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Abstract: There is growing concern regarding the effects of toxic element exposure on the develop-
ment of children. However, little is known about the level of toxic elements exposure in Japanese
children. The purpose of this study was to assess the concentrations of multiple elements (aluminum,
cadmium, lead, calcium, copper, iron, magnesium, sodium, zinc) in the hair of 118 Japanese young
children and to explore the factors associated with their element levels. The element concentration
was analyzed by ICP-MS, and children’s food and water intake were assessed by the questionnaire.
Results showed that there were no large differences between the level of elements in the hair of
Japanese children and those of children in other developed countries. Girls had significantly higher
levels of aluminum, copper, and iron (p = 0.000, 0.014, and 0.013, respectively), and boys had a
higher level of sodium (p = 0.006). The levels of calcium, iron, magnesium, and sodium in nursery
school children were significantly higher than those in kindergarten children (p = 0.024, 0.001, 0.046,
and 0.029, respectively). Multiple regression analyses with controlling the confounding variables
showed significant negative associations of frequency of yogurt intake with aluminum and lead
levels (p = 0.015 and 0.037, respectively). When the children were divided into three groups based on
the frequency of yoghurt consumption, viz. L (≤once a week), M (2 or 3 times a week), and H (≥4
to 6 times a week) group, the mean aluminum concentration (µg/g) in the L, M, and H groups was
11.06, 10.13, and 6.85, while the mean lead concentration (µg/g) was 1.76, 1.70, and 0.87, respectively.
Our results suggested the validity of hair element concentrations as an exposure measure of essential
elements and frequent yogurt intake as a viable measure for protecting children from toxic elements.
However, these findings will need to be confirmed in more detailed studies with larger sample sizes
in the future.

Keywords: toxic element; essential element; hair; Japan; sex difference; yogurt; early childhood

1. Introduction

There are global concerns about the adverse effects of toxic element pollution released
by anthropogenic activities such as mining, factories, and e-waste processing on human
health [1,2]. In particular, the adverse effects on the development of children need to be
paid attention because of their vulnerability at a young age [3,4]. Regarding the exposure
level to toxic elements in children, many countries have biomonitoring systems to assess
the level of contamination in their bodies by measuring concentrations of essential as well
as toxic elements in biological samples [5–10]. Despite the past experiences of element
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pollution in Japan, such as “Minamata disease” caused by methylmercury [11] and “Itai-itai
disease” caused by cadmium [12], Japan does not have national biomonitoring systems [13],
and there was a lack of data about the level of toxic elements exposure in Japanese adults,
still less about children.

The purpose of this study is to assess young children’s exposure levels to essential
elements (calcium (Ca), copper (Cu), iron (Fe), magnesium (Mg), sodium (Na), selenium
(Se), and zinc (Zn)), as well as toxic elements (aluminum (Al), cadmium (Cd), and lead
(Pb)). These toxic elements have been demonstrated to have adverse effects on children’s
development. For example, exposure to Pb in childhood was associated with neurode-
velopmental and behavioral problems [3,14,15]. Al was also suggested to have a possible
relationship with developmental disorders such as autism [15,16]. Hg and Cd have been
shown to have an adverse effect on children’s neuropsychological development [17–19].

In biomonitoring assessing the levels of elements exposure, biological samples such
as blood, urine, and hair have generally been used [6,9,20,21]. Whereas levels of elements
in blood and urine are temporary exposure measures, those in hair are retrospective and
reflect long-term exposure depending on hair length, as hair is not affected by metabolic
pathways inside the body after growing outside the skin [22,23]. Moreover, hair is sampled
noninvasively and is easily stored. There have been an increasing number of studies
measuring multiple elements in hair in non-contaminated as well as contaminated areas in
recent years [5,24–29]. In this study, we used children’s hair to assess the exposure levels
to elements.

The second purpose is to explore possible factors that might affect the exposure
level of these elements in children’s hair. The design of this study was directed by the
following considerations.

First, we expected the sex and age of children to associate with the level of elements
in their hair [5,20,30–32]. Secondly, we expected the type of institution (nursery school
or kindergarten) might also be an important factor, as the availability of nutritionally
controlled lunch varies by institution the child attends. Japanese young children usually
go to either nursery school or kindergarten. Nursery school children are provided with
nutritionally controlled lunches and snacks, whereas kindergarten children eat nutritionally
uncontrolled lunches prepared by parents. Based on these facts, we expected there might
be a possibility that essential elements (i.e., mineral) levels in nursery school children
are higher than those of kindergarten children. Thirdly, as food and water intake are
naturally expected to be associated with exposure level to elements [33–36], we considered
it necessary to include the intake of these items. In addition, there is the finding that foods
are not only a source of exposure to elements, but that specific foods reduce the amount
of exposure to toxic elements. For example, the Lactic acid bacteria contained in yogurt
has showed to suppress the toxic element levels in animal and in vitro experiments [37–39].
We considered it important for us to confirm the conductive effect of yogurt intake for
suppressing toxic element levels in Japanese children. Children’s food and water intake was
assessed by the questionnaire survey. Moreover, in the questionnaire, we asked mothers
about the environment around their house, which is supposed to be an important source of
element exposure.

In summary, the purpose of this study was to measure the concentrations of multiple
elements in the hair of Japanese young children and to explore the factors associated with
their element levels.

2. Materials and Methods
2.1. Study Population

In 2012, the research was conducted through kindergartens and nursery schools with
which we, and our acquaintances, had some connections. These kindergartens and nursery
schools are located in 5 regions of Japan (the prefectures of Yamaguchi, Nara, Yamanashi in
the mail islands, Honshu, and the cities of Sapporo and Takikawa in the northern island,
Hokkaido). Parents of children aged 3–6 years from kindergartens and nursery schools were
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asked to answer a questionnaire concerning their children’s demographic information,
food intake, types of drinking and cooking water, and the environment surrounding their
houses. While 1351 questionnaires were distributed, 872 answers were obtained (return
rate = 64.5%). Among the 202 mothers who initially consented to contribute a sample of
their children’s hair without any chemical treatment (stains and/or permanent waves), we
only managed to obtain 118 samples due to various reasons (e.g., parents changing their
minds, incomplete questionnaire). The characteristics of children and their parents are
shown in Table 1.

Table 1. General characteristics of children and their parents.

n %

Total 118
Region

Yamaguchi 16 13.6
Nara 18 15.3
Yamanashi 30 25.4
Sapporo 34 28.8
Takikawa 20 16.9

Sex
Boys 68 57.6
Girls 50 42.4

Children’s age
3 year olds 27 22.9
4 year olds 39 33.1
5 year olds 43 36.4
6 year olds 9 7.6

Type of children care/education
institution

Nursery School 42 35.6
Kindergarten 76 64.4

Father’s age (year) 38.6 ± 5.4
Father’s education

<High school 1 0.8
High school 37 31.4
Technical/Junior college 25 21.2
University 46 39.0
>University 7 5.9
Missing 2 1.7

Mother’s age (year) 36.6 ± 4.7
Mother’s education

<High school 2 1.7
High school 37 31.4
Technical/Junior college 54 45.8
University 24 20.3
>University 1 0.8

Annual family income (yen)
<2,000,000 5 4.2
2,000,000~3,000,000 3 2.5



Int. J. Environ. Res. Public Health 2023, 20, 1186 4 of 18

Table 1. Cont.

n %

3,000,000~5,000,000 49 41.5
5,000,000~7,000,000 36 30.5
7,000,000~10,000,000 17 14.4
>10,000,000 2 1.7

Missing 6 5.1
Drinking water

Tap water 68 57.6
Filtered tap water 37 31.4
Well water 1 0.8
Commercially available Japanese water 21 17.8
Commercially available foreign water 1 0.8
Deep sea water 0 0.0
Missing 1 0.8

Cooking water
Tap water 82 69.5
Filtered tap water 34 28.8
Well water 1 0.8
Commercially available Japanese water 6 5.1
Commercially available foreign water 1 0.8
Deep sea water 0 0.0
Missing 1 0.8

Prior to parents’ answering the questionnaire and to hair sample collection from the
children, the objectives and methods of this study were explained and informed consents
in written form were obtained from them.

2.2. Questionnaire

Parents were asked to complete a questionnaire concerning their demographics, food
consumption, types of drinking and cooking water, and the environment surrounding their
houses. In relation to food consumption, the following items from The Food Frequency
Questionnaire (used in Hokkaido Birth Cohort Study [40] were included: milk, yogurt,
cheese, butter, eggs, fatty fish (sardine, mackerel, salmon, saury, yellowtail, herring, toro of
tuna, etc.), non-fatty fish (trout, white-fleshed fish, bonito, red part of tuna, etc.), and other
seafood (squid, octopus, shrimp, crab, shellfish (clam, freshwater clam, etc.), green and
yellow vegetables (spinach, carrot, tomato, bell pepper, pumpkin, broccoli, etc.), and other
vegetables (onions, cabbage, radish, Chinese cabbage, cauliflower, etc.). For all items, the
frequency of consumption during the past year was questioned, with 8 response options
provided (i.e., almost never, once a month, 2–3 times a month, once a week, 2–3 times a
week, 4–6 times a week, once a day, and at least twice a day).

Concerning the drinking and cooking water, mothers were allowed to choose from
one or two of the following water categories for drinking and cooking, respectively: tap
water, filtered tap water, well water, commercially available Japanese water, commercially
available foreign water, and deep sea water. For each item of water, a score of 1 was
assigned, and when no selection was made, a score of 0 was assigned.

With respect to the environment surrounding their houses, mothers were asked to
choose one or more from the following items: residential area, shopping district, rural area,
fishing village area, factory area, downtown area, heavy traffic, heavy construction, and
near railroad track.
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2.3. Assessment of the Hair Concentration of Elements

Because we wanted hair samples that reflected the children’s food consumption during
the previous year, we instructed the mothers to collect their children’s hair (1 g) between the
root and 12 cm from the scalp, based on the assumption that children’s hair grows at the rate
of 1 cm per month. Mothers were provided with detailed instructions for harvesting their
children’s hair and for returning the sample by post. This procedure has been described in
detail elsewhere [41]. The returned samples were stored at room temperature. The samples
were prepared in a fume hood in order to avoid external contamination. The collected hair
samples were washed with acetone and distilled water and then dried naturally. A part
of the treated hair was accurately weighted with an accuracy of 0.1 mg (approximately
200 mg), dissolved in 4 mL of 70% HNO3 acid (Nitric Acid (1.42) for Ultratrace Analysis,
Wako Pure Chemical Industries), and ashed at 130 ◦C for 20 h, and the volume was fixed
at 10 mL by adding HNO3 acid and ultrapure water. The element concentration in each
sample was analyzed on an Agilent (Santa Clara, CA, USA) ICP-MS7500i using Co, In, and
Tl as the internal standard elements. The human hair reference material, NIES CRM No. 13
(National Institute of Environmental Studies, Tsukuba, Japan), was used for the laboratory
quality control and the validation of results. The recovery rate of each element of standard
hair is as follows: Al (58.7%), Ca (94.5%), Cd (121.7%), Cu (94.8%), Fe (72.6%), Mg (80.9%),
Na (79.5%), Pb (107.0%), Se (174.3%), and Zn (102.7%). The recovery rate of Al was lower
than that of the other elements, possibly due to passivation. Because the recovery rate of Se
was much above 100%, Se was excluded from the following analyses. Analytical precision
was estimated from triplicate analyses of every sample and the mean value was used. The
Relative Standard Deviation (RSD) for all elements except Al, Cd, and Hg were less than
10%. The number of samples with an RSD greater than 10% was two (13.9% and 25.1%) for
Al, one (14.1%) for Hg, and nine (11.9 to 96.0%) for Cd.

2.4. Statistical Analysis

Because of the skewed distributions of the concentration of each element in the hair,
the concentration of each element in the hair was log-transformed for statistical analysis.
Given that the log-transformed values of Na and Fe concentrations in the hair of one child
were outliers, that is, higher than the Q3 (the third quartile) + 3 × (Q3 − Q1), these values
were excluded from the analysis. There was no outlier in other elements. Prior to statistical
analysis, distribution of each log-transformed element was assessed to be normal from each
histogram. As concentrations of Cd were below the limit of detection (0.0294 µg/L) in a
high proportion of the sample (85.6%), they were categorized as detected (1) or undetected
(0) in the correlation analysis. All food consumption frequencies were converted to times
per week, and then were log-transformed, in which the category “almost never” was
assumed to have a value equal to half of “once a month” (0.125/week). Dichotomous
variables such as sex, types of children’s daycare facilities, and usage of tap water with
or without filter were transformed into dummy variables (girls = 0, boys = 1; nursery
school = 0, kindergarten = 1; without filter = 0, with filter = 1). Principal component
analysis was performed to explore the interrelationships among levels of element in hair
and component scores were calculated. Student’s t-test was used to determine the existence
of differences in each component score and element exposure level.

To explore the decreasing effect of yogurt intake on toxic element exposure levels,
multiple regression analysis and analysis of variance were conducted on the toxic element
concentrations in hair. All analyses were carried out using SPSS (version 26). The statistical
significance level was set at 0.05 (p < 0.05).

3. Results
3.1. Element Concentrations in the Hair of Japanese Children

Summary statistics describing element concentrations in children’s hair are shown in
Table 2. The order of the concentration of elements in hair was Ca > Na > Zn > Mg > Cu >
Al > Fe > Pb > Hg > Cd.
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Table 2. Concentration of elements in the hair of Japanese children.

Element n GM a Minimum 25 Percentiles Median 75 Percentiles Maximum

Al (µg/g) 118 7.98 2.04 5.41 8.17 10.78 54.86
Ca (µg/g) 118 270.57 46.06 176.04 279.52 407.13 1514.63

Cd (µg/g) b 118 0.001 0.0004 0.0007 0.0009 0.0011 0.797
Cu (µg/g) 118 11.01 3.95 7.75 9.95 13.94 44.15

Fe (µg/g) d 117 7.24 2.61 5.47 7.09 8.91 30.56
Hg (µg/g) c 118 0.87 0.17 0.54 0.88 1.26 3.20
Mg (µg/g) 118 26.75 4.34 16.56 25.83 40.70 150.57

Na (µg/g) d 117 89.67 6.35 48.54 88.20 182.62 4590.57
Pb (µg/g) 118 0.98 0.14 0.62 0.96 1.49 12.85
Zn (µg/g) 118 49.62 10.91 39.60 51.07 64.22 185.17

a GM: Geometric mean. b Values below the detection limit were set at half of the limit of detection and treated as
real values. c Data comes from Kusanagi et al. [41]. d Outlier was excluded.

3.2. Interrelationships among Elements Concentrations in Children’s Hair

To investigate the interrelationship of the hair element levels, we performed principal
component analysis (PCA) on the correlation matrix of log-transformed elements data. Prior
to the execution of PCA, appropriateness of data was ascertained through KMO and Bartlett
test of Sphericity. Although there were three components with eigenvalues exceeding 1,
an inspection of the scree plot revealed a clear break after the second component. The
two-component solution was further supported by the results of parallel analysis, which
showed only two components with eigenvalues exceeding the corresponding criterion
values for a randomly generated data matrix of the same size. The two-component solution
explained a total of 49.2% of the variance, with Component 1 contributing 29.3% and
Component 2 contributing 19.9%. To aid in the interpretation of these two components,
varimax rotation was performed. The main loadings on component 1 were Mg, Ca, and Zn,
that is, the essential major elements (Table 3). The main loadings on component 2 were Pb,
Al, Fe, Cu, and Cd. Hg and Na had loadings lower than 0.4 on both components 1 and 2.
Based on this PCA, we calculated principal component scores for each child. These scores
are shown by boys and girls (Figure 1a) and by nursery school and kindergarten children
(Figure 1b).

Table 3. Pattern for principal component analysis with varimax rotation of two factor solution of
log-transformed concentrations of children’s hair elements.

Element
Pattern Coefficients

Communalities
Component 1 Component 2

Mg 0.908 0.081 0.832
Ca 0.905 0.167 0.847
Zn 0.586 0.039 0.344
Na 0.385 −0.134 0.166
Hg 0.315 0.083 0.106
Pb −0.088 0.774 0.607
Al 0.104 0.771 0.606
Fe 0.271 0.663 0.513
Cu 0.338 0.605 0.480
Cd −0.254 0.592 0.415

Extraction method: Principal component analysis. Rotation method: Varimax with Kaiser Normalization. Load-
ings with higher than 0.40 are bolded.
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Figure 1. Score plots from the principal component analysis of 117 children’s sample: (a) Boys and
Girls; (b) Nursery school and Kindergarten. One child with outliers for Na and Fe concentrations
was excluded from the principal component analysis.

Student’s t-test was conducted to compare the component 1 and 2 scores between boys
and girls and between nursery school and kindergarten children. There was significant
difference in component 1 scores between nursery school children (mean = 0.28, SD = 0.78)
and kindergarten children (mean = −0.18, SD = 1.05; p = 0.008, two-tailed). Nursery school
children had higher scores in component 1, on which, essential elements had high loading
values. For component 2, girls (mean = 0.25, SD = 1.13) had higher scores than boys
(mean = −0.21, SD = 0.82; p = 0.012, two-tailed).

3.3. Associations of Children’s Hair Element Level with Demographics, Food and Water Intake, and
Environment around Their House

Among the demographic, food intake, and drinking and cooking water variables, only
variables which significantly related to any log-transformed value of element concentration
were shown (Table 4). Among the variables concerning drinking and cooking water,
those chosen by less than 10% of the respondents were excluded from further analysis.
Concerning the environment around children’s houses, most of their houses were located
in residential areas (72%) and the other options were selected no more than 10% of the time,
except heavy traffic (35.9%). With respect to “heavy traffic,” since subjective factors seemed
to have influenced some mothers’ judgement of the heaviness of traffic in the surroundings
of their houses, we decided to exclude all these environment variables from analysis. The
sex of the children and the type of facilities that children attend had significant correlations
with some element levels, as expected from the result in the principal component scores.
Girls had significantly higher levels of Al, Cu, and Fe, and boys had higher levels of Na.
The hair levels of Ca, Fe, Mg, and Na in nursery school children were higher than those in
kindergarten children. These results were confirmed by the t-test for each log-transformed
element concentration of hair between boys and girls and between nursery school and
kindergarten children (Table 5).
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Table 4. Pearson correlations between log-transformed hair elements’ concentrations and demo-
graphic and food and water consumption (p values in parentheses).

Al Ca Cd Cu Fe Hg Mg Na Pb Zn

Demographics

Sex a −0.33 −0.04 0.11 −0.23 −0.25 0.04 −0.03 0.25 0.00 −0.04

(n = 118) (0.000) (0.662) (0.246) (0.014) (0.007) (0.679) (0.737) (0.006) (0.987) (0.643)

Age 0.03 0.01 −0.16 0.10 −0.04 0.02 0.02 0.00 −0.20 0.16

(n = 118) (0.764) (0.905) (0.088) (0.288) (0.705) (0.851) (0.876) (0.984) (0.034) (0.093)

Paternal education −0.06 0.09 −0.10 0.08 −0.09 0.19 0.10 0.26 0.06 −0.05

(n = 116) (0.531) (0.322) (0.302) (0.376) (0.354) (0.047) (0.301) (0.005) (0.533) (0.590)

Family income −0.07 0.02 −0.22 0.24 −0.09 0.28 −0.01 0.03 −0.06 −0.02

(n = 112) (0.453) (0.839) (0.023) (0.011) (0.329) (0.003) (0.909) (0.736) (0.543) (0.821)

Nursery school/Kindergarten b −0.10 −0.19 −0.10 −0.04 −0.30 −0.03 −0.18 −0.20 −0.01 −0.14

(n = 118) (0.306) (0.040) (0.290) (0.693) (0.001) (0.741) (0.046) (0.029) (0.933) (0.141)

Food intake

Milk −0.07 −0.13 0.11 −0.24 −0.12 −0.13 −0.08 0.04 −0.06 −0.17

(n = 117) (0.484) (0.176) (0.259) (0.009) (0.187) (0.161) (0.380) (0.674) (0.499) (0.073)

Yogurt −0.22 −0.09 0.01 −0.23 −0.13 −0.07 −0.06 0.06 −0.20 −0.02

(n = 117) (0.016) (0.335) (0.958) (0.012) (0.167) (0.459) (0.506) (0.552) (0.027) (0.802)

Fatty fish 0.11 0.18 0.06 0.07 −0.04 0.29 0.15 0.16 0.13 −0.15

(n = 117) (0.255) (0.055) (0.513) (0.465) (0.684) (0.002) (0.096) (0.093) (0.162) (0.118)

Non-fatty fish 0.04 0.19 0.05 −0.09 −0.10 0.18 0.15 −0.00 −0.01 −0.06

(n = 118) (0.677) (0.042) (0.632) (0.322) (0.294) (0.056) (0.115) (0.989) (0.956) (0.516)

Shellfish 0.01 0.08 −0.01 −0.01 0.00 0.22 0.06 0.04 0.01 −0.07

(n = 118) (0.943) (0.387) (0.926) (0.904) (0.975) (0.020) (0.556) (0.680) (0.944) (0.469)

Green and yellow vegetables −0.12 0.25 −0.01 0.07 −0.02 0.22 0.23 −0.07 −0.08 0.09

(n = 117) (0.190) (0.006) (0.898) (0.474) (0.796) (0.016) (0.013) (0.432) (0.388) (0.317)

Other vegetables −0.05 0.16 −0.06 0.01 0.00 0.28 0.16 −0.14 −0.06 0.05

(n = 118) (0.570) (0.080) (0.508) (0.929) (0.999) (0.002) (0.081) (0.133) (0.539) (0.568)

Cooking water

Tap water c 0.25 −0.09 0.01 −0.16 0.16 −0.12 −0.13 0.14 0.04 −0.10

(n = 117) (0.007) (0.329) (0.961) (0.091) (0.083) (0.189) (0.162) (0.122) (0.702) (0.290)

Filtered tap water c −0.21 0.06 0.00 0.01 −0.11 0.09 0.07 −0.15 −0.06 0.08

(n = 117) (0.021) (0.522) (0.973) (0.925) (0.235) (0.325) (0.489) (0.112) (0.528) (0.371)

a boy = 1, girl = 0; b Kindergarten = 1, Nursery school = 0; c yes = 1, no = 0.
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Table 5. Mean and standard deviation in the hair of boys and girls in Japanese children.

Element
Boys vs. Girls p Value

(t-Test)

Nursery School vs. Kindergarten p Value
(t-Test)

(n = 68) (n = 50) (n = 42) (n = 76)

Al (µg/g) 7.78 ± 5.34 12.49 ± 9.96 0.000 11.24 ± 10.23 8.97 ± 6.30 0.306

Ca (µg/g) 332.90 ± 271.80 369.87 ± 281.99 0.662 390.17 ± 301.64 325.57 ± 259.27 0.024 b

Cd (µg/g) a 0.02 ± 0.06 0.02 ± 0.11 0.141 b 0.02 ± 0.08 0.02 ± 0.09 0.758

Cu (µg/g) 11.34 ± 7.00 14.68 ± 9.09 0.014 13.59 ± 9.67 12.29 ± 7.09 0.693

Fe (µg/g) 6.91 ± 1.94 9.31 ± 5.67 0.013 b 9.39 ± 5.11 7.13 ± 3.25 0.001

Hg (µg/g) 1.06 ± 0.65 0.99 ± 0.60 0.679 1.05 ± 0.62 1.02 ± 0.64 0.741

Mg (µg/g) 34.11 ± 31.05 36.15 ± 28.93 0.737 39.72 ± 33.48 32.35 ± 27.88 0.046

Na (µg/g) 267.79 ± 610.06 106.16 ± 122.86 0.006 204.56 ± 301.50 195.44 ± 549.23 0.029

Pb (µg/g) 1.31 ± 1.11 1.80 ± 2.83 0.987 1.48 ± 1.98 1.54 ± 2.06 0.933

Zn (µg/g) 51.65 ± 17.05 59.12 ± 35.72 0.665 b 59.92 ± 32.79 52.00 ± 22.46 0.141

a Values below the detection limit were set at half of the detection level and treated as real values. b p Values from
Welch’s t-test.

Children’s age had a significant relation with the log-transformed Pb hair concentra-
tion; younger children had higher levels of Pb than older children. There were significant
relations between paternal education level and Na, and between family income and Cd and
Cu, whereas body weight, parental ages, and maternal education were not significantly
associated with any element concentration in children’s hair.

The log-transformed yogurt intake frequency showed significant negative relations
with the log-transformed concentrations of Al, Cu, and Pb, but not with those of Cd
and Hg. The log-transformed concentration of Al was also significantly associated with
cooking tap water and cooking filtered tap water, but not with any kinds of drinking
water. The log-transformed concentration of Cu was also related to the log-transformed
intake frequency of cow milk. The log-transformed concentration of Ca and Mg showed
significant positive associations with consumption of “green and yellow vegetables”, which
contain a lot of these minerals. The log-transformed concentration of Ca was also related to
the log-transformed non-fatty fish intake frequency.

To further clarify the effect of yogurt consumption on reducing the exposure levels of
toxic elements, that is, Al and Pb, multiple regression analysis was performed. Due to the
relatively large number of controlling variables as compared with the number of samples,
only the demographic variables significantly associated to any of the two toxic elements in
the correlation analysis. Consequently, only sex and age were entered as the controlling
variables. In addition, in the regression model of Al, only tap water was entered into the
model to avoid muticollinearity, because correlation between tap water and filtered tap
water in the cooking were high (r = −0.73). The log-transformed yogurt intake frequency
still had a significant negative effect on log-transformed concentrations of Al and Pb in
children’s hair after controlling these variables (Table 6).

In order to explore the reducing effect of yogurt intake on exposure level of Hg,
regression analysis was performed entering sex, age, and foods with significant correlations
with log-transformed concentration of Hg as the controlling variables. Yogurt intake had
no reducing effect on exposure level of Hg and only fatty fish were significantly associated
with log-transformed Hg level. As most of the concentrations of Cd were below the limit of
detection, regression analyses on Cd were not executed.
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Table 6. Multiple regression analysis predicting the log-transformed hair Al and Pb concentrations in
children’s hair.

Variables B SE B β p Value

Al (adjusted R2 = 0.172)
Sex a −0.16 0.04 −0.30 0.001
Age 0.01 0.03 0.05 0.591
Yogurt consumption −0.11 0.05 −0.21 0.015
Tap water in cooking b 0.13 0.05 0.22 0.011

Pb (adjusted R2 = 0.050)
Sex a 0.01 0.07 0.01 0.888
Age −0.08 0.04 −0.18 0.047
Yogurt consumption −0.15 0.07 −0.19 0.037

a boy = 1, girl = 0; b yes = 1, no = 0.

To ascertain the minimal frequency of yogurt consumption required to obtain a signifi-
cant reduction of concentration levels of Al and Pb, subjects were divided into three groups:
L group (≤once a week), M group (2 or 3 times a week), and H group (≥4 to 6 times a week).
Analysis of variance was performed to examine the differences between log-transformed
Al and Pb concentrations across these groups. Significant effects from yogurt consumption
were observed for log-transformed Al [F (2, 114) = 3.65, p = 0.029] and Pb concentrations
[F (2, 114) = 4.16, p = 0.018]. The results of the post-hoc comparison indicated that the mean
of the log-transformed Al concentrations in the H group was significantly lower than that
in the L group, and the mean of the log-transformed Pb concentrations in the H group was
lower than that in the M and L groups (Figure 2). The mean Al concentrations in the L, M,
and H groups were 11.06 µg/g, 10.13 µg/g, and 6.85 µg/g, while that of Pb was 1.76 µg/g,
1.70 µg/g, and 0.87 µg/g, respectively.
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4. Discussion

To the best of our knowledge, this is the first study since studies performed over
30 years ago [42,43] to assess the levels of multiple elements including toxic elements in
Japanese children’s hair. The element concentrations of past Japanese and those from
children of other countries are shown in Table 7. Most of the element concentrations in
Japanese hair, except for Al and Cu, have decreased over the last few decades, as compared
to past Japanese data, including that of adults [42,43]. Compared to the level of elements in
children’s hair in other developed countries, levels of Zn, Fe, and Cd in the hair of Japanese
children were lower than those of most of the other developed countries [5,24,44–46], and
levels of Cu, Hg, Pb, and Zn were similar to those of Spain [47], where data on some
elements were not available. Thus, there was no large difference between the level of
elements in the hair of Japanese children and those of children in other developed countries.
This might be due to the globalization of eating habits.

Table 7. Summary of studies reporting trace elements’ concentrations in hair of children from other
countries (µg/g).

Age (Years) n Al Ca Cd Cu Fe Hg Na Mg Pb Zn

This study b 3–6 118 8.17 279.52 0.001 9.95 7.09 0.88 88 25.83 0.96 51.07
Non-polluted area

Tokyo, Japan (male) b, [42] 37.9 ± 15.6 1008 6.3 500 0.11 10 13 4.50 240 50 2.60 150
Fukui, Japan c,d, [43] 2–80 457 13.3 700 0.28 10.7 15.0 2.2 153 127 3.62 114
Korea b, [5] 3–6 655 8.08 195.6 0.07 11.84 11.82 0.43 22.44 10.13 1.43 66.23
Germany a, [20] 6–14 736 6.57 269 0.048 14.9 NA NA NA 16.6 1.02 141
Rome, Italy b, [44] 3–15 412 8.45 369 0.14 10.1 12.7 NA NA 20.2 5.60 149
Palermo, Sicily, Italy b, [45] 11–13 137 6.09 NA 0.03 19.95 NA NA NA NA 0.78 179.2
Montalto di Castro etc., Italy b, [46] 9–10 92 NA 333 0.039 10.3 10.8 NA NA 27.7 1.12 173
Madrid, Spain c, [24] 0–18 648 23.8 NA 0.0289 50.8 17.3 NA NA NA 1.23 131.0
Alcalá de Henares, Spain a, [47] 6–9 117 6.35 NA 0.46 11.27 NA 0.82 NA NA 1.03 64.55
Turkey b,d, (non-smoking households) [48] 1–6 45 2.95 NA 0.0089 6.58 6.74 0.013 NA NA 0.625 169.4
Seltso, Russia b, [31] 8.1 ± 1.1 84 17.2 1329 0.12 10.1 37.6 0.14 304 206 1.55 135
Varna, Russia b,d, [25] 14.3 ± 1.3 25 NA 523.7 0.067 7.82 10.34 NA NA 104.7 1.96 136.3
Porto Alegre, Brazil b,d, [49] 12–18 126 NA NA 0.003 3.7 NA NA NA 10 0.1 59
Uruguay c, [50] 0.5–3 180 NA NA 0.28 NA NA NA NA NA 17.64 NA

Bolivia (downtown) a, [51] 7.6 ± 0.5 71 NA NA 0.08
d

6.89
d NA 0.15

d NA NA 2.32 85.28

Dhaka, Bangladesh b, [52] 9–10 207 NA 521 0.029 8.9 72 NA NA 64 1.6 154
Kingdom of Saudi Arabia c,d,f, [53] 6.25 ± 2.31 25 7.03 320.49 0.06 19.69 11.02 0.30 NA 70.21 0.01 149.86
Australia c,d,e , (children in flood area) [54] 4 75 18.53 365.93 0.06 38.48 12.36 0.43 349.03 55.20 1.92 145.86

Polluted area
China (mining area) b,d, [55] 12.37 ± 2.21 549 NA NA 0.10 NA NA NA NA NA 4.19 211.52
Russia (toxic waste disposal) b, [31] 7.6 ± 1.3 82 19.5 541 0.11 10.4 46.2 0.09 194 53.5 2.48 107

Bolivia (mining area) a, [51] 7.9 ± 1.0 60 NA NA 0.07
d

11.37
d NA 0.49

d NA NA 14.08 123.66

Russia (cooper smelter) b,d, [25] 14.7 ± 1.1 46 NA 217.0 0.118 11.27 15.13 NA NA 27.9 5.44 166.0
Mt. Etna, Italy b, [26] 11–13 376 4.90 NA 0.01 13.3 11.2 NA NA NA 0.58 199
Iglesias, Italy (mine sites) a, [27] 11–13 59 4.2 NA 0.16 18 13.0 NA NA NA 1.5 290
Spain (hazardous waste incinerator) b, [29] 10–13 94 NA NA 0.02 NA NA 0.59 NA NA 0.93 NA

a Geometric mean, b Median, c Mean, d no statistical analysis for sex difference, e Mean values for boys and girls
were calculated by the author, f control group. ND = not detected, NA = not available, Bold: female > male, Italic:
male > female.

An additional point worth mentioning is that there is a certain pattern in sex difference
in hair element levels. Our results showed that Al, Cu, and Fe levels in girls were higher
than those in boys, whereas the Na levels in boys’ hair were higher than those in girls’ hair.
Table 7 showed the sex difference in levels of elements of children’s hair in other countries.
All significant sex differences in Cu and Fe in other countries showed that girls’ levels
were higher than boys’ [5,20,24,27,31,47]. Sex differences in Al levels in other countries
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were also similar to our result, except for Germany, in which boys had higher Al levels
than girls [20,45,47]. Although there were limited studies measuring Na concentration in
children’s hair, boys had higher Na levels than girls in all studies reporting significant sex
differences in Na, including contaminated areas [5,31]. Whereas no sex differences in Ca,
Mg, and Zn levels in hair were observed in our results, Ca and Mg levels in girls were
higher than those in boys in all studies of other countries (Germany, Italy, Russia, and
Bangladesh) reporting significant sex differences in Ca and Mg [20,31,44,46,52], and Zn
levels in girls were also higher than that in boys, except for a study in Korea [5,27,45,51].
In other biological samples in previous studies, sex differences in essential elements’ con-
centrations have been shown to be higher in girls in general [56]. On the other hand,
concerning the studies showing significant sex differences in Pb and Cd, boys had higher
Pb levels than girls [5,20,29,51] and girls had higher levels of Cd than boys, except one
study, respectively [20,24,27,31].

There are several possible causes of sex differences. One is the difference in behavioral
access to the source of exposure. For example, boys may have more opportunities to come
into contact with toxic elements in soil because they are more active and play outdoors more
often than girls [45,57]. Other explanations are due to the sex differences in eating habits
and diets [21] and/or growth rates [58]. In addition, still unknown hormonal systems are
suggested to influence sex differences in element levels in hair [59]. The results that show
girls are more exposed to essential elements and boys are more exposed to toxic elements
might be related to the biological vulnerability of boys [60]. Children’s age had significant
relation only with Pb level: younger children had higher levels of Pb than older children,
which is consistent with previous reports in other countries [32,50,59]. Exposure sources of
Pb include factory, e-waste processing, some home paints, drinking water through older
lead pipes, and leaded gasoline emission [61]. The former two are unlikely in the area
where our sample was gathered. Paints had not been used in most of the Japanese houses.
Thus, leaded gasoline emission and old lead water pipes are more likely to be the sources
of Pb exposure in Japanese children.

The Pb in ambient air and the exposure amount of humans to Pb was globally reduced
by more than half, due to the wider use of lead-free gasoline by the end of 2000 [62–64]. As
Japan had completed the non-lead gasoline system in 1983 [65], the Pb levels in hair in our
sample were reduced to less than half that of adults in the 1980’s (Table 7). However, Pb
emitted from vehicles before the completion of non-lead gasoline systems had contaminated
and remained on topsoil. Takaoka et al. [66] measured Pb concentration in the surface soil
on playgrounds in Tokyo and concluded that gasoline Pb from the past contributed to
increased Pb concentration in the surface soil.

As young children are close to the ground and easily inhale fugitive dust containing Pb,
and often bring their unwashed hands to their mouths, younger children might have higher
Pb exposure than older children, a conclusion consistent with our results and similar results
obtained in other countries [24,50,59]. When a child unintentionally ingests 200 mg of soil
a day, the amount of that child’s intake of Pb from the soil was estimated to exceed their Pb
intake from food [67]. Mielke et al. [68] also indicated that Pb in topsoil is an important
factor in children’s Pb exposure, based on the survey in metropolitan New Orleans.

In addition, drinking water supplied through aged lead pipes in old houses could be
another source of exposure. Whereas most of the water pipes that distribute water from
water treatment facilities have been replaced by pipes made from materials other than lead
by local governments, the water pipes that lead from the distributing pipes to the faucets in
the house are privately owned. These aged lead pipes remain in use in old houses, which
might be a source of higher levels of Pb in children’s hair.

As expected from the difference in nutritional management of meals eaten in nursery
schools and kindergartens, nursery school children’s hair had higher levels of elements,
especially essential elements. A nursery school is a facility for children of working mothers,
and is under the supervision of the Ministry of Health, Labor and Welfare. It provides
children with lunch and snacks, following prescription. For example, it is stipulated
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that nursery schools should provide one third of the required daily mineral intake for
children in lunch and about 10–20% in snack. On the other hand, kindergarten is under
the supervision of the Ministry of Education, Culture, Sports, Science and Technology, and
there is no national stipulation concerning the dietary contents of kindergarten lunches.
Thus, children in some kindergartens eat lunch boxes made by their parents, and in other
kindergartens, children eat outsourced lunches. Accordingly, nursery school children could
be in a more ideal nutritional condition than kindergarten children, a fact that could explain
the results obtained in this study, i.e., nursery school children having higher levels of
these minerals.

In addition, the result showing that loadings of Hg on both components 1 and 2 were
lower than 0.4 in PCA implies that potential source of Hg could be different from exposure
sources of elements loading component 1 and 2. This coincides with the results showing
that the main exposure source of Hg was reported to be fatty fish in Kusanagi et al. [41].
Although some researchers have doubts about the validity of hair concentration as an
exposure measure [52,69,70], our results suggest that hair element analysis is an effective
tool for nutritional assessment, even in developed countries, as has been demonstrated in
the study of nutritional intervention by WEP and the government program in Tajikistan [71].

Finally, the result showing that yogurt intake frequency was significantly negatively
related to the concentrations of Al and Pb seems to be important. This suggested that
yogurt intake might have a beneficial effect of suppressing the absorption of Pb and Al into
children’s bodies and reducing exposure levels of these toxic elements in children, even in
a developed country like Japan. In addition, it was suggested that consumption of yogurt
four or more times a week could reduce the exposure level to Pb by about half and Al
exposure level by about 40% when compared to a group consuming yogurt less frequently.
Although removing the sources of toxic elements would logically be the priority measure
to take, such a measure can be both costly and time consuming. Thus, before this can be
achieved, proposing frequent intake of yogurt should be considered as a viable alternative
for reducing the harmful effects of toxic elements, as our results would suggest.

In recent years, there have been extensive studies on fermented foods like yogurt as
probiotics, as evidenced by a recently established view that the intestinal microbiota is
an interface between food and health [38,72,73]. Lactobacillus contained in yogurt has
been demonstrated to inhibit the uptake of toxic elements like Pb, Cd, Hg, and Al, and
promotes their excretion by many kinds of mechanisms: binding elements to their cell
surfaces [74–77], converting toxic elements to a less toxic form [38], and preventing the
disruption of the human intestinal barrier [78].

While these studies examining the mechanism are confined to experiments on animals
or in vitro, few studies have examined the effect of yogurt in the actual human body. To our
best knowledge, only the study by Bisanz et al. [79] that addressed the effects of yogurt in a
human population, with a particular focus on pregnant women and children, showed the
effects of consumption of Lactobacillus in reducing blood levels of Hg and As in pregnant
women, but no effect on Pb level in pregnant women nor on toxic elements in children.
While the result of the present study showed that yogurt consumption has an effect of
reducing hair levels of Pb and Al, there was no association between yogurt consumption
and Hg and Cd levels in our results. Hg levels in the blood of pregnant women and children
in the study by Bisanz et al. noted above were below half of those of Japanese [80]. Our
finding of a non-significant association between yogurt consumption frequency and Hg
exposure level might suggest that the conductive effect of yogurt intake depends on the
level of Hg exposure.

Another important finding of the present study was that after controlling other de-
mographic variables, children in homes that used tap water for cooking showed higher
Al concentration levels than children whose homes did not use tap water for cooking. Al
is contained in tap water, as aluminum salts are used worldwide as coagulants in water
treatment facilities. Our survey also showed that 80% of households that did not use tap
water for cooking used filtered tap water through a water purifier, which may account
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for the lower Al level found among children coming from households that did not use
tap water. From the calculation of the β value (0.22) of tap water usage in the regression
analysis, the contribution of tap water consumption to Al exposure level was estimated to
be 4.8% of the total intake variance. This estimation was consistent with the description of
the World Health Organization [81] that the contribution of drinking water to the total oral
exposure to Al is usually less than 5% of the total intake.

Needless to say, this study has limitations. First, we investigated only four toxic and
six essential elements in children’s hair; most concentrations of Cd in hair were below the
limit of detection, and the recovery rates of Al and Se were worse. In order to provide
reference values of elements for Japanese children’s hair and to obtain clearer conclusions
about factors affecting element levels, assessments of more elements with a larger sample
size under conditions that allow measurement to lower concentrations of trace elements
are needed. Second, to examine the associated factors with the concentrations of elements
in hair, we only asked about the approximate frequency of food and water intake in the
questionnaire, which could have contributed to the low correlation coefficients between
intake of food and water and elements level in hair. In addition, mother’s answers might
be affected by their memory biases. It would be necessary to examine dietary intake in
detail and/or assess the concentrations of elements in multiple meals eaten by children
and in tap water and filtered water at home. Finally, because the degree of effect of
yogurt in suppressing the absorption of toxic elements might depend on the type of lactic
acid bacteria, it will be necessary to specify the type of lactic acid bacteria in the yogurt
consumed by children, and to examine the association between the type of lactic acid
bacteria and the effects of reducing the levels of toxic elements in future studies.

5. Conclusions

There were no large differences between the levesl of essential (Ca, Fe, and Mg) and
toxic elements (Al and Pb) in the hair of Japanese children and those of children in other
developed countries. Sex is an important factor affecting hair element concentrations,
suggesting that there is a certain pattern with respect to sex differences. The higher
concentrations of essential elements in nursery school children who were provided with a
nutritionally controlled diet than in kindergarten children who were not, suggested the
validity of hair element concentrations as an exposure measure, at least for these essential
elements. It is also suggested that frequent intake of yogurt may reduce exposure levels
to Pb and Al in children in a developed country like Japan; therefore, suggesting frequent
intake of yogurt could be an important strategy for protecting children from these toxic
elements. However, more detailed studies with larger sample sizes are required in the
future to confirm our results.

Author Contributions: E.K.: Conceptualization, Formal analysis, Funding acquisition, Investigation,
Project administration, and Writing—Original Draft; H.T.: Investigation; N.H.: Data curation and
Investigation; S.-J.C. and M.A.: Resources and Writing—Reviewing and Editing. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by JSPS KAKENHI (Grant Numbers JP23330208 and JP20H01664).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of Kokugakuin University Hokkaido
Junior College (on 6 July 2011).

Informed Consent Statement: Written informed consent was obtained from the parents in written form.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable request.

Acknowledgments: We thank the parents and their children who participated in this study. We also
wish to express our gratitude to Reiko Kishi for providing us with the food intake questionnaire.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Environ. Res. Public Health 2023, 20, 1186 15 of 18

References
1. Li, L.; Zhang, Y.; Ippolito, J.A.; Xing, W.; Qiu, K.; Yang, H. Lead smelting effects heavy metal concentrations in soils, wheat, and

potentially humans. Environ. Pollut. 2019, 257, 113641. [CrossRef] [PubMed]
2. Dorea, J.G. Neurodevelopment and exposure to neurotoxic metal(loid)s in environments polluted by mining, metal scrapping

and smelters, and e-waste recycling in low and middle-income countries. Environ. Res. 2021, 197, 111124. [CrossRef] [PubMed]
3. Canfield, R.L.; Henderson, C.R.; Cory-Slechta, D.A.; Cox, C.; Jusko, T.A.; Lanphear, B.P. Intellectual Impairment in Children with

Blood Lead Concentrations below 10 µg per Deciliter. N. Engl. J. Med. 2003, 348, 1517–1526. [CrossRef] [PubMed]
4. Dorea, J.G. Multiple low-level exposures: Hg interactions with co-occurring neurotoxic substances in early life. Biochim. Biophys.

Acta Gen. Subj. 2019, 1863, 129243. [CrossRef] [PubMed]
5. Park, H.S.; Shin, K.O.; Kim, J.S. Assessment of reference values for hair minerals of Korean preschool children. Biol. Trace Elem.

Res. 2007, 116, 119–130. [CrossRef]
6. Vogel, N.; Murawski, A.; Schmied-Tobies, M.I.H.; Rucic, E.; Doyle, U.; Kampfe, A.; Hora, C.; Hildebrand, J.; Schafer, M.; Drexler,

H.; et al. Lead, cadmium, mercury, and chromium in urine and blood of children and adolescents in Germany—Human
biomonitoring results of the German Environmental Survey 2014–2017 (GerES V). Int. J. Hyg. Environ. Health 2021, 237, 113822.
[CrossRef]

7. Középesy, S.; Kovács, K.; Náray, M.; Tóth, E.; Csaja, T.; Frankó, E.; Kovács, A.; János Varró, M.; Den Hond, E.; Govarts, E.; et al.
Democophes Hu—A Human Biomonitoring Study for the Assessment of Environmental Exposures of School-Aged Children and
their Mothers in Hungary. Cent. Eur. J. Occup. Environ. Med. 2017, 23, 191–215.

8. Den Hond, E.; Govarts, E.; Willems, H.; Smolders, R.; Casteleyn, L.; Kolossa-Gehring, M.; Schwedler, G.; Seiwert, M.; Fiddicke, U.;
Castano, A.; et al. First steps toward harmonized human biomonitoring in Europe: Demonstration project to perform human
biomonitoring on a European scale. Environ. Health Perspect. 2015, 123, 255–263. [CrossRef]

9. Centers for Disease Control an Prevention. National Health and Nutrition Examination Survey. Available online: https:
//www.cdc.gov/nchs/nhanes/index.htm (accessed on 29 November 2022).

10. Pino, A.; Chiarotti, F.; Calamandrei, G.; Gotti, A.; Karakitsios, S.; Handakas, E.; Bocca, B.; Sarigiannis, D.; Alimonti, A. Human
biomonitoring data analysis for metals in an Italian adolescents cohort: An exposome approach. Environ. Res. 2017, 159, 344–354.
[CrossRef]

11. Harada, M. Minamata Disease: Methylmercury Poisoning in Japan Caused by Environmental Pollution. Crit. Rev. Toxicol. 1995,
25, 1–24. [CrossRef]

12. Inaba, T.; Kobayashi, E.; Suwazono, Y.; Uetani, M.; Oishi, M.; Nakagawa, H.; Nogawa, K. Estimation of cumulative cadmium
intake causing Itai-itai disease. Toxicol. Lett. 2005, 159, 192–201. [CrossRef]

13. Nakayama, S. World Trends in Human Biomonitoring and Challenges in Japan: Implementation and Application in Policy
Making. Trends Sci. 2020, 25, 80–87. (In Japanese) [CrossRef]

14. Eubig, P.A.; Aguiar, A.; Schantz, S.L. Lead and PCBs as risk factors for attention deficit/hyperactivity disorder. Environ. Health
Perspect. 2010, 118, 1654–1667. [CrossRef]

15. Blaurock-Busch, E.; Amin, O.R.; Dessoki, H.H.; Rabah, T. Toxic metals and essential elements in hair and severity of symptoms
among children with autism. Maedica 2012, 7, 38–48.

16. Mold, M.; Umar, D.; King, A.; Exley, C. Aluminium in brain tissue in autism. J. Trace Elem. Med. Biol. 2018, 46, 76–82. [CrossRef]
17. Grandjean, P.; Weihe, P.; Debes, F.; Choi, A.L.; Budtz-Jorgensen, E. Neurotoxicity from prenatal and postnatal exposure to

methylmercury. Neurotoxicol. Teratol. 2014, 43, 39–44. [CrossRef]
18. Rodriguez-Barranco, M.; Lacasana, M.; Gil, F.; Lorca, A.; Alguacil, J.; Rohlman, D.S.; Gonzalez-Alzaga, B.; Molina-Villalba, I.;

Mendoza, R.; Aguilar-Garduno, C. Cadmium exposure and neuropsychological development in school children in southwestern
Spain. Environ. Res. 2014, 134, 66–73. [CrossRef]

19. Reuben, A.; Frischtak, H.; Berky, A.; Ortiz, E.J.; Morales, A.M.; Hsu-Kim, H.; Pendergast, L.L.; Pan, W.K. Elevated Hair Mercury
Levels Are Associated With Neurodevelopmental Deficits in Children Living Near Artisanal and Small-Scale Gold Mining in
Peru. Geohealth 2020, 4, e2019GH000222. [CrossRef]

20. Seifert, B.; Becker, K.; Helm, D.; Krause, C.; Schulz, C.; Seiwert, M. The German Environmental Survey 1990/1992 (GerES II):
Reference concentrations of selected environmental pollutants in blood, urine, hair, house dust, drinking water and indoor air.
J. Expo. Sci. Environ. Epidemiol. 2000, 10, 552–565. [CrossRef]

21. Kumakli, H.; Duncan, A.V.; McDaniel, K.; Mehari, T.F.; Stephenson, J.; Maple, L.; Crawford, Z.; Macemore, C.L.; Babyak, C.M.;
Fakayode, S.O. Environmental biomonitoring of essential and toxic elements in human scalp hair using accelerated microwave-
assisted sample digestion and inductively coupled plasma optical emission spectroscopy. Chemosphere 2017, 174, 708–715.
[CrossRef]

22. Pereira, R.; Ribeiro, R.; Goncalves, F. Scalp hair analysis as a tool in assessing human exposure to heavy metals (S. Domingos
mine, Portugal). Sci. Total Environ. 2004, 327, 81–92. [CrossRef] [PubMed]

23. Unkiewicz-Winiarczyk, A.; Gromysz-Kalkowska, K.; Szubartowska, E. Aluminium, cadmium and lead concentration in the hair
of tobacco smokers. Biol. Trace Elem. Res. 2009, 132, 41–50. [CrossRef] [PubMed]

24. Ballesteros, M.T.L.; Serrano, I.N.; Alvarez, S.I. Reference levels of trace elements in hair samples from children and adolescents in
Madrid, Spain. J. Trace Elem. Med. Biol. 2017, 43, 113–120. [CrossRef] [PubMed]

http://doi.org/10.1016/j.envpol.2019.113641
http://www.ncbi.nlm.nih.gov/pubmed/31767230
http://doi.org/10.1016/j.envres.2021.111124
http://www.ncbi.nlm.nih.gov/pubmed/33861977
http://doi.org/10.1056/NEJMoa022848
http://www.ncbi.nlm.nih.gov/pubmed/12700371
http://doi.org/10.1016/j.bbagen.2018.10.015
http://www.ncbi.nlm.nih.gov/pubmed/30385391
http://doi.org/10.1007/BF02685925
http://doi.org/10.1016/j.ijheh.2021.113822
http://doi.org/10.1289/ehp.1408616
https://www.cdc.gov/nchs/nhanes/index.htm
https://www.cdc.gov/nchs/nhanes/index.htm
http://doi.org/10.1016/j.envres.2017.08.012
http://doi.org/10.3109/10408449509089885
http://doi.org/10.1016/j.toxlet.2005.05.011
http://doi.org/10.5363/tits.25.11_80
http://doi.org/10.1289/ehp.0901852
http://doi.org/10.1016/j.jtemb.2017.11.012
http://doi.org/10.1016/j.ntt.2014.03.004
http://doi.org/10.1016/j.envres.2014.06.026
http://doi.org/10.1029/2019GH000222
http://doi.org/10.1038/sj.jea.7500111
http://doi.org/10.1016/j.chemosphere.2017.02.032
http://doi.org/10.1016/j.scitotenv.2004.01.017
http://www.ncbi.nlm.nih.gov/pubmed/15172573
http://doi.org/10.1007/s12011-009-8390-1
http://www.ncbi.nlm.nih.gov/pubmed/19404591
http://doi.org/10.1016/j.jtemb.2016.12.010
http://www.ncbi.nlm.nih.gov/pubmed/28063766


Int. J. Environ. Res. Public Health 2023, 20, 1186 16 of 18

25. Skalny, A.V.; Zhukovskaya, E.V.; Kireeva, G.N.; Skalnaya, M.G.; Grabeklis, A.R.; Radysh, I.V.; Shakieva, R.A.; Nikonorov, A.A.;
Tinkov, A.A. Whole blood and hair trace elements and minerals in children living in metal-polluted area near copper smelter in
Karabash, Chelyabinsk region, Russia. Environ. Sci. Pollut. Res. Int. 2018, 25, 2014–2020. [CrossRef] [PubMed]

26. Varrica, D.; Tamburo, E.; Dongarra, G.; Sposito, F. Trace elements in scalp hair of children chronically exposed to volcanic activity
(Mt. Etna, Italy). Sci. Total Environ. 2014, 470–471, 117–126. [CrossRef]

27. Varrica, D.; Tamburo, E.; Milia, N.; Vallascas, E.; Cortimiglia, V.; De Giudici, G.; Dongarra, G.; Sanna, E.; Monna, F.; Losno, R.
Metals and metalloids in hair samples of children living near the abandoned mine sites of Sulcis-Inglesiente (Sardinia, Italy).
Environ. Res. 2014, 134, 366–374. [CrossRef]

28. Ngure, V.; Kinuthia, G. Health risk implications of lead, cadmium, zinc, and nickel for consumers of food items in Migori Gold
mines, Kenya. J. Geochem. Explor. 2020, 209, 106430. [CrossRef]

29. Esplugas, R.; Mari, M.; Marques, M.; Schuhmacher, M.; Domingo, J.L.; Nadal, M. Biomonitoring of Trace Elements in Hair of
Schoolchildren Living Near a Hazardous Waste Incinerator—A 20 Years Follow-Up. Toxics 2019, 7, 52. [CrossRef]

30. Chojnacka, K.; Michalak, I.; Zielinska, A.; Gorecka, H.; Gorecki, H. Inter-relationship between elements in human hair: The effect
of gender. Ecotoxicol. Environ. Saf. 2010, 73, 2022–2028. [CrossRef]

31. Drobyshev, E.J.; Solovyev, N.D.; Ivanenko, N.B.; Kombarova, M.Y.; Ganeev, A.A. Trace element biomonitoring in hair of school
children from a polluted area by sector field inductively coupled plasma mass spectrometry. J. Trace Elem. Med. Biol. 2017,
39, 14–20. [CrossRef]

32. Dlugaszek, M.; Skrzeczanowski, W. Relationships Between Element Contents in Polish Children’s and Adolescents’ Hair. Biol.
Trace Elem. Res. 2017, 180, 6–14. [CrossRef]

33. Chojnacka, K.; Zielinska, A.; Michalak, I.; Gorecki, H. The effect of dietary habits on mineral composition of human scalp hair.
Environ. Toxicol. Pharmacol. 2010, 30, 188–194. [CrossRef]

34. Filippini, T.; Tancredi, S.; Malagoli, C.; Cilloni, S.; Malavolti, M.; Violi, F.; Vescovi, L.; Bargellini, A.; Vinceti, M. Aluminum and tin:
Food contamination and dietary intake in an Italian population. J. Trace Elem. Med. Biol. 2019, 52, 293–301. [CrossRef]

35. Nieboer, E.; Martin, I.D.; Liberda, E.N.; Dewailly, E.; Robinson, E.; Tsuji, L.J.S. Body burdens, sources and interrelations of selected
toxic and essential elements among the nine Cree First Nations of Eeyou Istchee, James Bay region of northern Quebec, Canada.
Environ. Sci. Process. Impacts 2017, 19, 727–741. [CrossRef]

36. Wongsasuluk, P.; Chotpantarat, S.; Siriwong, W.; Robson, M. Using urine as a biomarker in human exposure risk associated
with arsenic and other heavy metals contaminating drinking groundwater in intensively agricultural areas of Thailand. Environ.
Geochem. Health 2018, 40, 323–348. [CrossRef]

37. Giri, S.S.; Yun, S.; Jun, J.W.; Kim, H.J.; Kim, S.G.; Kang, J.W.; Kim, S.W.; Han, S.J.; Sukumaran, V.; Park, S.C. Therapeutic effect of
intestinal autochthonous Lactobacillus reuteri P16 against waterborne lead toxicity in Cyprinus carpio. Front. Immunol. 2018, 9, 1824.
[CrossRef]

38. Duan, H.; Yu, L.; Tian, F.; Zhai, Q.; Fan, L.; Chen, W. Gut microbiota: A target for heavy metal toxicity and a probiotic protective
strategy. Sci. Total Environ. 2020, 742, 140429. [CrossRef]

39. Kinoshita, H.; Sohma, Y.; Ohtake, F.; Ishida, M.; Kawai, Y.; Kitazawa, H.; Saito, T.; Kimura, K. Biosorption of heavy metals by
lactic acid bacteria and identification of mercury binding protein. Res. Microbiol. 2013, 164, 701–709. [CrossRef]

40. Miyashita, C.; Sasaki, S.; Saijo, Y.; Okada, E.; Kobayashi, S.; Baba, T.; Kajiwara, J.; Todaka, T.; Iwasaki, Y.; Nakazawa, H.; et al.
Demographic, behavioral, dietary, and socioeconomic characteristics related to persistent organic pollutants and mercury levels
in pregnant women in Japan. Chemosphere 2015, 133, 13–21. [CrossRef]

41. Kusanagi, E.; Takamura, H.; Chen, S.J.; Adachi, M.; Hoshi, N. Children’s hair mercury concentrations and seafood consumption
in five regions of Japan. Arch. Environ. Contam. Toxicol. 2018, 74, 259–272. [CrossRef]

42. Kamakura, M. A Study of the Characteristics of Trace Elements in the Hair of Japanese—Reference values and the trace elements
patterns for determining normal levels. Nippon. Eiseigaku Zasshi (Jpn. J. Hyg.) 1983, 38, 823–838. [CrossRef] [PubMed]

43. Takagi, Y.; Matsuda, S.; Imai, S.; Ohmori, Y.; Masuda, T.; Vinson, J.A.; Mehra, M.C.; Puri, B.K.; Kaniewski, A. Trace elements in
human hair: An international comparison. Bul. Environ. Contam. Toxicol. 1986, 36, 793–800. [CrossRef] [PubMed]

44. Senofonte, O.; Violante, N.; Caroli, S. Assessment of reference values for elements in human hair of urban schoolboys. J. Trace
Elem. Med. Biol. 2000, 14, 6–13. [CrossRef] [PubMed]

45. Dongarra, G.; Lombardo, M.; Tamburo, E.; Varrica, D.; Cibella, F.; Cuttitta, G. Concentration and reference interval of trace
elements in human hair from students living in Palermo, Sicily (Italy). Environ. Toxicol. Pharmacol. 2011, 32, 27–34. [CrossRef]
[PubMed]

46. Violante, N.; Senofonte, O.; Marsili, G.; Meli, P.; Soggiu, M.; Caroli, S. Human hair as a marker of pollution by chemical elements
emitted by a thermoelectric power plant. Microchem. J. 2000, 67, 397–405. [CrossRef]

47. Pena-Fernandez, A.; Gonzalez-Munoz, M.J.; Lobo-Bedmar, M.C. “Reference values” of trace elements in the hair of a sample
group of Spanish children (aged 6–9 years)—Are urban topsoils a source of contamination? Environ. Toxicol. Pharmacol. 2014,
38, 141–152. [CrossRef]

48. Serdar, M.A.; Akin, B.S.; Razi, C.; Akin, O.; Tokgoz, S.; Kenar, L.; Aykut, O. The correlation between smoking status of family
members and concentrations of toxic trace elements in the hair of children. Biol. Trace Elem. Res. 2012, 148, 11–17. [CrossRef]

49. Carneiro, M.F.; Grotto, D.; Batista, B.L.; Rhoden, C.R.; Barbosa, F., Jr. Background values for essential and toxic elements in
children’s nails and correlation with hair levels. Biol. Trace Elem. Res. 2011, 144, 339–350. [CrossRef]

http://doi.org/10.1007/s11356-016-7876-6
http://www.ncbi.nlm.nih.gov/pubmed/27761855
http://doi.org/10.1016/j.scitotenv.2013.09.058
http://doi.org/10.1016/j.envres.2014.08.013
http://doi.org/10.1016/j.gexplo.2019.106430
http://doi.org/10.3390/toxics7040052
http://doi.org/10.1016/j.ecoenv.2010.09.004
http://doi.org/10.1016/j.jtemb.2016.07.004
http://doi.org/10.1007/s12011-017-0987-1
http://doi.org/10.1016/j.etap.2010.06.002
http://doi.org/10.1016/j.jtemb.2019.01.012
http://doi.org/10.1039/C7EM00052A
http://doi.org/10.1007/s10653-017-9910-0
http://doi.org/10.3389/fimmu.2018.01824
http://doi.org/10.1016/j.scitotenv.2020.140429
http://doi.org/10.1016/j.resmic.2013.04.004
http://doi.org/10.1016/j.chemosphere.2015.02.062
http://doi.org/10.1007/s00244-017-0502-x
http://doi.org/10.1265/jjh.38.823
http://www.ncbi.nlm.nih.gov/pubmed/6677733
http://doi.org/10.1007/BF01623585
http://www.ncbi.nlm.nih.gov/pubmed/3719115
http://doi.org/10.1016/S0946-672X(00)80017-6
http://www.ncbi.nlm.nih.gov/pubmed/10836528
http://doi.org/10.1016/j.etap.2011.03.003
http://www.ncbi.nlm.nih.gov/pubmed/21787726
http://doi.org/10.1016/S0026-265X(00)00099-0
http://doi.org/10.1016/j.etap.2014.05.011
http://doi.org/10.1007/s12011-012-9337-5
http://doi.org/10.1007/s12011-011-9102-1


Int. J. Environ. Res. Public Health 2023, 20, 1186 17 of 18

50. Kordas, K.; Queirolo, E.I.; Ettinger, A.S.; Wright, R.O.; Stoltzfus, R.J. Prevalence and predictors of exposure to multiple metals in
preschool children from Montevideo, Uruguay. Sci. Total Environ. 2010, 408, 4488–4494. [CrossRef]

51. Barbieri, F.L.; Cournil, A.; Souza Sarkis, J.E.; Benefice, E.; Gardon, J. Hair trace elements concentration to describe polymetallic
mining waste exposure in Bolivian Altiplano. Biol. Trace Elem. Res. 2011, 139, 10–23. [CrossRef]

52. Skröder, H.; Kippler, M.; Nermell, B.; Tofail, F.; Levi, M.; Rahman, S.M.; Raqib, R.; Vahter, M. Major limitations in using element
concentrations in hair as biomarkers of exposure to toxic and essential trace elements in children. Environ. Health Perspect. 2017,
125, 067021. [CrossRef]

53. Blaurock-Busch, E.; Amin, O.R.; Rabah, T. Heavy metals and trace elements in hair and urine of a sample of arab children with
autistic spectrum disorder. Maedica 2011, 6, 247.

54. Ambeskovic, M.; Laplante, D.P.; Kenney, T.; Elgbeili, G.; Beaumier, P.; Azat, N.; Simcock, G.; Kildea, S.; King, S.; Metz, G.A.S.
Elemental analysis of hair provides biomarkers of maternal hardship linked to adverse behavioural outcomes in 4-year-old
children: The QF2011 Queensland Flood Study. J. Trace Elem. Med. Biol. 2022, 73, 127036. [CrossRef]

55. Bao, Q.S.; Lu, C.Y.; Song, H.; Wang, M.; Ling, W.; Chen, W.Q.; Deng, X.Q.; Hao, Y.T.; Rao, S. Behavioural development of
school-aged children who live around a multi-metal sulphide mine in Guangdong province, China: A cross-sectional study. BMC
Public Health 2009, 9, 217. [CrossRef]

56. Kim, H.J.; Lim, H.S.; Lee, K.R.; Choi, M.H.; Kang, N.M.; Lee, C.H.; Oh, E.J.; Park, H.K. Determination of Trace Metal Levels in the
General Population of Korea. Int. J. Environ. Res. Public Health 2017, 14, 702. [CrossRef]

57. Wilhelm, M.; Pesch, A.; Rostek, U.; Begerow, J.; Schmitz, N.; Idel, H.; Ranft, U. Concentrations of lead in blood, hair and saliva of
German children living in three different areas of traffic density. Sci. Total Environ. 2002, 297, 109–118. [CrossRef]

58. Molina-Villalba, I.; Lacasana, M.; Rodriguez-Barranco, M.; Hernandez, A.F.; Gonzalez-Alzaga, B.; Aguilar-Garduno, C.; Gil, F.
Biomonitoring of arsenic, cadmium, lead, manganese and mercury in urine and hair of children living near mining and industrial
areas. Chemosphere 2015, 124, 83–91. [CrossRef]

59. Pena-Fernandez, A.; Lobo-Bedmar, M.C.; Gonzalez-Munoz, M.J. Monitoring lead in hair of children and adolescents of Alcala de
Henares, Spain. A study by gender and residential areas. Environ. Int. 2014, 72, 170–175. [CrossRef]

60. Kraemer, S. The fragile male. BMJ 2000, 321, 1609–1612. [CrossRef]
61. Monachese, M.; Burton, J.P.; Reid, G. Bioremediation and tolerance of humans to heavy metals through microbial processes: A

potential role for probiotics? Appl. Environ. Microbiol. 2012, 78, 6397–6404. [CrossRef]
62. Falq, G.; Zeghnoun, A.; Pascal, M.; Vernay, M.; Le Strat, Y.; Garnier, R.; Olichon, D.; Bretin, P.; Castetbon, K.; Frery, N. Blood lead

levels in the adult population living in France the French Nutrition and Health Survey (ENNS 2006–2007). Environ. Int. 2011,
37, 565–571. [CrossRef] [PubMed]

63. Robbins, N.; Zhang, Z.F.; Sun, J.; Ketterer, M.E.; Lalumandier, J.A.; Shulze, R.A. Childhood lead exposure and uptake in teeth in
the Cleveland area during the era of leaded gasoline. Sci. Total Environ. 2010, 408, 4118–4127. [CrossRef]

64. Wilhelm, M.; Ewers, U.; Wittsiepe, J.; Furst, P.; Holzer, J.; Eberwein, G.; Angerer, J.; Marczynski, B.; Ranft, U. Human biomonitoring
studies in North Rhine-Westphalia, Germany. Int. J. Hyg. Environ. Health 2007, 210, 307–318. [CrossRef] [PubMed]

65. Morisawa, S.; Hidaka, H.; Yoneda, M. Health Risk Aspects of Historical Review of the Japanese Non-Lead Gasoline Policy. Proc.
Symp. Glob. Environ. 2000, 8, 283–288. (In Japanese) [CrossRef]

66. Takaoka, M.; Yoshinaga, J.; Tanaka, A. Influence of paint chips on lead concentration in the soil of public playgrounds in Tokyo.
J. Environ. Monit. 2006, 8, 393–398. [CrossRef]

67. Takaoka, M.; Yoshinaga, J.; Tanaka, A. Relationship between Heavy Metal Concentrations in Playground Soil in Tokyo. J. Environ.
Chem. 2007, 17, 629–634. [CrossRef]

68. Mielke, H.W.; Gonzales, C.R.; Powell, E.T.; Laidlaw, M.A.S.; Berry, K.J.; Mielke, P.W.; Egendorf, S.P. The concurrent decline of soil
lead and children’s blood lead in New Orleans. Proc. Natl. Acad. Sci. USA 2019, 116, 22058–22064. [CrossRef]

69. Rodrigues, J.L.; Batista, B.L.; Nunes, J.A.; Passos, C.J.; Barbosa, F., Jr. Evaluation of the use of human hair for biomonitoring the
deficiency of essential and exposure to toxic elements. Sci. Total Environ. 2008, 405, 370–376. [CrossRef]

70. Pozebon, D.; Scheffler, G.L.; Dressler, V.L. Elemental hair analysis: A review of procedures and applications. Anal. Chim. Acta
2017, 992, 1–23. [CrossRef]

71. Kirichuk, A.A.; Skalny, A.A.; Dodkhoyev, J.S.; Skalnaya, M.G.; Grabeklis, A.R.; Ajsuvakova, O.P.; Tinkov, A.A.; Notova, S.V.;
Bjorklund, G.; Tinkova, M.N.; et al. The efficiency of Governmental and WFP UN Programs for improvement of nutritional status
in Tajik schoolchildren as assessed by dietary intake and hair trace element content. J. Trace Elem. Med. Biol. 2019, 55, 196–203.
[CrossRef]

72. Feng, P.; Ye, Z.; Kakade, A.; Virk, A.K.; Li, X.; Liu, P. A Review on Gut Remediation of Selected Environmental Contaminants:
Possible Roles of Probiotics and Gut Microbiota. Nutrients 2018, 11, 22. [CrossRef] [PubMed]

73. Abdel-Megeed, R.M. Probiotics: A Promising Generation of Heavy Metal Detoxification. Biol. Trace Elem. Res. 2020, 199, 2406–2413.
[CrossRef] [PubMed]

74. Afraz, V.; Younesi, H.; Bolandi, M.; Hadiani, M.R. Optimization of lead and cadmium biosorption by Lactobacillus acidophilus
using response surface methodology. Biocatal. Agric. Biotechnol. 2020, 29, 101828. [CrossRef]

75. Daisley, B.A.; Monachese, M.; Trinder, M.; Bisanz, J.E.; Chmiel, J.A.; Burton, J.P.; Reid, G. Immobilization of cadmium and lead
by Lactobacillus rhamnosus GR-1 mitigates apical-to-basolateral heavy metal translocation in a Caco-2 model of the intestinal
epithelium. Gut Microbes 2019, 10, 321–333. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2010.06.041
http://doi.org/10.1007/s12011-010-8641-1
http://doi.org/10.1289/EHP1239
http://doi.org/10.1016/j.jtemb.2022.127036
http://doi.org/10.1186/1471-2458-9-217
http://doi.org/10.3390/ijerph14070702
http://doi.org/10.1016/S0048-9697(02)00101-8
http://doi.org/10.1016/j.chemosphere.2014.11.016
http://doi.org/10.1016/j.envint.2014.03.010
http://doi.org/10.1136/bmj.321.7276.1609
http://doi.org/10.1128/AEM.01665-12
http://doi.org/10.1016/j.envint.2010.11.012
http://www.ncbi.nlm.nih.gov/pubmed/21237512
http://doi.org/10.1016/j.scitotenv.2010.04.060
http://doi.org/10.1016/j.ijheh.2007.01.039
http://www.ncbi.nlm.nih.gov/pubmed/17347044
http://doi.org/10.2208/proge.8.283
http://doi.org/10.1039/b517227f
http://doi.org/10.5985/jec.17.629
http://doi.org/10.1073/pnas.1906092116
http://doi.org/10.1016/j.scitotenv.2008.06.002
http://doi.org/10.1016/j.aca.2017.09.017
http://doi.org/10.1016/j.jtemb.2019.06.018
http://doi.org/10.3390/nu11010022
http://www.ncbi.nlm.nih.gov/pubmed/30577661
http://doi.org/10.1007/s12011-020-02350-1
http://www.ncbi.nlm.nih.gov/pubmed/32821997
http://doi.org/10.1016/j.bcab.2020.101828
http://doi.org/10.1080/19490976.2018.1526581


Int. J. Environ. Res. Public Health 2023, 20, 1186 18 of 18

76. Yu, L.; Duan, H.; Kellingray, L.; Cen, S.; Tian, F.; Zhao, J.; Zhang, H.; Gall, G.L.; Mayer, M.J.; Zhai, Q.; et al. Lactobacillus
plantarum-Mediated Regulation of Dietary Aluminum Induces Changes in the Human Gut Microbiota: An In Vitro Colonic
Fermentation Study. Probiotics Antimicrob. Proteins 2020, 13, 398–412. [CrossRef]

77. Lin, D.; Ji, R.; Wang, D.; Xiao, M.; Zhao, J.; Zou, J.; Li, Y.; Qin, T.; Xing, B.; Chen, Y.; et al. The research progress in mechanism and
influence of biosorption between lactic acid bacteria and Pb(II): A review. Crit. Rev. Food Sci. Nutr. 2019, 59, 395–410. [CrossRef]

78. Zhai, Q.; Tian, F.; Zhao, J.; Zhang, H.; Narbad, A.; Chen, W. Oral administration of probiotics inhibits absorption of the heavy
metal cadmium by protecting the intestinal barrier. Appl. Environ. Microbiol. 2016, 82, 4429–4440. [CrossRef]

79. Bisanz, J.E.; Enos, M.K.; Mwanga, J.R.; Changalucha, J.; Burton, J.P.; Gloor, G.B.; Reid, G. Randomized open-label pilot study of
the influence of probiotics and the gut microbiome on toxic metal levels in Tanzanian pregnant women and school children. mBio
2014, 5, e01580-14. [CrossRef]

80. Kobayashi, S.; Kishi, R.; Saijo, Y.; Ito, Y.; Oba, K.; Araki, A.; Miyashita, C.; Itoh, S.; Minatoya, M.; Yamazaki, K.; et al. Association of
blood mercury levels during pregnancy with infant birth size by blood selenium levels in the Japan Environment and Children’s
Study: A prospective birth cohort. Environ. Int. 2019, 125, 418–429. [CrossRef]

81. World Health Organization (WHO). Guidelines for Drinking-Water Quality: Fourth Edition Incorporating the First Addendum; WHO:
Geneva, Switzerland, 2017.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s12602-020-09677-0
http://doi.org/10.1080/10408398.2017.1374241
http://doi.org/10.1128/AEM.00695-16
http://doi.org/10.1128/mBio.01580-14
http://doi.org/10.1016/j.envint.2019.01.051

	Introduction 
	Materials and Methods 
	Study Population 
	Questionnaire 
	Assessment of the Hair Concentration of Elements 
	Statistical Analysis 

	Results 
	Element Concentrations in the Hair of Japanese Children 
	Interrelationships among Elements Concentrations in Children’s Hair 
	Associations of Children’s Hair Element Level with Demographics, Food and Water Intake, and Environment around Their House 

	Discussion 
	Conclusions 
	References

