b 46b

sb 1.1b 250b 27b

a Contains rice

b Applies to this dataset only. Since the sampling method was non-probabilistic, inferences to the overall market are not intended and should not be made.

https://doi.org/10.1371/journal.pone.0223636.t002
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Two of the products in this study were not supplemented with Mn and used rice as an

ingredient (Fig 1). Rice has a relatively high native concentration of Mn [98,99]. Rice is a possi-

ble source of the relatively high concentration of Mn in these “rice” products, with a maximum

concentration of 100 μg/100 kcal. For comparison, a Mn concentration of 100 μg/100 kcal is

about 120 times greater than that of breast milk [92].

Two of the products in this study were not supplemented with Mn and used cow milk as an

ingredient (Fig 1). Cow milk generally has a much lower native concentration of Mn than soy,

rice, or chocolate, but a higher concentration of Mn than human breast milk [55,94,95, 100–

Fig 1. The minimum and maximum concentrations of Mn of prepared infant formulas and young child nutritional beverage products according

to ingredient classes. These concentrations are also given relative to the concentration of Mn in breast milk [92].

https://doi.org/10.1371/journal.pone.0223636.g001
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107]. This is a possible reason why “cow milk” products had the lowest maximum concentra-

tion of Mn when compared to “soy”, “rice”, and “chocolate” products, 36 μg/100 kcal (Fig 1

and Table 3). For comparison, a Mn concentration of 36 μg/100 kcal is about 43 times greater

than that of breast milk [92]. Similarly, the 2 “cow milk” products also had the lowest mini-

mum concentration of Mn in this study, 26 μg/100 kcal (Fig 1 and Table 3). A Mn concentra-

tion of 26 μg/100 kcal is about 32 times greater than that of breast milk [92].

Two of the products in this study were not supplemented with Mn and used chocolate as an

ingredient (Fig 1). Chocolate has a relatively high native concentration of Mn [98,104–107].

Thus, chocolate is a possible source of the relatively high maximum concentration of Mn in

the 2 “chocolate” products, 220 μg/100 kcal. For comparison, a Mn concentration of 220 μg/

100 kcal is about 260 times greater than that of breast milk [92].

In this study, one of the products based on goat milk did not have supplemental Mn; how-

ever, it also contained chocolate, so the effect of goat milk on total Mn concentration could not

be assessed from this set of samples. Prior surveys suggest that the Mn concentration of goat

milk is comparable to that of cow milk [100,108–110]; similarly, the Mn concentration of goat-

milk based formulas has been shown to be comparable to that of cow-milk based formulas

[96].

Targeted ages of consumption and the concentration of manganese in

infant formulas and young child nutritional beverage products

The products that we tested were labeled for use by different ages. Products sold in the French

market were all labeled with a number (1, 2, 3, or 4) to indicate the intended “age stage” of the

product. Stage 1 products were labeled for ages 0–6 months (or up to 36 months for special

medical formulas), stage 2 for ages 6–12 months (or older), and stages 3 and 4 for ages 1–3

years (or older). In this study, 4 samples were labelled for use by infants ages 0–6 months

(stage 1), 9 were labelled for use by infants ages 6 months and older (stage 2), and 6 were

labelled for use by young children ages 1 year and older (stages 3 or 4). According to French

law [3], the term préparation pour nourrissons (infant formula) applies to products intended

for the first months of life to satisfy all nutritional needs of a nourrisson [3] (infant, a child

under 12 months old). In contrast, the term préparation de suite (follow-on formula), is

Table 3. Ranges of Mn in samples according to ingredients. Samples with supplemental Mn.

Min 1.5 μg/g 200 μg/L 31 μg/100 kcal

Max 32 μg/g 2,800 μg/L 860 μg/100 kcal

�xa 3.8 μg/ga 510 μg/La 84 μg/100 kcala

Mediana 2.4 μg/ga 320 μg/La 47 μg/100 kcala

sa 5.3 μg/ga 570 μg/La 140 μg/100 kcala

N 34 samples 34 samples 34 samples

Samples with soy protein and without supplemental Mn

Min 2.9 μg/g 420 μg/L 64 μg/100 kcal

Max 7.9 μg/g 1,000 μg/L 170 μg/100 kcal

�xa 4.7 μg/ga 620 μg/La 96 μg/100 kcala

Mediana 4.1 μg/ga 510 μg/La 77 μg/100 kcala

sa 2.2 μg/ga 280 μg/La 47 μg/100 kcala

N 4 samples 4 samples 4 samples

a Applies to this dataset only. Since the sampling method was non-probabilistic, inferences to the overall market are

not intended and should not be made.

https://doi.org/10.1371/journal.pone.0223636.t003
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intended to be the primary liquid nutrition for a nourrisson (infant) who is beginning to

include complementary foods in the diet. Thus, products labeled stage 1 would be classified as

préparations pour nourrissons, products labeled stage 2 would be classified as préparations de
suite. Products labeled stages 3 or 4 are for enfants en bas âge (young children, ages 1–3 years),

and are also regulated by the French law regarding préparations pour nourrissons et aux prépa-
rations de suite (infant and follow-on formulas) [3]. The 2 liquid complementary foods that we

tested from France were labeled for use by ages 6 months and older but are classified as foods,

not infant or follow-on formulas according to French law [3].

Products that we tested from the US market were labeled “infant formula”, “toddler for-

mula”, or “toddler powder”. Some infant formula products purchased in the US that were pro-

duced outside the US also bore age stage numbers, similar to the products from France, in

addition to the term “infant formula”. In this study, 16 samples were labelled for use by infants

ages 0 months and older, 1 was labelled for use by infants ages 6 months and older, and 8 were

labelled for use by young children ages 1 year and older. In the US market, a product can only

use the term “infant formula” on the label if it meets special Food and Drug Administration

(FDA) requirements for infant formulas [111]. By definition, an infant formula must be a

“simulation of human milk” or “a complete or partial substitute for human milk” [111]. The

FDA does not distinguish between “infant formulas” and “follow-on” formulas. However, the

FDA exempts certain infant formulas intended for special medical purposes (e.g. severe aller-

gies) from standard infant formula regulations concerning nutrient contents [111]. By defini-

tion, “infants” are persons not more than 12 months old [112]. Notably, there is no legal

definition of “toddler formula” or “toddler powder” in the US [112,113]. Products labeled

“toddler formula” or “toddler powder” are presumably for children older than 1 year. They are

covered by the regulations that apply to ordinary foods but are not subject to the special regu-

lations for products labeled “infant formula” [112–114].

The minimum and maximum Mn concentrations for the 30 tested products intended for

children less than 1 year old (products labeled stage 1 or 2 in France or “infant formula” in the

US) were 1.56 μg/g and 6.32 μg/g, respectively. The minimum and maximum Mn concentra-

tions for the 14 products intended for children over 1 year were 1.26 μg/g and 31.85 μg/g,

respectively. Some researchers have argued that all infant formulas should be “staged” to better

meet the changing nutritional requirements of growing children [115]; such staging would

require a reassessment of the growing child’s need for Mn from birth through the toddler

years.

Comparison of manganese concentrations in infant formulas and young

child nutritional beverage products to Mn concentrations in breast milk

and daily manganese intakes

It is presently assumed that breast milk from healthy, well-nourished mothers supplies ade-

quate amounts of macro- and micro-nutrients, including Mn, at least for the first 6 months of

life [54]. A review of longitudinal studies of Mn concentrations in breast milk reported average

concentrations of 3–6 μg/L 2–4 weeks post-partum, with individual values between 2–8 μg/L

[55]. A recent study of the Mn content in breast milk from various geographic areas (Argen-

tina, Namibia, Poland, and the United States) reported mean values of 2–11 μg/L with individ-

ual values ranging from 1 to 30 μg/L [116]. All of the products that we tested contained

substantially higher Mn concentrations (US minimum: 160 μg/L; France minimum: 200 μg/L)

than the maximum concentration reported for breast milk. Assuming a mean value for breast

milk around 3 μg/L in the US and France [116], minimal Mn concentrations in infant formula

are about 53 (US) to 67 (France) times higher, while maximal Mn concentrations are 930 (US)

Manganese in infant formula and young child nutritional beverages in the US and France

PLOS ONE | https://doi.org/10.1371/journal.pone.0223636 November 5, 2019 11 / 23

https://doi.org/10.1371/journal.pone.0223636


and 400 (France) times higher. These ratios calculated from μg/L values are comparable with

the ratios calculated from μg/100 kcal values (Fig 1). A substantially higher content of Mn in

infant formula compared to breast milk has also been reported in all similar studies [56–58].

In a 2011 study of infant formulas in the Swedish market in which formulas were found to

contain between 25–499 μg Mn/L, it was noted that daily Mn intakes of infants fed formula

could be 114-fold higher than those of exclusively breast-fed infants [56]. The authors noted

that “concentrations of several hundred μg/l, which we found in about half of the investigated

formulas, may in fact not be safe for the infant” [56]. In the present study, in which the range

of Mn content from formulas was 160–2800 μg Mn/L, daily intakes of Mn would be even

higher than those discussed in the Swedish study [56].

Infant formula and follow-on/follow-up formula standards and regulations

The joint World Health Organization/Food and Agriculture Organization Codex Ali-

mentarius Commission standards for manganese in infant formula and follow-up for-

mula. The joint WHO/FAO Codex Alimentarius Commission (CAC) publishes standards

for infant formulas, follow-up formulas and formulas for special medical purposes intended

for infants [88,89]. For infant formula nutrients such as Mn, standards are stated in mass of

nutrient/100 kilocalorie (kcal) of prepared formula to automatically scale to infant energy

requirements according to infant body weight, to varying types of formula (powder or liquid),

and to varying masses of powder used to prepare a volume of formula. The CAC states that

infant formula prepared for consumption shall contain between 60 kcal (250 kJ) and 70 kcal

(295 kJ) of energy per 100 mL, a minimum of 1 μg of Mn/100 kcal, and not exceed the Guid-

ance Upper Level (GUL) of 100 μg of Mn/100 kcal [2, 88]. The CAC does not provide guidance

for the Mn content of follow-on formulas [89].

In this study, the mean energy content of the 42 powdered products was 683.7. . . kcal/L of

prepared formula; therefore, the 1 μg of Mn/100 kcal minimum equals 6.84 μg of Mn/L of pre-

pared product in this study as follows (see Eq 2; nonsignificant digits, such as 7. . ., are shown

as a subscript followed by an ellipsis and are included in all steps of a calculation to prevent

rounding error).

Estimated Minimum

Volume Basis
¼

1 mg of Mn
100 kcal

�
683:7...kcal

L of prepared product
¼

6:84 mg of Mn
L of prepared product

ð2Þ

Similarly, this 100 μg of Mn/100 kcal GUL equals 684 μg of Mn/L of prepared product in

this study as follows (see Eq 3).

Estimated Guidance

Upper Level

Volume Basis

¼
100 mg of Mn

100 kcal
�

683:7...kcal
L of prepared

product

¼
684 mg of Mn
L of prepared

product

ð3Þ

None of the 17 powdered infant or follow-on formulas purchased in France for this study

had a Mn concentration greater than the CAC 100 μg of Mn/100 kcal GUL. One of the 2 liquid

products, an infant complementary food, had a concentration of 140 μg of Mn/100 kcal. Com-

plementary foods are not covered by the CAC Standard for Follow-Up Formula [89]. This

sample was not supplemented with Mn but contained chocolate, which can have a large effect

on the concentration of Mn (Fig 1 and Table 3) [98,104–107].

Two of the 16 infant formula products purchased in the US for this study had a Mn concen-

tration that was greater than the CAC 100 μg of Mn/100 kcal GUL for infant formulas. One of
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these products was a soy-based infant formula and the other was an amino acid-based medical

infant formula. Five other products exceeded 100 μg of Mn/100 kcal but were labeled for chil-

dren ages 12 months and older; the CAC standard does not stipulate a maximum Mn content

for follow-up formulas [89]. The concentrations of Mn in the 7 US products with more than

100 μg of Mn/100 kcal ranged from 120 to 860 μg of Mn/100 kcal. Five of the 7 products that

exceeded 100 μg of Mn/100 kcal contained supplemental Mn. Of the 2 products that exceeded

100 μg of Mn/100 kcal and did not contain supplemental Mn, 1 was soy-based and the other

contained chocolate. These ingredients can have a large effect on the concentration of Mn (Fig

1 and Table 3) [93,98,104–107].

Three of the 7 products from the US market that exceeded the CAC 100 μg of Mn/100 kcal

GUL for infant formula had “toddler” formula or powder on the manufacturer’s label, not

“infant formula”. Similar to follow-up formulas, toddler formulas and toddler powders are

marketed as milk substitutes for young children, but are not regulated as infant formulas, and

their status with respect to the CAC standards is unclear [113,114,117,118]. The CAC states

that “Follow-up formula is a food prepared from the milk of cows or other animals and/or

other constituents of animal and/or plant origin, which have been proved to be suitable for

infants from the 6th month on and for young children”, where young children are defined as

“persons from the age of more than 12 months up to the age of three years (36 months)” [89].

By these CAC definitions, products labelled “toddler formula” would be classified as “follow-

up” formulas, except they have not “been proved to be suitable for infants from the 6th month

on and for young children” [89]. Terms such as “toddler formula”, “toddler powder”, or “tod-

dler beverage” on labels may suggest to parents that these beverages can be used similar to

infant or follow-on formulas [113,114,117,118]. Moreover, the WHO has observed, “It is clear

that the marketing of toddler milks is a response to legislation that restricts marketing of for-

mulas to infants” and emphasizes “the now common cross-promotion practice by which

breast-milk substitutes for infants are promoted through labelling and advertisements of tod-

dler formulas is a threat to breastfeeding and infant health” [118].

The European Union (EU) and the Republic of France regulations for manganese in

infant formula and follow-on formula. The European Parliament regulates infant formulas

and follow-on formulas within the European Union [9,90] while the the République Française
(Republic of France) publishes regulations covering préparations pour nourrissons et aux prép-
arations de suite (infant formulas and follow-on formulas) in France [3]. The current EU and

French regulations for infant and follow-on formulas stipulate a minimum content of 1 μg of

Mn/100 kcal and a maximum content of 100 μg of Mn/100 kcal [3,9].

In this study, all of the 17 infant or follow-on formulas purchased in France contained

more than 1 μg of Mn/100 kcal of prepared product. None of the infant or follow-on formulas

purchased in France had a measured Mn concentration that was greater than the 100 μg of

Mn/100 kcal Maximum allowed by French law [3].

The concentrations of Mn in the 17 infant or follow-on formulas purchased in France ran-

ged from 32 to 93 μg of Mn/100 kcal. The product with 93 μg of Mn/100 kcal has about 110

times more Mn than breast milk [92]. This product contained supplemental Mn. The supple-

mentation of infant formula with Mn is allowed by the Republic of France [3]. In this study, 17

of the 19 products that we purchased in France were supplemented with Mn. The list of sels
autorisés (allowed salts) is manganese carbonate, manganese chloride, manganese citrate,

manganese sulfate, and manganese gluconate [3]. In 2002, the Agence française de sécurité sani-
taire des aliments (AFSSA; French Food Safety Agency) stated “l’enrichissement d’une prépara-
tion de suite en manganèse n’a aucune justification nutritionnelle (the enrichment of follow-on

formula with manganese does not have any nutritional justification)” [119].
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The Food and Drug Administration and United States nutritional standards for manga-

nese in infant formula. The Federal Food, Drug, and Cosmetic Act passed by the US Con-

gress regulates infant formulas in the US [1]. According to the Federal Food, Drug, and

Cosmetic Act, the Minimum Level for Mn in prepared infant formula is 5 μg/100 kcal, and no

Maximum Level is specified [1].

In the 42 powdered products that we tested, which had a mean energy content of 683.7. . .

kcal/L of prepared product, 5 μg of Mn/100 kcal would correspond to approximately 34 μg of

Mn/L when prepared according to labelled instructions (see Eq 4).

Estimated

Minimum Level

Volume Basis

¼
5 mg of Mn

100 kcal
�

683:7...kcal
L of prepared product

¼
34 mg of Mn

L of prepared product
ð4Þ

All of the products (25 out of 25) purchased in the US for this study had a measured Mn

concentration that was greater than the 5 μg of Mn/100 kcal FDA Minimum Level for infant

formulas. The concentrations of Mn in these 25 products ranged from 26 to 860 μg of Mn/100

kcal. The product with 860 μg of Mn/100 kcal has about 1,000 times more Mn than breast milk

[92]. This product was labeled “toddler powder”, so it is not regulated by US laws regarding

infant formula [113,114].

Sixty-eight percent (17 out of 25) of the products we purchased on the US market were sup-

plemented with Mn. In 1985, manganese chloride, manganese citrate, manganese gluconate,

and manganese sulfate were “generally recognized as safe (GRAS) as a direct human food

ingredient” and approved as sources of Mn for use in “infant formulas in accordance with sec-

tion 412(g) of the Federal Food, Drug, and Cosmetic Act” [120]. By definition, GRAS is “A

food substance that is not subject to premarket review and approval by FDA because it is

generally recognized, by qualified experts, to be safe under the intended conditions of use”

[121].

Study limitations

By design, the maximum variation sampling method for this study focused on the margins of

the markets, to identify products that might potentially have either too little or too much man-

ganese to satisfy regulatory requirements. Consequently, no inferential statistics can be made

about the markets as a whole from our results, and the only statistics that can be compared

across the French and US markets are maxima and minima; measures of central tendency,

sample variation, and tests of statistical significance concerning market differences cannot be

performed with these data. In addition, our selection of products according to maximum vari-

ation sampling relied on labeled Mn content and ingredients such as soy, rice, cow milk, goat

milk, and chocolate, since we predicted these factors to influence Mn content; however, actual

Mn content may not be accurately labeled or may be determined by other factors. For this rea-

son, we included multiple examples of each type of product that we predicted were likely to

have very high or very low Mn content. Widespread Mn supplementation of products limited

our efforts to determine whether specific ingredients such as soy protein, rice, cow milk, goat

milk, or chocolate might be associated with high or low Mn content since it was difficult to

find sufficient numbers of unsupplemented products of specific types. Furthermore, this study

considers only whether products meet regulatory requirements and guidelines; it does not

directly examine the question of whether feeding with these products would lead to either ade-

quate or excess intakes of Mn, or the link between high Mn intake in children and brain disor-

der and adverse neurodevelopmental effects.
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Conclusions

In this study we used simultaneous particle induced X-ray emission (PIXE) and Rutherford

backscattering (RBS) spectrometry to measure the concentration of Mn in μg of element per g

of dried product for a selection of infant formulas and young child nutritional beverage prod-

ucts purchased in the US and France. The accuracy of PIXE/RBS for measuring Mn was

assessed by the analysis of a National Institute of Standards & Technology (NIST) Standard

Reference Material1, 1849a Infant/Adult Nutritional Formula; the relative error for the mea-

surements of Mn was -0.22%. All 44 of the samples we analyzed had measurable concentra-

tions of Mn.

In general, products with supplemental Mn had higher Mn concentrations than products

without supplemental Mn (Fig 1 and Table 3). For products without supplemental Mn, prod-

ucts with chocolate had the most Mn, followed by soy, rice, and cow milk, all of which had

more Mn than reported concentrations in breast milk (Fig 1 and Table 3).

The ranges of concentrations of Mn in the infant formulas and young child nutritional

beverage products greatly exceeded the ranges of Mn concentrations reported in breast milk.

The ranges of Mn concentrations in the 17 infant and follow-on formula products purchased

in France were in compliance with French, European, and international standards. The ranges

of Mn concentrations in the 25 infant formula and young child nutritional beverages pur-

chased in the US satisfied the US minimum standards for infant formula. While 2 of the 16 US

infant formula products and 5 of the 8 products labeled for children over 12 months that we

tested exceeded the CAC international Guidance Upper Level (GUL) of 100 Mn/100 kcal for

infant formulas, US laws do not currently stipulate a maximum Mn content for infant formu-

las or regulate Mn content in formulas or powders for children over 12 months old and the

CAC does not stipulate a GUL for Mn for formula products for children over 12 months old

89].

Given the recent research demonstrating adverse effects of excess Mn exposure for neuro-

development [4–7,10–47], stricter upper limits for Mn content in infant formulas should be

considered by regulators. The 38-year-old requirement for minimum Mn content in infant

formulas in the US [1] may need to be updated to make it closer to the Mn content in breast

milk, and a maximum Mn content for infant formulas and young child nutritional beverage

products may be appropriate for the US market.

In the meantime, it must be noted that supplementation of infant formulas and young child

nutritional beverage products with Mn is unnecessary to meet the current health-based regula-

tory minimum of 1 μg Mn/100 kcal stipulated by the CAC, EU and Republic of France, or the

US minimum of 5 μg Mn/100 kcal [1–3,9,90]. There is no proven or likely benefit from Mn

supplementation in these products and some researchers contend there is potential for adverse

neurodevelopmental health effects in infants and young children. Pending research on dietary

Mn exposures that examine health effects at high and low Mn dietary intakes in neonates,

infants, and young children, formula manufacturers may consider taking measures to reduce

Mn content in their products to approach the Mn concentrations found in breast milk rather

than supplement their products with additional Mn when the products already have much

higher Mn concentrations than breast milk.
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ant l’arrêté du 20 septembre 2000 relatif aux aliments diététiques destinés à des fins médicales spé-
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47. Rodrigues JLG, Araújo CFS, Dos Santos NR, Bandeira MJ, Anjos ALS, Carvalho CF, et al. Airborne

manganese exposure and neurobehavior in school-aged children living near a ferro-manganese alloy

plant. Environ Res. 2018; 167:66–77. https://doi.org/10.1016/j.envres.2018.07.007 PMID: 30007874

48. Lucchini RG, Guazzetti S, Zoni S, Donna F, Peter S, Zacco A, Salmistraro M, et al. Tremor, olfactory

and motor changes in Italian adolescents exposed to historical ferro-manganese emission. Neurotoxi-

cology. 2012; 33(4):687–96. https://doi.org/10.1016/j.neuro.2012.01.005 PMID: 22322213

49. Lucchini RG, Zoni S, Guazzetti S, Bontempi E, Micheletti S, Broberg K. Inverse association of intellec-

tual function with very low blood lead but not with manganese exposure in Italian adolescents. Environ

Res. 2012; 118:65–71. https://doi.org/10.1016/j.envres.2012.08.003 PMID: 22925625

50. Parvez F, Wasserman GA, Factor-Litvak P, Liu X, Slavkovich V, Siddique AB, et al. Arsenic Exposure

and Motor Function among Children in Bangladesh. Environ Health Persp. 2011; 119:1665–1670.

https://doi.org/10.1289/ehp.1103548 PMID: 21742576

51. Rahbar MH, Samms-Vaughan M, Dickerson AS, Loveland KA, Ardjomand-Hessabi M, Bressler J,

et al. Blood manganese concentrations in Jamaican children with and without autism spectrum disor-

ders. Environ Health. 2014; 13:69. https://doi.org/10.1186/1476-069X-13-69 PMID: 25149876

52. Rink SM, Ardoino G, Queirolo EI, Cicariello D, Mañay N, Kordas K. Associations between hair manga-

nese levels and cognitive, language, and motor development in preschool children from Montevideo,

Uruguay. Arch Environ Occupat Health. 2013; 69:46–54. https://doi.org/10.1080/19338244.2012.

7525229

53. Leonhard MJ, Chang ET, Loccisano AE, Garry MR. A systematic literature review of epidemiologic

studies of developmental manganese exposure and neurodevelopmental outcomes. Toxicology.

2019; 420:46–65. https://doi.org/10.1016/j.tox.2019.03.004 PMID: 30928475

54. European Food Safety Authority (EFSA). Scientific opinion on the essential composition of infant and

follow-on formulae. EFSA J. 2014; 12(7):3760. https://doi.org/10.2903/j.efsa.2014.3760.

55. Casey CE, Smith A, Zhang P. Microminerals in Human and Animal Milks. In Jensen RG (editor). Hand-

book of Milk Composition. 1995. San Diego: Academic Press, pp. 622–674.

Manganese in infant formula and young child nutritional beverages in the US and France

PLOS ONE | https://doi.org/10.1371/journal.pone.0223636 November 5, 2019 19 / 23

https://doi.org/10.1016/S0161-813X(03)00058-5
https://doi.org/10.1016/S0161-813X(03)00058-5
http://www.ncbi.nlm.nih.gov/pubmed/12900080
https://doi.org/10.1289/ehp.02110613
http://www.ncbi.nlm.nih.gov/pubmed/12055054
https://doi.org/10.1016/j.envres.2017.12.003
http://www.ncbi.nlm.nih.gov/pubmed/29247915
https://doi.org/10.1016/j.envres.2017.08.035
http://www.ncbi.nlm.nih.gov/pubmed/28858760
https://doi.org/10.1016/j.neuro.2016.01.004
https://doi.org/10.1016/j.neuro.2016.01.004
http://www.ncbi.nlm.nih.gov/pubmed/26801245
https://doi.org/10.1038/srep41804
https://doi.org/10.1038/srep41804
http://www.ncbi.nlm.nih.gov/pubmed/28155922
https://doi.org/10.3945/ajcn.115.116285
http://www.ncbi.nlm.nih.gov/pubmed/26561627
https://doi.org/10.1016/j.neuro.2017.06.006
http://www.ncbi.nlm.nih.gov/pubmed/28610744
https://doi.org/10.2147/NDT.S16537
https://doi.org/10.1016/j.envres.2011.08.008
http://www.ncbi.nlm.nih.gov/pubmed/21864838
https://doi.org/10.1016/j.envint.2018.08.045
http://www.ncbi.nlm.nih.gov/pubmed/30205321
https://doi.org/10.1016/j.envres.2018.07.007
http://www.ncbi.nlm.nih.gov/pubmed/30007874
https://doi.org/10.1016/j.neuro.2012.01.005
http://www.ncbi.nlm.nih.gov/pubmed/22322213
https://doi.org/10.1016/j.envres.2012.08.003
http://www.ncbi.nlm.nih.gov/pubmed/22925625
https://doi.org/10.1289/ehp.1103548
http://www.ncbi.nlm.nih.gov/pubmed/21742576
https://doi.org/10.1186/1476-069X-13-69
http://www.ncbi.nlm.nih.gov/pubmed/25149876
https://doi.org/10.1080/19338244.2012.7525229
https://doi.org/10.1080/19338244.2012.7525229
https://doi.org/10.1016/j.tox.2019.03.004
http://www.ncbi.nlm.nih.gov/pubmed/30928475
https://doi.org/10.2903/j.efsa.2014.3760
https://doi.org/10.1371/journal.pone.0223636


56. Ljung K, Palm B, Grandér M, Vahter M. High concentrations of essential and toxic elements in infant

formula and infant foods–A matter of concern. Food Chem. 2011; 127:943−951. https://doi.org/10.

1016/j.foodchem.2011.01.062 PMID: 25214082

57. Stastny D, Vogel RS, Picciano MF. Manganese intake and serum manganese concentration of human

milk-fed and formula-fed infants. Am J Clin Nutr. 1984; 39(6):872–8. https://doi.org/10.1093/ajcn/39.6.

872 PMID: 6539060

58. Pandelova M, Levy Lopez W, Michalke B, Schramm KW Ca, Cd, Cu, Fe, Hg, Mn, Ni, Pb, Se, and Zn

contents in baby foods from the EU market: Comparison of assessed infant intakes with the present

safety limits for minerals and trace elements. J Food Comp Anal. 2012; 27(2): 120–127. https://doi.

org/10.1016/j.jfca.2012.04.011

59. Dörner K, Dziadzka S, Hohn A, Schaub J. Longitudinal manganese and copper balances in young

infants and preterm infants fed on breast-milk and adapted cow’s milk formulas. Br J Nutr. 1989;

61:559−572. https://doi.org/10.1079/bjn19890143 PMID: 2758010

60. Paquette LH, and Thompson JJ. Minerals and trace elements in milk, milk products, infant formula,

and adult/pediatric nutritional formula, ICP-MS method: Collaborative study, AOAC final action

2015.06, ISO/DIS 21424, IDF 243. Journal of AOAC International 2018; 101(2):536–561. https://doi.

org/10.5740/jaoacint.17-0318 PMID: 29151407

61. Poitevin E. Official methods for the determination of minerals and trace elements in infant formula and

milk products: A review. Journal of AOAC International. 2016; 99(1):42–52. https://doi.org/10.5740/

jaoacint.15-0246 PMID: 26821839

62. Aras NK, Ataman OY. X-ray methods. In: Aras NK, Ataman OY, editors. Trace element analysis of

food and diet. Cambridge, UK: The Royal Society of Chemistry; 2006. p. 193−204. https://doi.org/10.

1039/9781847552495

63. Akanle OA, Balogun FA, Owa JA, Spyrou NM. Study of the nutritional status of maternal breast milk in

preterm infants in Nigeria. J. Radioanal. Nucl. Chem. 2000; 244:231−235. https://doi.org/10.1023/

A:1006713626499

64. Balogun FA, Akanle OA, Spyrou NM, Owa JA. A comparative study of elemental composition of

human breast milk and infant milk substitutes. Biol Trace Elem Res. 1994;Fall, 43−45;471−479.

https://doi.org/10.1007/bf02917349 PMID: 7710863

65. Castro Gonzalez NP, Moreno-Rojas R, Calderón Sánchez F, Moreno Ortega A, Juarez Meneses M.

Assessment risk to children’s health due to consumption of cow’s milk in polluted areas in Puebla and

Tlaxcala, Mexico. Food Addit Contam Part B. 2017; 10(3):200−207. https://doi.org/10.1080/

19393210.2017.1316320 PMID: 28393675

66. Khatun R, Ahasan MM, Abedin MJ, Akter S. Study of human milk in terms of sampling time and age of

the lactating mothers. SUST J Sc Tech. 2012; 20(6):80−83.

67. Olabanji SO, Buoso MC, Ceccato D, Haque AMI, Cherubini R, Moschini G. PIGE-PIXE analysis of

human milk. Nucl Instrum Methods Phys Res B. 1996; 109/110:258−261. https://doi.org/10.1016/

0168-583X(95)00918-3

68. Solis C, Isaac-Olive K, Mireles A, Vidal-Hernandez M. Determination of trace metals in cow’s milk from

waste water irrigated areas in Central Mexico by chemical treatment coupled to PIXE. Microchem J.

2009; 91(1):9−12. https://doi.org/10.1016/j.microc.2008.06.001

69. Spyrou NM. Variations in trace element concentrations in breast milk with stages of lactation. J Radio-

anal Nucl Chem. 2001; 249(1):71–75.

70. Crinella FM. Does soy-based infant formula cause ADHD? Update and public policy considerations.

Expert Rev Neurother. 2012; 12(4):395–407. https://doi.org/10.1586/ern.12.2 PMID: 22449212

71. Teddlie C, Yu F. Mixed methods sampling, A typology with examples. J Mix Methods Res. 2007; 1

(1):77–100. https://doi.org/10.1177/2345678906292430.

72. Sorieul S, Alfaurt P, Daudin L, Serani L, Moretto P. AIFIRA: An ion beam facility for multidisciplinary

research. Nucl Instrum Methods Phys Res B. 2014; 332:68−73. https://doi.org/10.1016/j.nimb.2014.

02.032

73. Johansson SAE, Johansson T. Analytical application of particle induced X-ray emission. Nucl Instr

Meth Phys Res. 1976; 137(3): 473−516. https://doi.org/10.1016/0029-554X(76)90470-5

74. Carmona A, Devès G, Ortega R. Quantitative micro-analysis of metal ions in subcellular compart-

ments of cultured dopaminergic cells by combination of three ion beam techniques. Anal Bioanal

Chem. 2008; 390 (6):1585−1594. https://doi.org/10.1007/s00216-008-1866-6 PMID: 18246461

75. Perrin L., Carmona A., Roudeau S., Ortega R. Evaluation of sample preparation methods for single

cell quantitative element imaging using proton or synchrotron radiation focused beams. J Anal Atom

Spectrom. 2015; 30: 2525–2532. https://doi.org/10.1039/C5JA00303B

Manganese in infant formula and young child nutritional beverages in the US and France

PLOS ONE | https://doi.org/10.1371/journal.pone.0223636 November 5, 2019 20 / 23

https://doi.org/10.1016/j.foodchem.2011.01.062
https://doi.org/10.1016/j.foodchem.2011.01.062
http://www.ncbi.nlm.nih.gov/pubmed/25214082
https://doi.org/10.1093/ajcn/39.6.872
https://doi.org/10.1093/ajcn/39.6.872
http://www.ncbi.nlm.nih.gov/pubmed/6539060
https://doi.org/10.1016/j.jfca.2012.04.011
https://doi.org/10.1016/j.jfca.2012.04.011
https://doi.org/10.1079/bjn19890143
http://www.ncbi.nlm.nih.gov/pubmed/2758010
https://doi.org/10.5740/jaoacint.17-0318
https://doi.org/10.5740/jaoacint.17-0318
http://www.ncbi.nlm.nih.gov/pubmed/29151407
https://doi.org/10.5740/jaoacint.15-0246
https://doi.org/10.5740/jaoacint.15-0246
http://www.ncbi.nlm.nih.gov/pubmed/26821839
https://doi.org/10.1039/9781847552495
https://doi.org/10.1039/9781847552495
https://doi.org/10.1023/A:1006713626499
https://doi.org/10.1023/A:1006713626499
https://doi.org/10.1007/bf02917349
http://www.ncbi.nlm.nih.gov/pubmed/7710863
https://doi.org/10.1080/19393210.2017.1316320
https://doi.org/10.1080/19393210.2017.1316320
http://www.ncbi.nlm.nih.gov/pubmed/28393675
https://doi.org/10.1016/0168-583X(95)00918-3
https://doi.org/10.1016/0168-583X(95)00918-3
https://doi.org/10.1016/j.microc.2008.06.001
https://doi.org/10.1586/ern.12.2
http://www.ncbi.nlm.nih.gov/pubmed/22449212
https://doi.org/10.1177/2345678906292430
https://doi.org/10.1016/j.nimb.2014.02.032
https://doi.org/10.1016/j.nimb.2014.02.032
https://doi.org/10.1016/0029-554X(76)90470-5
https://doi.org/10.1007/s00216-008-1866-6
http://www.ncbi.nlm.nih.gov/pubmed/18246461
https://doi.org/10.1039/C5JA00303B
https://doi.org/10.1371/journal.pone.0223636


76. Chu WK, Mayer JW, Nicolet MA. Backscattering spectrometry. Orlando, FL: Academic Press, Inc.,

1978.

77. Ortega R, Devès G, Carmona A. Bio-metals imaging and speciation in cells using proton and synchro-

tron radiation X-ray microspectroscopy. J R Soc Interface. 2009; 6:S649–S658. https://doi.org/10.

1098/rsif.2009.0166.focus PMID: 19605403

78. Campbell JL, Boyd NI, Grassi N, Bonnick P, Maxwell JA. The Guelph PIXE software package IV. Nucl

Instrum Methods Phys Res B. 2010; 268(20):3356−3363. https://doi.org/10.1016/j.nimb.2010.07.012

79. Mayer M. SIMNRA, a simulation program for the analysis of NRA, RBS and ERDA. In: Duggan JL,

Morgan IL, editors. Proceedings of the 15th international conference on the application of accelerators

in research and industry. College Park, MD: American Institute of Physics Conference Proceedings;

1999;475:541.

80. Code of Federal Regulations (21 CFR 101.9). Title 21—Food and drugs. Part 101—Food labeling.

Subpart A—General Provisions. §101.9—Nutrition labeling of food. 2017. Available from: https://www.

ecfr.gov/cgi-bin/text-idx?SID=13b6ba5fb985cc64c070a3bc1f5e6a44&mc=true&node=se21.2.101_

19&rgn=div8. Cited 28 November 2017.

81. Pacquette LH, Thompson JJ. Minerals and trace elements in milk, milk products, infant formula, and

adult/pediatric nutritional formula, ICP-MS Method: Collaborative study, AOAC Final Action 2015.06,

ISO/DIS 21424, IDF 243. J AOAC Int 2018; 101(2):536–561. https://doi.org/10.5740/jaoacint.17-0318

PMID: 29151407

82. Skoog DA, West DM, Holler FJ, Crouch SR. Fundamentals of analytical chemistry. 9th ed. Boston:

Brooks/Cole Division of Thomson Learning, Inc., 2014. p. 86.

83. Collipp PJ, Chen SY. Maitinsky S. Manganese in infant formulas and learning disability. Ann Nutr

Metab. 1983; 27:488−494. https://doi.org/10.1159/000176724 PMID: 6651226

84. Arnaud J, Favier A. Copper, iron, manganese and zinc contents in human colostrum and transitory

milk of French women. Sci Total Environ. 1995; 159:9−15. https://doi.org/10.1016/0048-9697(94)

04314-d PMID: 7846513
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