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BACKGROUND: Diet is a source of many toxic compounds, but dietary sources of toxic metal exposure in young children are largely
unknown.

OBJECTIVE: To explore dietary sources and patterns of the most commonly occurring toxic metals and key elements of antioxidant
defense.

METHODS: We studied 1.5-year-olds (n = 305) and 4-year-olds (n = 288) in the Swedish national dietary survey “Riksmaten Young
Children”. From a 2-day web-based food diary, habitual consumption (g/day) of specific food groups was estimated using the
Multiple Source Method. Dietary patterns were derived using age-specific principal component analysis (PCA) and k-means
clustering. Toxic (arsenic, cadmium, cobalt, lead, mercury) and essential elements (copper, manganese, selenium, and zinc) in blood
and/or urine were measured with inductively coupled plasma-mass spectrometry, arsenobetaine and inorganic arsenic metabolites
[methylarsonic acid (MMA), dimethylarsinic acid (DMA) and remaining inorganic arsenic)] after separation by reversed-phase/ion
exchange high-performance liquid chromatography, and fluoride with an ion-specific electrode.

RESULTS: Biomarker concentrations of toxic metals varied, and blood selenium was suboptimal in many children (median: 103 pg/L
at both ages). Spearman rank correlation with unsupervised hierarchical cluster analysis revealed that urinary arsenobetaine and
blood arsenic, mercury, and selenium correlated positively with seafood and vegetable consumption, particularly among 4-year-
olds, where seafood and vegetables clustered together. In children with <80% DMA in urine, inorganic arsenic metabolites
correlated positively with vegetables. In multivariable-adjusted regression models, the PCA-derived fruits-vegetables-seafood
pattern was positively associated with blood arsenic (mainly arsenobetaine) among 4-year-olds as well as mercury (mainly
methylmercury) and selenium at both ages. Dietary clusters dominated by plant-based meat and milk alternatives showed higher
cadmium concentrations, and clusters characterized by a western-style diet (meat, cereals, and sweets) showed lower selenium
concentrations than clusters with a high-diversity diet.

SIGNIFICANCE: Diet contributes to exposure to arsenic compounds, methylmercury, cadmium, and selenium in small Swedish
children.

IMPACT: Concentrations of toxic metals in the blood and urine of young Swedish children were generally low, though they
exhibited considerable variability. Simultaneously, around half of the children appeared to have suboptimal selenium status, a key
element in antioxidant defense against metal toxicity. Diets rich in plant-based alternatives, nuts, and seeds were associated with
increased cadmium exposure, while high-diversity diets rich in fruits, vegetables, and seafood were associated with increased
arsenobetaine and methylmercury exposure, in combination with improved selenium status. Furthermore, after excluding the
contribution of arsenic compounds from fish, low concentrations of inorganic arsenic appeared to originate from vegetable
consumption.
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INTRODUCTION

Early childhood development requires adequate nutrition as well
as limited exposure to environmental hazards and other environ-
mental stressors. Whereas diet provides nutrition, it can also be a
source of exposure to toxic metals, as their presence in soil, water,
and air allows their entry into the food chain seamlessly [1]. The
U.S. Food and Drug Administration (FDA) and the U.S. Department
of Agriculture (USDA) have made a joint effort to reduce levels of
commonly occurring food toxicants (arsenic, cadmium, mercury,
and lead) in infant food throughout the whole supply chain, while
ensuring the availability of essential elements [2]. Children’s
vulnerability to toxic metals, however, extends far beyond infancy.
Several studies report that childhood exposure to toxic metals is
associated with altered childhood immune function, growth,
cognition, and behaviour [3-5]. Notably, a Finnish study reported
that many 3- and 6-year-olds exceeded the European Food Safety
Authority’s (EFSA) health-based guidance values for dietary intake
of inorganic arsenic (43% and 29% of the 3- and 6-year-olds,
respectively), cadmium (88% and 64%), and lead (14% and 1%) [6].
As the health-based guidance value of inorganic arsenic has been
lowered since then, from 0.3 to 0.06 ug/kg body weight/day [7],
the dietary intake of arsenic is even more worrying.

The type of food contributing the most to children’s toxic metal
exposure is largely unknown, but is believed to vary regionally due
to differences in dietary habits as well as agricultural, manufactur-
ing, and cooking processes [8]. There are some studies that have
linked metal concentrations in children’s blood or urine with
intake of specific foods in restricted European regions [9-12]. Even
less is known about the contribution of certain dietary patterns,
defined as regularly consumed foods and drinks [13], to children’s
metal exposure. The focus of existing child studies in a few
European countries has been on Mediterranean [14], pro-
vegetarian [15], or healthy versus non-healthy diets [16]. The
aim of the present study was to identify the dietary sources of
young children’s exposure to multiple toxic metals, measured
through concentrations in blood and urine, and to identify dietary
patterns of major concern in a sample of 1.5- and 4-year-olds
participating in a Swedish national dietary survey. We also aimed
to compare the dietary sources of toxic metals with those related
to children’s status of copper, manganese, selenium, and zinc.
These essential elements are cofactors of antioxidant enzymes,
which play a crucial role in the body’'s defense against several
toxic metals [17].

MATERIALS AND METHODS

Study design and population

During 2021-2023, the Swedish Food Agency carried out Riksmaten Young
Children, a national cross-sectional dietary survey of young children aged
1.5 and 4 years. Details of the survey design, sampling, and implementa-
tion have been published elsewhere [18]. Briefly, a register-based random
nationwide sample of participants was drawn by the governmental agency
Statistics Sweden. Participants were asked to complete a dietary survey,
including a 2-day web-based food diary and a food habit questionnaire. A
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subsample of families was also invited to participate in biological sampling
(blood and urine), consisting of children residing in municipalities within
50 km of the seven regional Environmental and Occupational Medicine
clinics located across Sweden (Lund, Gothenburg, Linkdping, Orebro,
Stockholm, Uppsala, and Umed). The goal was to include approximately
1000 children per age group in the entire dietary survey, and to collect
blood and urine from 300 children per age group in a subsample.

This study on dietary exposure to toxic and essential elements
comprises all 1.5- and 4-year-olds in Riksmaten Young Children who
completed the dietary survey and provided a blood and/or urine sample
(Fig. S1). Of 5,506 eligible 1.5-year-olds in the subsample drawn by
Statistics Sweden, 305 completed the dietary survey and donated blood
(n=294) and/or urine (n=65). Of 4,544 eligible 4-year-olds in the
subsample, 288 completed the dietary survey and donated blood (n = 273)
and/or urine (n = 276). We examined whether the likelihood of providing a
urine sample (available for only 65 out of 305) among 1.5-year-olds
differed by background characteristics (Table S1). Only the difference by
region of residence (n=7) reached statistical significance (p=0.015).
Ethical approval for the Riksmaten Young Children study, including the
present analysis, has been obtained from the Swedish Ethical Review
Authority (2020-05293).

Dietary assessment

Dietary intake data of the included 1.5- and 4-year-olds were collected
through a food diary according to recommendations made by the
European Food Safety Authority [19]. The food diary RiksmatenFlexDiet has
been developed by the Swedish Food Agency [18], and it has previously
been validated among Swedish adolescents [20]. The web-based dietary
diary covers data from two non-consecutive days (initiated during the
weekend, followed by one weekday 4-11 days later) [18]. In brief,
guardians were asked to enter the time and place of food consumption,
and the type of all food consumed. Food items were searchable in the
linked food composition database, and portion sizes could be identified
from photographs and common household measures. Before submitting
the diary, guardians were presented with a list-based reminder of
commonly forgotten food items to minimize recall bias. The food list
employed in Riksmaten Young Children included 1218 food items and
composite dishes, based on the Swedish Food Agency’s food composition
database version Riksmaten Young Children 2021-24. Reported consump-
tion from two days of dietary recall was converted to habitual (long-term)
consumption (g/day) using the Multiple Source Method [21].

To identify dietary patterns contributing the most to children’s exposure,
we selected habitual intake of 14 major food groups: vegetables, fruits and
berries, cereals (cereal-based products including rice), potatoes, nuts and
seeds, chicken, fish and seafood, eggs, plant-based meat alternatives, dairy
(liquid), sugary drinks, sweet snacks, juice and plant-based milk
alternatives, and red and processed meat. Despite differences in origin
and ingredient profiles, juice and plant-based milk alternatives can be
grouped together in dietary patterns since they share consumption
context [22] and load together [23]. For more rarely consumed food items,
like canned tuna and game meat, known to contribute to toxic metal
exposure, we used data from a questionnaire on consumption frequencies
(RiksmatenFlexQ).

Element analysis

Upon completion of the first day of the 2-day food diary, participants were
invited to blood sampling at the nearest Environmental and Occupational
Medicine clinic. A 2 mL non-fasting venous blood sample (Vacuette® tubes
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2 ml Lithium Heparin) was collected from either the back of the hand or
the antecubital fossa by registered nurses or other certified personnel after
applying local anaesthetic patches containing lidocaine and prilocaine. A
spot urine sample was collected into a 50 mL tube at home before
attending the clinic. If this was difficult, it was allowed to transfer urine
from a clean potty to the tube as long as no stool was produced. The
median interval between the first day of food diary registration and blood
sampling was 32 days (10th-90th percentile: 15-81 days). Long intervals
for some children reflect practical constraints: few sampling occasions,
limited availability of personnel certified to sample young children, and
missed occasions due to illness. Blood and urine samples were stored at
—80 °C awaiting analyses at Karolinska Institutet, Stockholm.

Whole blood concentrations were measured in the present study as they
are preferred over serum or plasma concentrations as exposure biomarkers
of most toxic metals [24]. While concentrations of essential elements in
plasma or serum are generally the preferred measures in the clinical
setting, whole blood concentrations reflect more long-term status,
especially for selenium and copper [25-27]. Concentrations of arsenic
(sum of inorganic arsenic metabolites and arsenobetaine) and cadmium
were also measured in urine, along with fluoride. Cadmium concentration
in urine reflects long-term exposure since cadmium accumulates in the
renal cortex with a half-life of decades [28]. Urinary concentrations of
arsenic and fluoride, on the other hand, are reflective of short-term
exposure [24, 29].

Concentrations of elements in whole blood [toxic elements: arsenic (B-
As), cadmium (B-Cd), cobalt (B-Co), mercury (B-Hg), lead (B-Pb); essential
elements: copper (B-Cu), manganese (B-Mn), selenium (B-Se), and zinc (B-
Zn)] and urine [cadmium (U-Cd)] were measured using inductively coupled
plasma mass spectrometry (ICP-MS; Agilent 7900, Agilent Technologies,
Tokyo, Japan). Cobalt is grouped with the toxic elements, as humans are
incapable of de novo synthesis of the essential vitamin B12, of which
cobalt is a part, and inorganic cobalt has been shown to have toxic
properties [30]. Blood was diluted 1:20 in an alkali solution as described in
detail elsewhere [31], while urine was diluted 1:10 in 1% nitric acid
(67-69% w/w, NORMATOM®, VWR, Butterworth, UK). The limit of detection
(LOD; calculated as three times the standard deviation of blank
concentrations) for each element is presented in Table S2 together with
the matrix-specific commercial reference materials used for quality control.
Concentrations below LOD were kept as measured, apart from when they
were negative and replaced with LOD//2 [B-As (n =6), B-Co (n=3), and
B-Hg (n=6)]. As the blood collection tubes used (Vacuette®, 2 ml, with
lithium-heparin, Greiner Bio-One GmbH, Austria) were not marketed as
trace-element-free, we performed an overnight leaching test using 0.2%
nitric acid (67-69% w/w, NORMATOM®, VWR, Butterworth, UK) in tubes
from different batches. ICP-MS measurements showed that the average
leakage was very low for all measured elements (Table S2), resulting in
negligible contributions to the blood concentrations.

Urinary metabolites of inorganic arsenic [methylarsonic acid (MMA),
dimethylarsinic acid (DMA), and remaining inorganic arsenic (iAs)] and
arsenobetaine (U-AsB) were measured using high-performance liquid
chromatography (HPLC; Agilent 1260 Infinity Il, Agilent Technologies)
coupled to ICP-MS (Agilent 7900, Agilent Technologies) [32]. The sum
concentration of MMA, DMA, and iAs (hereafter referred to as U-iAs
metabolites) was used as a biomarker of inorganic arsenic exposure.
Commonly, U-iAs metabolites consist of 10-20% MMA, 60-80% DMA, and
10-20% iAs [33]. Twenty pL hydrogen peroxide (Merck, Darmstadt,
Germany) was added to a 200 pL urine sample to oxidize inorganic
arsenic(lll) to arsenic(V) to facilitate peak evaluation. Separation of the
arsenic compounds was improved by serially connecting two types of
Hamilton columns, reversed-phase PRP-C18 and anion-exchange PRP-X110
(Hamilton, Bonaduz, Switzerland) using stainless-steel tubing. The mobile
phase consisted of a water/ammonium carbonate or water/ammonium
bicarbonate (Fisher Scientific, Waltham, MA, USA) gradient at pH 9.6 and 8,
respectively. External standards of MMA, DMA (NIST, Gaithersburg, MD,
USA), arsenic(V), and arsenobetaine (LGC Standards, Teddington, UK)
ranged between 0.312-409 pg/L. An internal standard of 200 ppb rhodium
(Rh) was added online. LODs and results of the reference materials (Urine
2669 NIST L-1 and L-2, Gaithersburg, MD, USA) are presented in Table S2.

Fluoride exposure was assessed by urinary concentrations (U-F)
measured using a fluoride-specific electrode (Orion 9609BNWP and Orion
Star A214 pH/ISE meter; Thermo Fisher Scientific, Waltham, MA, USA) [34].
Urine was diluted 1:1 with a total ionic strength adjustment buffer (TISAB II,
Thermo Fisher Scientific). The external calibration curve was prepared daily
through serial dilution of a 100 mg/L fluoride standard solution (Thermo
Fisher Scientific) in deionized water and adjustment buffer (50% TISAB II)
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and ranged between 0.05-2 mg/L. The LOD was 0.011 mg/L. Results of two
different reference materials [fluoride in water; Product number: QC3162;
Sigma-Aldrich, USA (certified fluoride concentration: 0.42mg/L) and
Seronorm Trace Elements Urine L-2; LOT: 1011645; Sero AS, Norway
(recommended fluoride concentrations: 4 mg/L)], analyzed before and
after each run were 0.43+0.02mg/L (n=24, recovery 102.4%) and
3.9+ 0.06 mg/L (n = 24, recovery 97.5%), respectively.

To compensate for variation in urine dilution of the spot urine samples,
all obtained concentrations were adjusted to the median specific gravity
[adjusted urinary element concentration = unadjusted concentra-
tions X (specific gravitymedian—1)/(specific gravitysampie—1)] measured using
an ATAGO PAL-10S refractometer (Thermo Fisher Scientific, Waltham, MA,
USA). Overall median specific gravity was 1.020 (1.018 in 1.5-year-olds and
1.022 in 4-year-olds).

Covariates

The RiksmatenFlex questionnaire included sociodemographic information,
such as the birthplace of the parents (categorized as both or only parent
born in Sweden; one parent born in Sweden, the other outside of Sweden;
both or only parent born outside of Sweden), number of children and
adults in the household, area of residence (geographical region), smoking
household members (yes/no), source of drinking water (public, private
well, other), as well as breastfeeding [currently breastfed (yes/no) and
duration of exclusive breastfeeding (months)] and child anthropometry
[weight (kg) and height (cm) measured at the most recent visit to the child
health care center at either 1.5 or 4 years of age or, for a few children,
measured at home]. Body mass index (BMI, kg/mz) at 4 years of age was
defined according to the International Obesity Task Force’s guidelines [35].
Parental education (<12 years or at least one parent with >12 years) was
based on register data provided by Statistics Sweden. The date of
biological sample collection was used to generate the season of sampling
[spring (March-May), summer (June-August), autumn
(September-November), winter (December-February)].

Statistical analysis

Statistical analyses were performed using STATA 17 (StataCorp, LP, College
Station, Texas, USA) and R 3.6.2 and 4.3.0. All tests were two-tailed, and p-
values < 0.05 were considered statistically significant. Complete case
analysis was adopted for addressing missing data. We conducted all
statistical analyses and present data for 1.5- and 4-year-olds separately, as
dietary patterns usually differ between these age groups. Categorical
variables were described by frequency or percentage, and continuous
variables by mean and standard deviation (SD) or median and 5th-95th
percentiles. Distributions of element concentrations in blood and urine
were examined by histograms and quantile-quantile plots. Differences in
element concentrations by categorical background characteristics (child
sex, parental origin, parental education, region of residence, smokers in the
household, and water source) were assessed using either the Mann-
Whitney U test or the Kruskal-Wallis Test. Correlations between element
concentrations were assessed using the Spearman rank correlation test.

Correlations between individual element concentrations (toxic elements:
B-As, U-AsB, U-iAs, B-Cd, U-Cd, B-Co, U-F, B-Pb, B-Hg; essential elements: B-
Cu, B-Mn, B-Se, B-Zn) and habitual consumption of specific food groups
(intake in grams/day) were analyzed using Spearman rank correlation in
combination with unsupervised hierarchical cluster analysis, which were
visualized in heat maps using R package “pheatmap” (version 3.6.2). The
unsupervised hierarchical cluster analysis automatically structures the
dietary data based on correlations between different food groups, forming
clusters. The direction of the correlation between element concentrations
and dietary intake data is represented by color: red for positive correlations
and blue for negative correlations. Color intensity signifies the strength of
correlations, and significance is indicated by stars.

To derive a posteriori dietary patterns [36], we adopted two data-driven
approaches: (i) principal component analysis (PCA) using the princomp()
function, and (ii) k-means clustering using the kmeans() function from the
R package “stats”. The “factoextra” package was used for visualization.
While PCA yields a component score for each child, which reflects their
adherence to specific dietary patterns, the clustering algorithm generates
mutually exclusive groups of children based on underlying dietary patterns
[36]. Thus, these two approaches address different, but equally relevant,
questions: “which combinations of foods tend to be consumed together?”
(PCA) versus “which types of diets do participants mainly consume?”
(clustering) [36], and therefore, the combination of both methods may give
a more comprehensive, nuanced understanding of dietary patterns [37].

SPRINGER NATURE
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Based on cluster and scree plots (Figs. S2 and S3), size of the groups, and
interpretability [38], we retained three principal components and three
clusters (each representing a dietary pattern) among both 1.5- and 4-year-
olds. Prior to running the PCA, the 14 food-group variables were
standardized using the scale() function in R to ensure that food groups
with larger absolute consumption (in g/day) did not disproportionately
influence the extracted dietary patterns. Factor loadings were not rotated.
For the PCA-derived dietary patterns, food groups with factor loadings =0.3
were considered important contributors in characterizing that specific
pattern [38, 39].

Linear regression analyses were used to explore associations of the PCA-
and clustering-derived dietary patterns with the individual element
concentrations [presented as mean concentrations with associated 95%
confidence intervals (Cl)]. The three different principal component scores
were converted into tertiles and used as predictors in the models, resulting
in three separate models (one per component) fitted per age group for
each element concentration. From k-means clustering, we generated one
categorical variable (comprising three diet clusters) for each age group,
which was used as the predictor for each element concentration. In total,
the contribution to eight toxic element biomarkers (B-As, U-iAs, B-Cd, U-Cd,
B-Co, U-F, B-Pb, B-Hg) and four essential biomarkers (B-Cu, B-Mn, B-Se, B-
Zn) was explored in each age group. The element concentrations of B-As,
UiAs, B-Cd, U-Cd, U-F, and B-Pb were right-skewed, and they were
therefore natural log-transformed to obtain normally distributed residuals
in the models, and then back-transformed estimates were retrieved
directly using the “emmeans” package. Covariates were selected using a
directed acyclic graph (Fig. S4). The final models were adjusted for child
sex, age (years), parental education (<12 years or >12 years of formal
education), season of sampling (spring from March-May, summer from
June-August, autumn from September-November, and winter from
December-February), and the children’s daily energy intake (continuous,
kJ/day).

In sensitivity analysis, models based on U-iAs metabolites were further
adjusted for U-AsB concentrations in an attempt to compensate for the
influence of arsenic species other than iAs originating from seafood intake
[40]. A second analysis involved restriction of U-iAs metabolites models to
children with less than 80% DMA (% of the sum of iAs metabolites)
because arsenosugars and arsenolipids, which commonly occur in seafood,
are metabolized in the body to DMA [41]. The fraction of DMA has been
shown to generally vary between 60-80% in populations exposed to iAs
[33], and therefore, it can be assumed that a higher %DMA indicates
influence from seafood consumption. Notably, these sensitivity analyses
were only done in 4-year-olds, for whom we had sufficient power.
Quantile-quantile plots of the residuals and residuals versus fitted plots
were used to ensure that there were no violations of regression
assumptions.

RESULTS

Background characteristics and element concentrations

The study included a similar proportion of boys and girls both at
1.5 and 4 years of age (Table S1). Most of the parents were born in
Sweden, had more than 12 years of education, and were non-
smokers, and most children consumed public drinking water. The
median duration of exclusive breastfeeding was 6 months
(10-90th percentile: 3-8 months). Only 54 of the 1.5-year-olds
(17.7%) were still breastfed to some extent during the survey.
Based on the children’s BMI at 4 years of age, 18% were
underweight (< 14.51 kg/m? for boys and <14.30 kg/m? for girls),
77% were of normal body weight, 5% were overweight
(217.52 kg/m? for boys and =17.36 kg/m? for girls), and less than
1% were obese (=219.23 kg/m? for boys and =19.16 kg/m? for
girls).

There were marked variations in both toxic and essential
element concentrations in children’s blood and urine at both ages
(Table 1). Compared to 1.5-year-olds, 4-year-old children had
significantly higher B-Cd, B-Co, and U-F concentrations. The
concentrations of U-iAs metabolites were 4.6 and 4.2 ug/L at 1.5
and 4 years, respectively. Although U-AsB showed a considerably
wider concentration range (5th-95th percentile: 0.13-181 pg/L for
all children) than that of U-iAs metabolites (1.9-16.9 ug/L), they
were  significantly  correlated in  both age groups
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(Tables S3 and S4, and Figs. S5 and S6). However, the correlation
was markedly weakened after restriction to children with less than
80% DMA in urine [rho: 0.02 (n =31) and 0.20 (n = 188) at 1.5 and
4 years, respectively]. For these children, the median concentra-
tions of U-iAs metabolites were 2.8 versus 3.6 ug/L at 1.5 and 4
years, respectively (Table 1). 4-year-olds had also marginally higher
B-Zn, but slightly lower B-Cu and B-Mn concentrations than 1.5-
year-olds.

In both age groups, B-As and B-Hg were moderately correlated,
as were B-Hg and B-Se, and B-Mn and B-Zn (Tables S3 and S4, and
Figs. S5 and S6). Among 4-year-olds, B-Co was moderately
correlated with B-Cd and B-Mn. B-Cd and U-Cd correlated in 4-
year-olds, but not in 1.5-year-olds. In both age groups, the
correlation of B-As with U-AsB was markedly stronger than that
with U-iAs metabolites. U-AsB concentrations were also strongly
correlated with both B-Hg and B-Se.

Detailed information on differences in element concentrations
by demographic background data is presented in detail in
Tables S5-S7. The most consistent finding was the variation by
region of residence for most of the toxic and essential elements
among both 1.5- and 4-year-old children, while correlations with
other demographic factors were less consistent.

Element concentrations and food consumption

Correlations between toxic and essential element concentrations
and the children’s habitual consumption of different food groups
at 1.5 and 4 years of age, estimated based on the parent-reported
dietary questionnaire, are summarized in Fig. 1 and Table S8.
Among 1.5-year-olds, B-As was positively correlated with fish and
shellfish consumption. On the other hand, U-AsB and U-iAs
metabolites showed no correlations with food groups, but only 65
children at 1.5-years had donated urine. Among 4-year-olds, B-As
was not significantly correlated with fish and shellfish consump-
tion but was positively correlated with total vegetable consump-
tion, which clustered together with fish and shellfish consumption.
However, U-AsB and, to some extent, U-iAs metabolites at 4 years
were positively correlated with fish and shellfish as well as total
vegetable consumption. When only 4-year-olds with <80% DMA in
urine were considered, the correlation of U-iAs metabolites with
fish and shellfish was attenuated (from rho: 0.15 to 0.07; p = 0.37),
whereas the correlation with vegetables remained essentially
unchanged (rho: 0.20; p=0.007). B-Hg concentrations were
positively correlated with fish and shellfish and total vegetable
consumption among both 1.5- and 4-year-olds. To note, fish and
shellfish consumption clustered more closely together with
vegetable consumption among 4-year-olds than among 1.5-
year-olds (Fig. 1). When considering data from the questionnaire
on consumption frequencies (RiksmatenFlexQ), B-Hg was slightly
higher among children who consumed canned tuna compared
with those who did not [median: 1.12 (n = 103) versus 0.91 ug/L
(h=144) at age 1.5; median 1.22 (n=90) versus 0.91 pg/L
(n=165) at age 4, p for all <0.05].

U-Cd in 1.5-year-olds was positively correlated with plant-based
milk alternatives and nuts and seeds, and inversely correlated with
chicken consumption. In 4-year-olds, U-Cd was inversely corre-
lated with chicken and eggs, both of which clustered together
with total red meat consumption. Neither B-Cd nor B-Co (rho <
0.15) showed evident correlation with any food groups at any
age. B-Pb was inversely correlated with total cereal consumption
among 1.5-year-olds, while this correlation was weaker among 4-
year-olds. Furthermore, children with reported game meat
consumption (RiksmatenFlexQ) had slightly higher B-Pb than
children who did not report any consumption both among 1.5-
year-olds [median: 7.61 pg/L (n =102) versus 6.35 ug/L (n=163),
p=0.001) and among 4-year-olds [median: 6.54 ug/L (n=119)
versus 5.82 ug/L (n = 147), p = 0.081).

B-Se concentrations were positively correlated with fish and
shellfish, as well as with total vegetable consumption in both age
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Fig. 1 Clustered heat map of correlations. Bivariate correlations between consumption of different food groups and concentration of toxic and
essential elements in blood and/or urine [toxic elements: blood arsenic (B-As), urinary arsenobetaine (U-AsB), urinary sum of inorganic arsenic
metabolites (U-iAs), blood cadmium (B-Cd), urinary cadmium (U-Cd), blood cobalt (B-Co), urinary fluoride (U-F), blood lead (B-Pb), blood mercury
(B-Hg); essential elements: blood copper (B-Cu), blood manganese (B-Mn), blood selenium (B-Se), blood Zn (B-Zn)] are shown among 1.5- (left) and
4-year-olds (right). The correlations are based on the Spearman rank correlation test, and the direction and magnitude are denoted by color, with
red representing positive correlations and blue representing negative correlations, and deeper colors signifying stronger correlations. Asterisks

denote statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.

groups. These two food groups clustered together in both age
groups. Additionally, B-Se concentrations were inversely corre-
lated with the consumption of cereals, sweets, and snacks (which
clustered together) among 1.5-year-olds and with sweetened
drinks consumption among 4-year-olds. B-Cd, B-Mn, and B-Zn
showed no evident correlations with food groups (rho < 0.15).

Dietary patterns derived using PCA and k-means clustering
among 1.5-year-olds

A comparison between the dietary patterns obtained using PCA
and k-means clustering among 1.5-year-olds is shown in Table S9.
For PCA, three principal components were retained and char-
acterized based on food groups with factor loadings =0.3
(Tables S9 and S10). Principal Component 1 loaded high on
plant-based meat and milk alternatives; Principal Component 2 on
vegetables, fruits and berries, and fish and shellfish; and Principal
Component 3 on eggs, sugary drinks and sweet snacks. The
k-means clustering analysis identified three dietary clusters
(Table S9 and Fig. S2). As shown in Tables S11 and $12, Cluster
1 (n =43) was mainly characterized by the highest consumption
of plant-based meat and milk alternatives, juice, and nuts and
seeds; Cluster 2 (n=116) by a high-diversity diet with consump-
tion of fruits and vegetables along with potato, fish and shellfish,
chicken, and milk products; and Cluster 3 (n = 146) by a western-
style diet with consumption of red and processed meat, cereals,
sweet snacks, and sugary drinks. There were very small differences
in median energy intake across the clusters, with a marginally
higher value in Cluster 2 than in Clusters 1 and 3 (Table S11).

Dietary patterns and associations with element
concentrations among 1.5-year-olds

In the multivariable-adjusted linear regression models (Table 2),
increased adherence to Principal Component 1 was associated
with increasing U-Cd and B-Cd concentrations (p-trend 0.018).
Increased adherence to Principal Component 2 was associated
with increasing B-Hg and B-Se concentrations (p-trend 0.001 and
<0.001, respectively). B-As showed a similar trend, although non-
significant (p-trend 0.069).

As indicated in Table 3, we found that children in Cluster 1 (plant-
based alternatives diet) had higher U-Cd concentrations, but not B-
Cd, than those in Cluster 2 (high-diversity diet) and Cluster 3
(western-style diet). Concerning the essential elements, children in
Cluster 1 (plant-based alternatives diet) had higher B-Mn

SPRINGER NATURE

concentrations than children in Cluster 2 (high-diversity cluster).
Children in Cluster 2 had, on the other hand, higher B-Hg and B-Se
concentrations than children in Cluster 3 (western-style diet).

Dietary patterns derived using PCA and k-means clustering
among 4-year-olds

A comparison between the dietary patterns obtained using PCA
and k-means clustering is shown in Table S9. Three principal
components were retained and characterized based on food
groups with factor loadings =0.3 (Tables S9 and $13). Principal
Component 1 loaded high on chicken, dairy, and red and
processed meat; Principal Component 2 on vegetables, fruits
and berries, and fish and shellfish; and Principal Component 3 on
fruits and berries, potatoes, and juice and plant-based milk
alternatives. The k-means clustering analysis identified three
dietary clusters (Table S9 and Fig. S3). As shown in
Tables S14 and S15, Cluster 1 (n =35) was mainly characterized
by plant-based meat and milk alternatives (including juice) with
consumption of nuts, seeds, and cereals; Cluster 2 (n=112) by a
western-style diet with consumption of milk products, sugary
drinks, sweet snacks, and red and processed meat; and Cluster 3
(n=141) by a high-diversity diet with consumption of fruits and
vegetables, potato, chicken, fish and seafood, and eggs. There was
no significant difference in energy intake across these clusters
(Table S14).

Dietary patterns and associations with element
concentrations among 4-year-olds

In the multivariable-adjusted linear regression models (Table 4),
increased adherence to Principal Component 2 was associated
with increasing B-As concentrations (p-trend 0.002). Similarly,
increased adherence to Principal Component 2 was associated
with increased U-iAs metabolites (p-trend 0.006). In sensitivity
analysis (Table S16), this positive trend remained after further
adjustment for U-AsB, but when the analysis was restricted to
children with <80% DMA in urine, the trend was attenuated.
Furthermore, increased adherence to Principal Component 2 was
associated with increasing B-Hg and B-Se concentrations (p-trend
<0.001; Table 4). In Principal Component 3, B-As concentrations
increased from the first to the second tertile but then leveled off
(p-trend 0.036), and U-Cd concentrations decreased marginally in
the highest tertile (p-trend 0.003), while B-Hg and U-F increased
across the tertiles (p-trend <0.05).
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Table 3. Predicted mean concentrations (95% confidence intervals) of toxic and essential elements in blood or urine at 1.5 and 4 years by k-means-
derived dietary clusters from multiple linear regression models.

1.5-year-olds>"
Cluster 1

(Plant-based
alternatives diet)

Elements®

Toxic elements (pg/L)

Predicted mean (95% Cl)

Cluster 2

(High-diversity
diet)

Cluster 3

(Western-style
diet)

4-year-olds™©
Cluster 1
(Plant-based

alternatives diet)
Predicted mean (95% Cl)

2.6 (1.7-3.9)"
5.1 (4.0-6.5)
0.15 (0.12-0.18)

*

0.11 (0.10-0.14) ¢

0.33 (0.30-0.37)
857 (690-1064)
6.3 (5.3-7.4)

Cluster 2

(Western-style
diet)

1.3 (1.0-1.8)
45 (3.9-5.3)
0.13 (0.11-0.15)

0.11 (0.10-0.13)"F

0.30 (0.27-0.32)
834 (723-962)
6.1 (5.5-6.8)

Cluster 3

(High-diversity
diet)

2.1 (1.6-2.7)
5.1 (4.4-5.9)
0.13 (0.12-0.15)
0.09 (0.08-0.10)
0.31 (0.29-0.34)
919 (801-1055)
6.4 (5.7-7.1)

B-As 1.11 (0.77-1.59) 1.49 (1.13-1.96) 144 (1.12-1.84)
U-iAs 5.13 (2.65-9.93) 6.60 (3.97-10.96) 446 (2.87-6.91)
B-Cd 0.07 (0.05-0.10) 0.06 (0.05-0.08) 0.06 (0.05-0.07)
U-Cd 0.15 (0.10-0.24)"% ¢ 0.09 (0.07-0.13) 0.09 (0.07-0.12)
B-Co 0.27 (0.23-0.30) 0.25 (0.22-0.27) 0.24 (0.22-0.27)
U-F 948 (595-1510) 776 (543-1110) 632 (464-862)
B-Pb 6.7 (5.5-8.1) 6.8 (5.8-7.8) 7.3 (6.5-8.3)

B-Hg 0.92 (0.68-1.2) 1.12 (091-1.35)"F 093 (0.76-1.11)
Essential elements (pg/L)

B-Cu 1113 (1052-1178) 1081 (1035-1128) 1078 (1038-1120)
B-Mn 13.7 (12.2-15.2)™ 12.2 (11.0-13.3) 126 (11.6-13.6)
B-Se 103 (96.5-109) 107 (102-112)"F 99 (94.7-103)
B-Zn 4472 (4186-4759) 4357 (4140-4573) 4445 (4250-4639)

1.01 (0.79-1.27) 0.79 (0.66-0.94)"F  0.99 (0.84-1.15)
1063 (1014-1114)
11.2 (9.9-12.5)

104.3 (99.4-109.2)"

4856 (4576-5143)

1063 (1031-1095)
11.3 (10.4-12.1)
98.9 (95.7-102)
4844 (4662-5030)

1059 (1027-1091)
11.5 (10.7-12.4)
102 (98.9-105.1)
4796 (4616-4978)

Cl confidence interval, B-As blood arsenic, U-iAs sum of inorganic arsenic metabolites [dimethylarsinic acid (DMA), methylarsonic acid (MMA), and remaining
inorganic arsenic (lll + V)], B-Cd blood cadmium, U-Cd urinary cadmium, B-Co blood cobalt, U-F urinary fluoride, B-Pb blood lead, B-Hg blood mercury, B-Cu blood

copper, B-Mn blood manganese, B-Se blood selenium, B-Zn blood zinc.

“Models are adjusted for age (years), sex (boy/girls), parental education (< 12 years and >12 years), and daily energy intake (kJ7day);

PChildren aged 1.5 years (n = 305): 269 children donated blood [Cluster 1 (n =41), Cluster 2 (n =103), and Cluster 3 (n = 125)], and 65 children donated urine
[Cluster 1 (n=10), Cluster 2 (n = 28), and Cluster 3 (n = 27)], in which all elements concentrations were specific-gravity-adjusted (median: 1.021).

“Children aged 4 years (n = 288): 269 children donated blood [Cluster 1 (n = 33), Cluster 2 (n =103), and Cluster 3 (n = 133)], and 276 children donated urine
[Cluster 1 (n = 35), Cluster 2 (n=107), and Cluster 3 (n =134)], in which all element concentrations were specific-gravity-adjusted (median 1.021).

dDifference between Cluster 1 and 2 (* <0.05 to 0.001, and **<0.001).
®Difference between Cluster 1 and 3 (¥ < 0.05 to 0.001, and **<0.001).
fDifference between Cluster 2 and 3 (* <0.05 to 0.001, and *#<0.001).

As shown in Table 3, children in Cluster 1 (plant-based
alternatives diet) and Cluster 3 (high-diversity diet) had similar
B-As concentrations, which were higher than those of children in
Cluster 2 (western-style diet). The U-iAs metabolites did not differ
between the clusters. In sensitivity analysis (Table S17), further
adjustment for U-AsB or restricting the model to children with
<80% DMA did not significantly alter the U-iAs metabolite
estimates. Children in Cluster 1 (plant-based alternatives diet)
and Cluster 2 (western-style diet) had similar U-Cd concentrations,
which were higher than those in children in Cluster 3 (high-
diversity cluster; Table 3). B-Cd did not differ across the clusters.
Children in Cluster 3 (high-diversity diet) had higher B-Hg
concentrations than children in Cluster 2 (western-style diet).
Children in Cluster 1 (plant-based alternatives diet) had higher
B-Se concentrations than children in Cluster 2 (western-style diet).

DISCUSSION

We combined a Swedish nation-wide dietary survey with
biomonitoring data for commonly occurring toxic metals and
certain essential elements from children aged 1.5 and 4 years and
examined cross-sectional associations with consumption of
specific food groups and dietary patterns. Concentrations of toxic
metals in blood and/or urine showed a wide range and differed by
geographical region. Concerning correlations with specific food
groups, children’s U-AsB and B-As (mainly arsenobetaine), B-Hg
(mainly methylmercury), and B-Se correlated moderately with
both seafood and vegetable intake, which clustered together.
Similarly, in the adjusted analysis, increasing adherence to a
dietary pattern rich in seafood, fruits and berries, and vegetables

SPRINGER NATURE

was associated with increasing B-As, B-Hg, and B-Se concentra-
tions. Children’s U-iAs metabolites (restricted to those with <80%
DMA) correlated mainly with vegetable consumption. The
adjusted associations with dietary patterns revealed higher
cadmium exposure from diets characterized by plant-based meat
and milk alternatives, nuts, and seeds.

Fish and other seafood are well-known sources of exposure to
certain organic arsenic compounds and methylmercury
[32, 41, 42]. Among the measured arsenic species in the present
study, seafood intake was most strongly correlated with B-As and
U-AsB, which correlated strongly, showing that the dominant form
of children’s arsenic exposure was arsenobetaine. This arsenic
analogue of glycine betaine originates almost exclusively from
marine fish and other seafood [41]. Nonetheless, among 4-year-
olds, U-iAs metabolites, a commonly used measure of exposure to
inorganic arsenic, were also weakly correlated with seafood
consumption (rho: 0.15), suggesting that some of the urinary
DMA originated from seafood, especially through metabolism of
ingested arsenolipids and arsenosugars [41]. Therefore, it has been
proposed to adjust the exposure models with U-iAs metabolites
for U-AsB to reduce the impact of seafood-derived DMA [40].
However, seafood-specific sources of arsenobetaine and DMA are
not the same [41], although consumption often overlaps as people
vary the type of fish and other seafood consumed. Indeed, the
positive association of total U-iAs metabolites with adherence to a
dietary pattern rich in seafood, fruits and berries, and vegetables
remained essentially the same after adjustment for U-AsB. We
therefore tested another approach where we restricted our
analysis to 4-year-olds with <80% DMA in urine (n = 188), since
it is known that the relative amount of DMA in urine following

Journal of Exposure Science & Environmental Epidemiology
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exposure to inorganic arsenic is usually 60-80% [33]. Subse-
quently, the association was markedly attenuated and no longer
significant.

Collectively, exposure to inorganic arsenic from food, as well as
other sources, was low among young Swedish children (median
U-iAs metabolites: 3.6 ug/L, range 1.3-15.4 ug/L, for 4-year-old
children with <80% DMA). In U.S. children (aged 6-12 years) from
NHANES cycles 2007-2020, the median U-iAs metabolite concen-
tration was 6.40 pg/L, irrespective of their percent DMA, which
may have overestimated the actual inorganic arsenic exposure.
According to diet studies from Germany and Spain, rice-based
foods were the most important dietary contributors to children’s
inorganic arsenic exposure [43-45]. Similarly, assessment of food
products on the Swedish market showed that rice contained the
highest amount of inorganic arsenic among all cereals assessed
[46], and gluten-free rice-based baby porridge contained the
highest arsenic concentrations of all infant foods, alongside
products containing fish [47]. In the present study, rice was
included among other cereals, and this food group did not
correlate with any arsenic biomarkers. To note, the Swedish Food
Agency recommends that children restrict their consumption of
rice and rice products due to the presence of inorganic arsenic
[48]. In a US. study of changes in child exposure to inorganic
arsenic during weaning, rice cereal, fruit, and vegetable consump-
tion were each strongly positively correlated with U-iAs metabo-
lites (rho: 0.90, 0.70, and 0.86, respectively), also suggesting
inorganic arsenic intake from plant-based foods other than rice
[49]. Correspondingly, we found that the present 4-year-olds’ U-iAs
metabolites (<80% DMA) correlated with their total vegetable
intake.

The main form of mercury exposure in Sweden is methylmer-
cury, which almost exclusively originates from fish, especially large
predatory fish from both freshwater and oceans [50]. Mercury
levels in fish and shellfish from the North- East Atlantic,
predominantly consumed in Nordic countries, do not appear to
decrease, despite a decades-long ban on mercury emissions [51].
Likewise, B-Hg concentrations in 4-9-year-old children in southern
Sweden have not decreased since the beginning of this century
(median values around 0.7 pg/L) [52]. Similar exposure levels were
found in 4-year-olds in the northernmost region of Sweden in
2019-2022 (erythrocyte median 1.5 pg/kg, corresponding to about
0.6 pug/L in whole blood) [53]. In the present study, the median
B-Hg concentration was somewhat higher (0.99 ug/L in both age
groups), which is also higher than that in 4-year-old Greek children
(median 0.73 pg/L) [54], 3-4-year-old Canadian children (median
0.19 pg/L) [55], and 1-5-year-old U.S. children (geometric mean
0.34 pg/L) [56]. Still, the exposure is lower than the US. health-
based guidance value of 5.8 pg/L in blood [57]. Interestingly,
canned tuna was associated with elevated B-Hg among children in
both age groups, although it was not possible to disentangle the
role of tuna from the consumption of other types of fish. While
European regulations limit mercury levels in canned tuna products
to 1 mag/kg (0.3 mg/kg for other fish), some products of Italian
(0.04 to 1.8 mg/kg wet weight) and Spanish (0.031-1.176 mg/kg)
origin have been shown to exceed this limit [58]. Unexpectedly,
the children’s B-Hg concentrations were also correlated with
vegetable intake, but whether this was due to the close linkage
between fish and vegetable intake (healthy diet) or the presence
of inorganic mercury in vegetables is unknown. The dietary intake
of inorganic mercury is usually very low, and when ingested, it is
poorly absorbed in the gastrointestinal tract [59].

Among the youngest children, adherence to dietary patterns
characterized by high intake of plant-based meat and milk
alternatives, and nuts and seeds was associated with increased
cadmium and manganese exposure. This was less obvious in 4-
year-olds who had more varied diets [60]. The main building
blocks of plant-based meat alternatives are reconstructed
vegetable proteins from soy, pea, and other legumes, which
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easily take up cadmium and manganese from soil [61]. Studies
from Portugal and the U.S. have reported elevated cadmium
concentrations in soy milk [62, 63]. Some plant-based meat
alternatives contain an array of additives necessary for orosensory
properties resembling natural meat [64]. Certain additives—for
instance, carrageenans extracted from red seaweed—have been
found to accumulate cadmium [65]. In the Swedish market basket
survey in 2022 (all ages), the mean cadmium concentrations in
meat and milk alternatives were 11 ug/kg and 1.9 pg/kg,
respectively, while the corresponding values for traditional meat
and meat products and lean dairy products were 1.3 pg/kg and
0.05 pg/kg [66]. Nuts and seeds are also known sources of
cadmium [67], as the phytate present in them can bind divalent
cations, including cadmium [68], thereby also potentially lowering
bioavailability. In addition, the higher cadmium burden among
children with a diet high in plant-based alternatives could be
linked to avoidance of meat and an associated lower iron status,
which, in turn, has been associated with increased gastrointestinal
absorption of cadmium among Swedish adolescents [69]. Studies
of Swedish pregnant women and adolescents demonstrate that
cadmium exposure is mostly related to the consumption of plant-
derived foods, including cereals and seeds [69, 70].

The highest U-F concentrations were generally found in
children in Uppsala, which agrees with the elevated fluoride
concentrations in public drinking water in the area [71]. Moreover,
consuming well water was related to higher U-F in comparison
with consuming public water, especially among 4-year-olds.
Fluoride levels in groundwater are elevated in many parts of
Sweden. In the southeast of Sweden, 24% of approximately 4800
private wells contained fluoride concentrations above the WHO's
drinking water guideline of 1.5mg/L [72]. In 4-year-olds, U-F
increased with increasing adherence to a diet rich in fruits and
berries, potatoes, as well as juice and plant-based milk alter-
natives. One can speculate that this may be due to the presence of
fluoride in drinking water used to dilute juice concentrates.
Moreover, we found that 4-year-olds with both parents born in
Sweden had higher U-F than those with both parents born
abroad, which may reflect different dietary habits and cultural
attitudes regarding the use of fluoridated dental products [73].
Toothpaste is often swallowed by smaller children, leading to
increased fluoride exposure, as toothpaste for children generally
contains about 1000 pg/g of fluoride [74].

The four essential elements (copper, manganese, selenium, and
zinc) studied are of importance for antioxidant defense. Sufficient
selenium intake has been proposed to alleviate potential toxic
effects of methylmercury [75]. Only selenium was clearly
associated with specific dietary groups and patterns, including
seafood, fruits and berries, and vegetables. Fish, especially marine
fish, have been shown to be a good source of selenium [32].
Surprisingly, children with consumption of plant-based alterna-
tives had similar B-Se as children with a highly diverse diet,
especially among 4-year-olds, likely due to a higher consumption
of seeds, nuts, and legumes, which are known to contribute to
selenium intake [32, 76]. A recent Swedish study showed that
plant-based alternatives did not meet the Nordic Nutrition
Recommendations for selenium intake [77].

Plasma and serum selenium are the most common biomarkers
for selenium status, and plasma concentrations below 60 ug/L,
corresponding to a whole blood concentration of about 100 pg/L
[78], seem to reflect deficiency based on glutathione peroxidase 3
activity [79]. The present children’s median B-Se, more reflective of
long-term intake [80], was 103 pug/L at both ages. Thus, around
half of the children appear to have suboptimal selenium status,
which agrees with our previous findings from the north of
Sweden, and which may be attributed to the low selenium
content in Swedish soils [76]. Selenium deficiency has been
associated with poorer neurodevelopment and impaired growth
and immune function [81].
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A strength of the study is that recruitment was conducted
nationally, and the children were recruited across different parts of
Sweden. Further, we estimated individual exposure to toxic metals
and the status of essential elements in children using well-
established biomarkers. We wused two different statistical
approaches to assess dietary patterns, accounting for the overall
dietary consumption, instead of putting all food groups into the
same regression model, which may raise issues with collinearity.
Application of both PCA and k-means clustering enables a
comprehensive assessment of how dietary patterns in young
children contribute to both toxic and essential elements in blood
and/or urine. PCA offers a “food-group-centered perspective” by
identifying underlying combinations of foods consumed together,
resulting in dietary patterns that more or less all children adhere
to at a certain age. Moreover, dividing the PCA component scores
into tertiles allowed us to assess potential dose-response
relationships between adherence to specific dietary dimensions
and biomarker concentrations. K-means clustering provided a
“participant-centered” perspective by identifying mutually exclu-
sive subgroups of children with distinct dietary profiles (e.g., plant-
based, high-diversity, and western-style diets), facilitating compar-
ison of biomarker concentrations between the different dietary
profiles. Interestingly, both statistical methods identified some
similar dietary patterns as important contributors to children’s
element concentrations in blood and/or urine, implying consis-
tency of the observed associations. However, only the k-means
clustering was able to identify the higher urinary cadmium
and higher blood arsenic and blood selenium concentrations in
the few 4-year-old children consuming a diet dominated by plant-
based alternatives. Similarly, k-means clustering demonstrated
higher B-Mn concentrations among 1.5-year-old children belong-
ing to the small cluster with the highest intake of plant-based
alternatives.

The main limitations of the present study include the cross-
sectional design, which precludes the establishment of tempor-
ality and causal inferences, and the low participation rate among
1.5-year-olds due to challenges of obtaining urine samples, which
hampered the statistical power and the generalizability of our
findings. The web-based food diary (RiksmatenFlexDiet) only
covered two non-consecutive days, including one weekday and
one weekend day. Still, when combined with statistical methods
for estimating habitual intake such as the Multiple Source
Methods used herein, such assessments have demonstrated
comparable reliability to several days of assessment in large-
scale studies [82]. Secondly, our analytical framework mitigates
the influence of episodic consumption, as the a posteriori dietary
patterns represent combinations of multiple correlated food
groups and are likely less sensitive to day-to-day variation in any
single item. Nevertheless, diet is a complex exposure, inherently
challenging to ascertain with complete accuracy. Therefore, we
acknowledge that some degree of misclassification, especially
when it comes to less frequently consumed foods, was unavoid-
able, which may have biased our associations towards null.
Moreover, despite the documented validity of RiksmatenFlex [20]
and its built-in reminders, recall and social desirability bias are
unavoidable to some extent when estimating dietary intake. For
some children, the time between dietary recall and biological
sampling was rather long. However, as most of the biomarkers
were measured in whole blood, with many elements mainly being
present in the erythrocyte fraction, the half-lives are in the order of
months [83]. Concentrations of arsenic and fluoride, on the other
hand, are reflective of short-term exposure, although during daily
intake via food and/or water, urinary concentrations usually reflect
ongoing exposure rather well [24, 84]. While the regression
models were controlled for relevant confounders, including
energy intake, residual confounding cannot be ruled out entirely.
For instance, we lacked detailed information on supplement use
as well as potential soil or dust contamination. Finally, even
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though multiple associations were explored in the present study,
we did not adjust for multiple comparisons, as we adopted an
exploratory, data-driven approach focusing instead on the
magnitude, direction, and consistency of associations across
complementary statistical methods.

In conclusion, biomarker concentrations of toxic metals in
young Swedish children were generally low, although with wide
variations. Selenium status seemed suboptimal in many children.
Seafood consumption was associated with higher biomarker
concentrations of arsenobetaine, methylmercury, and selenium,
whereas dietary patterns high in consumption of plant-based
meat and milk alternatives, nuts, and seeds were associated with
higher cadmium concentrations. Furthermore, vegetable con-
sumption appeared to be a source of low-level inorganic arsenic
exposure, which has previously not been highlighted and
assessed in detail. There is a need for further investigations
regarding the metal contents of specific dietary items, particularly
plant-based meat and milk alternatives as well as vegetables.

DATA AVAILABILITY

Data can be made available upon reasonable request.
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