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Ingestion of Trace Elements From Food
Among Preschool Children: Al, Ba, Mn, Si,
Ti,V, Y, and Zr
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Few estimates of the usual quantity of trace elements ingested in food by preschool
children are available. Baseline data on daily amounts of aluminum, barium, man-
ganese, silicon, titanium, vanadium, yttrium, and zirconium ingested by preschoolers
are reported for 64 children ages 1 to 4 years. These estimates are constructed from
duplicate food samples collected over 3 consecutive days on each child for 2 consec-
utive weeks. The concentrations of Al, Ti, V, Y, and Zr were less than the limit of
detection on 12, 4, 32, 42, and 56% of the collection days, respectively. Estimates of
median daily ingestion in ug/day for Al, Si, and Mn are 1.21, 14.2, and 1.29,
respectively. Estimates of median daily ingestion in pg/day for Ba, Ti, V, Y, and Zr
are 224, 199, 5.3, 1.1, and 2.5, respectively. The coefficient of variation was lowest
for Si and Mn and highest for Ba, Ti, Y, and Zr. Components of variability for
subject, week, and day are estimated for each element.
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INTRODUCTION

The research effort concerning the role of trace elements in pediatric nutrition,
growth, and disease is increasing [1-3]. Seven elements have been linked unambigu-
ously to human deficiency disease [4]. The role of other trace elements in growth,
physiological development, and disease is less clear. As new studies are conducted to
explore the role of trace elements in nutrition and health, basic background epidemi-
ologic information on the amount of trace elements ingested in food by various human
populations becomes increasingly important. These data are essential for estimation
of the size of subgroups of the population with low or high trace element levels and
for selection of study groups and study design for possible intervention. In this paper,
we provide baseline estimates of the quantity of Al, Ba, Mn, Si, Ti, V, Y, and Zr
ingested in food by preschool children. These elements were measured as part of a
larger study designed to estimate the amount of soil normally ingested by preschoolers

aged 1 to 4 years.
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Some intake estimates of these trace elements through food ingestion are available
for an adult population. Aluminum has been reported to be ingested at levels less than
3-5 mg/day [5-8]. Barium ingestion among adults has been reported to range from
300 to 1,770 ug/day [7,9-11]. Average barium intake in U.S. hospitals is reported to
be 750 ug/day [12], average intake in England is reported to be 603 pg/day (standard
deviation [SD] = 225) [13], and average intake in Japan is estimated to be 450 ng/
day [7]. Daily manganese ingestion among adults has been estimated to be from 2.7
to 7.0 mg/day, with higher estimates reported in England attributed to tea consumption
[8,14-16]. Silicon ingestion is estimated among adults to be 9-14 mg/day [17], while
estimates of titanium ingestion range from 365 ug/day (N = 2) [11] in the United
States, to 800 ug/day in England [13]. In nine institutional diets, estimates of
vanadium ingestion range from 12.4 to 30.1 pg/day, with an average of 20 ug/day
[18]. Daily adult zirconium ingestion has been estimated in England to be 53 pg/day
(SD = 34) [13]. Yttrium ingestion in food has been estimated to range from 3 to 5
pg/day in Japanese adult males, with a mean ingestion of 4 ug/day [7].

Estimates of daily ingestion among children have been made only for barium and
manganese. Among school-aged children, mean barium was estimated based on 300
school lunch programs to average 510 ug/day and to range from 270 to 1,290 ug/day
[19]. Estimates of manganese ingestion by 2-year-old U.S. children based on the U.S.
Food and Drug Administration-sponsored Selected Minerals in Food Survey of 1982-
1984 was 1.47 mg/day [20]. This estimate was similar to previous FDA survey
estimates [15]. Among Canadian 22-month-old children, the estimate of daily man-
ganese intake was 1.5 mg/day (SD = 0.7 mg/day) [21], with male subjects having
significantly higher manganese intake. To our knowledge, no estimates have been
reported on the intake of Al, Si, Ti, V, Y, or Zr by preschoolers. We report estimates
of food ingestion for each of these elements based on a sample of 64 preschool
children between the ages of 1 and 4 years.

MATERIALS AND METHODS

The data reported come from a study of soil ingestion conducted in September and
October 1986 in Amherst, Massachusetts. The goal of the study was to estimate the
normal daily soil consumption among preschoolers. The study population consisted
of 65 volunteer children between the ages of 1 and 4 years recruited from University-
affiliated day-care centers and the greater Amherst area. Children were enrolled in
the study following informed consent by their parents. Parents received an incentive
for family participation. Each subject was followed for 2 consecutive weeks. Dupli-
cate food and beverage samples corresponding to observed food and beverage con-
sumed by each child were collected on Monday, Tuesday, and Wednesday of each
week. Fecal and urine samples were collected on Monday through Thursday of each
week. The concentration of the eight elements was assessed by inductively coupled
plasma-atomic emission spectrometry (ICP-AES) for the food/beverage and fecal/
urine samples. The results of dietary intake and excretory output were used with soil
and dust concentration to compute estimated soil ingestion. These estimates were
presented elsewhere [22]. One study subject was excluded because of missing data.
Food ingestion estimates for the remaining 64 preschoolers are reported.

A day for food intake was defined as a 24 hour period beginning at midnight of a
given day, with duplicate food samples collected on Monday, Tuesday, and Wednesday
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of each week. Duplicate samples for food consumed were obtained both at the day
care and at home. Caretakers and parents were instructed to include only food
consumed by the preschooler in the duplicate sample, and the samples were separated
by meal (or eating time). A detailed protocol for obtaining duplicate samples has been
described by Calabrese et al. [22]. The duplicate food samples were collected daily
and immediately freeze dried in a commercial bulk freeze dryer at 2.05-2.15 Torr
pressure and —12 to —7°C for 21 days. The samples were subsequently freeze dried
and stored frozen until analyzed. All preparation of freeze-dried food samples took
place in a Class 1000 clean room. The freeze-dried food samples for a given 24 hour
period were blended in a commercial household food processor (Cuisinart DLC-7
SuperPro) with stainless steel blades. Heterogeneous blends resulted for a limited
number of samples such as those containing candy, apples, and infant formula. A
10.000-gm sample of blended food was placed in either a platinum or quartz crucible
and was ashed for 12 hours in a programmable ashing furnace (Fisher Model 495).
Initial heating rate from room temperature was 5°C/min to an initial temperature of
150°C. This temperature was maintained for 30 minutes. The sample was then heated
at 1°C/min to a final ashing temperature of 490°C and maintained there for 700
minutes during ashing. The sample was then cooled to room temperature by convec-
tion. The ashing temperature was selected based on literature review, although the
accuracy of the ashing method was verified only for Al and Mn in an NBS Dier RM
8431. The recovery of elements from the NBS RM 8341 could be verified also only
for Al and Mn, since other elements are not certified in the material. The measured
(and certified) values were Al 4.34 + 0.25 (vs. 4.39 + 1.07 certified) pg/g and Mn
7.90 + 0.60 (vs. 8.12 + 0.31) ug/gm. The NBS RM and a USDA mixed diet
(uncertified) were measured repeatedly throughout the study as an analytical quality
control.

Miller-Thli and Wolf [23] reported moisture contents of freeze-dried diet reference
material of 2-3%, and we observed 3.9% moisture in an JAEA H-9 mixed diet.
Determination of moisture content of freeze-dried preschool diets in this investigation
was not made.

The resulting food ash was analyzed by inductively coupled plasma-atomic emis-
sion spectrometry (ICP-AES). The ashed sample (approximately 0.3 gm) was di-
gested with nitric acid and hydrogen peroxide. If a residue remained, hydrofluoric
acid was added to the solution, and the digestion was completed in a microwave
digestion system (CEM Corp., Model MDS-81D). Boric acid was added, and the
mixture was reheated in the microwave system if CaF, precipitated. The final
solutions represented a 2.5-fold dilution of the original freeze-dried weight.

The metal determination was performed by sequential ICP-AES (Perkin-Elmer
Plasma 40) under optimized experimental conditions for food sample analysis. Cobalt
(20 pg/ml) was added as an internal reference element, and quality-control synthetic
solutions and standard reference diets (NBS RM 8431 and IAEA H-9) were analyzed
after every sixth food sample. Wavelengths (Al, 308.21 nm; Ba, 233.53 nm; Co,
238.89 nm; Mn, 257.61 nm; Si, 288.16 nm; Ti, 334.94 nm; V, 292.40 nm; Y, 371.03
nm; and Zr, 343.83 nm) were calibrated prior to the analysis. Duplicate concentration
measurements were made for each sample and were used to calculate the relative
standard deviation (100 X SD/mean). The mean concentration was then multiplied
by the freeze-dried weight to estimate the amount of an element ingested each day.

Instrumental limits of detection were established with pure aqueous solutions
following the accepted IUPAC definitions. The detection limits were calculated for
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food samples by multiplying by the solution dilution factor. Although not tested
specifically, the similarity of aqueous calibration and standard addition curve slopes
suggests that the practical limit of detection in food samples would be expected to be
very similar to the instrumental detection limits.

RESULTS

The 64 study subjects ranged in age from 1 to 4 years, with a mean age of 28
months. Thirty subjects were male (47%), and no difference was evident in age
distribution by sex. Study subjects were volunteers and not necessarily representative
of preschoolers of this age. Nearly one-half (44%) of the study subjects attended
preschool from between 2 and 7 hours per day during the week. Thirty-seven percent
of the subjects were firstborn children, while 39% were secondborn. Parents of study
subjects tended to be highly educated, with 56% of mothers and 72% of fathers
having at least a college education. Ninety-two percent of subjects were from two-
parent families.

Food samples were collected for all subjects according to protocol, with the
exception of one subject for which only 5 days of food samples were reported. The
number of meals (eating times) reported on a given day per subject ranged from two
to eight. Three or more meals per day were collected on 96% of the study days.

The freeze-dried food weight varied from a minimum of 50.3 gm/day to a
maximum of 418.6 gm/day, with a mean recorded freeze-dried weight of 187.6 gm/
day (SD = 53.1 gm/day). Freeze-dried weight was linearly related to preschoolers’
ages (slope = 2.5 gm/month, P < 0.001), and differed significantly by number of
food samples reported (P < 0.001). The freeze-dried weight did not differ signifi-
cantly by week but did differ significantly by day of the week for preschoolers
enrolled at one of the day-care centers (P = 0.021). Freeze-dried weight (adjusting
for age) averaged 182.5, 195.5, and 167.3 gm/day on Monday, Tuesday, and Wednes-
day, respectively, for subjects from this day-care site (N = 7).

A variance component model including subjects, week, and day effects was fit to
the daily freeze-dried food weights to quantify components of variability overall and
by age cohorts (Table I). Overall, day to day variability for a given subject was
approximately equal to subject to subject variability on a given day. However, with
increasing age, a pattern of increasing day to day variability and decreasing variability
between weeks is apparent.

Concentrations of each element were assayed from the ashed samples. The relative
standard deviation of element concentrations exceeded 50% of the estimated value on
7% of the days for Al, V, and Zr. For these elements, the relative standard deviations

TABLE L. Variance Component Estimates for Grams of Freeze-
Dried Food Ingested Overall and by Age

Variance component

N Subject Week Day

Overall 64 1,391 118 1,389
Age (years) '

1-1.99 21 537 598 891

2-2.99 27 1,178 248 1,390

3-3.99 16 766 0 2,117
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were negatively correlated with mean concentration (r = —0.58, P < 0.01; r =
—0.43, P < 0.05; and r = —0.33, P > .05, respectively). For all other elements,
the relative standard deviation exceeded 50% the mean value on less than 3% of the
study days. Concentrations were less than the detection limit on some days for five
elements (Table II).

For days with detectable levels of trace elements, median and maximum observed
concentrations in the food samples are given in Table III. Concentrations were
multiplied by freeze-dried food weight to calculate the quantity of each element
ingested, with concentrations less than the detection limit replaced by the detection
limit. Summary statistics for the amount of each element ingested per day are given
in Table 1II. The percentiles of the observed food intake distribution are given in
Table IV. The distribution of trace element ingestion from food is non-normal and
skewed to the right for all elements. This distribution is particularly skewed for
aluminum, titanium, vanadium, yttrium, and zirconium (Figs. 1,2).

The distributions in Table IV summarize ingestion of trace elements from food on
a daily basis, with the range influenced by differences in food intake between subjects
and differences in intake for a given subject over time. Two other distributions are
useful in characterizing the intake of trace elements. One distribution is based on the
median food intake (over 6 days) per subject and represents the usual daily element
intake on a given day for the subject (Table V). A second distribution is based on the
total food intake of the element over the 6 day period divided by six and represents
the average daily amount of the element ingested from food (Table VI). Since on

TABLE I1. Percentage of Days With Concentrations Less Than
Detection Limit in Freeze-Dried Food by Element (N = 383 days)

Detection limit Percentage
Element (ng/gm) of days
Aluminum 50 12
Barium 2.5 0
Manganese 1.5 0
Silicon 50 0
Titanium 2.5 4
Vanadium 25 32
Yttrium 2.5 42
Zirconium 2.5 56

TABLE HI. Summary Concentration (ug/gm freeze-dried wt) of Elements in Food for 64
Preschoolers (383 days) and Summary of Mean Quantity Ingested (ng/day)

Concentration Quantity ingested (pg/day)
Element Median Maximum Median Mean SD
Al 4.40 170 791 1,870 3,790
Ba 1.15 108 207 266 733
Mn 6.52 40.4 1,210 1,450 999
Si 70.2 579 12,800 16,500 14,300
Ti 0.25 203 46.4 1,010 3.690
A% 0.03 1.33 5.05 10.5 222
Y <0.01 0.69 0.72 2.09 11.4
Zr DT* 2.40 0.64 7.00 44 4

*DT, below detection limit.
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TABLE IV, Distribution of Quantity Ingested (;xg/day) Over 383 Days for 64 Preschoolers

Percentile quantity ingested (ug/day)

Element Minimum 5th 10th 50th 90th 95th Maximum
Al 1.43 7.55 11.1 791 3,820 6,720 28,300
Ba 12.5 78.2 98.5 207 386 473 14,400
Mn 157 430 514 1,210 2,590 3,290 6,290
Si 1,640 3,760 5,760 12,800 29,200 46,500 132,000
Ti . 1.85 8.96 14.9 46.4 2,390 6,250 45,900
\% 0.50 1.83 2.27 5.05 19.6 29.4 315
Y ©0.10 0.25 0.33 0.72 3.37 4.53 216
Zr 0.13 0.28 0.35 0.64 12.7 17.7 658
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Fig. 1. Frequency distribution of Al, Ba, Mn, and Si ingestion per day by 64 preschool children.

most days intake of trace elements is low, the median intake distribution (Table V) is
lower than the average intake distribution (Table VI). These differences are particu-
larly striking for titanium and zirconium for which one-half of the study subjects have
intake averages (over the 6 day period) of at least 199 and 2.7 pg/day, respectively,
while at the same time the median intake on a day for one-half of the subjects is no
larger than 45.4 and 0.37 ug/day, respectively. Finally, the 50th percentile of median
daily intake and mean daily intake per subject by age are summarized in Table VII.
In an effort to characterize the variability of trace element intake in this population
and to quantify variability between subjects, between weeks for a given subject, and
between days on a given week, variance component models were fit for each element.
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Fig. 2. Frequency distribution of Ti, V, Y, and Zr ingestion per day by 64 preschool children.

TABLE V. Distribution of Median Quantity Ingested (ug/day) for 64 Preschoolers (over 6 day
period)

Percentile quantity ingested (ug/day)

Element Minimum S5th 10th 50th 90th 95th Maximum
Al 7.34 33.7 81.5 875 2,310 2,730 15,900
Ba 67.6 97.9 107 211 319 395 565
Mn 350 498 616 1,180 2,180 3,140 4,210

Si 3,320 6,100 8,030 12,400 20,800 26,500 56,100

Ti 7.67 12.9 23.1 45.4 640 4,720 8,530

\" 2.15 3.18 3.77 5.54 14.6 16.0 31.3
Y 0.21 0.35 0.37 0.96 2.38 2.77 3.98

Zr 0.16 0.33 0.37 0.62 9.35 13.3 18.3

Since the distribution of intake for elements was right-skewed, data were transformed
to a logarithmic (base e) scale prior to model fitting. The transformed variables were
less skewed, but the distribution of the elements aluminum, barium, titanium, yttrium,
and zirconium were still not normally distributed (based on Shapiro-Wilks test, P <
0.001). For aluminum, the log transformation appears to over-correct slightly for the
skewness, while for titanium the transformation appears to under-correct. For the
other elements, the lack of normality appears to be due to several extreme values in
the distributions. Analyses of variance models were fit to the transformed data.

The percentage of variance caused by subject, week, and day of the week is given
in Table VIII. Also included in Table VIII is the coefficient of variation based on the
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TABLE V1. Distribution of Mean Quantity Ingested (zg/day) for 64 Preschoolers (over 6 day

period)
Percentile quantity ingested (ug/day)

Element  Minimum 5th 10th 50th 90th 95th Maximum
Al 114 180 343 1,210 3,200 5,410 15,700
Ba 70.7 99.8 127 224 325 394 2,870
Mn 412 567 655 1,290 2,480 3,150 4,290
Si 4,550 6,990 9,000 14,200 24,300 36,500 59,100
Ti 8.35 23.7 29.9 199 4,180 5,650 8,120
A% 2.60 3.23 4.04 6.94 22.1 29.6 60.1
Y 0.28 0.38 0.42 1.25 3.00 3.83 36.5
Zr 0.20 0.36 0.41 2.71 12.3 14.9 112

TABLE VIL Fiftieth Percentile of Distribution of Median Quantity Ingested (1xg/day) and Mean
Quantity Ingested (ug/day) for 64 Preschoolers (over 6 day period) by Age

Age 2-2.99 years

Age 1-1.99 years Age 3-3.99 year

(N =21 N =27 (N = 16)
Element Median Mean Median Mean Median Mean
Al 456 1,050 832 1,220 1,130 1,430
Ba 163 169 212 223 269 263
Mn 929 973 1,239 1,390 1,490 1,460
Si 11,900 11,400 13,000 14,300 12,500 15,100
Ti 41.8 67 51.4 315 47.0 395
\Y 4.47 5.50 5.82 6.96 8.13 9.30
Y 0.51 0.88 1.32 1.54 i.21 1.48
Zr 0.48 2.21 1.97 4.02 0.61 2.88

TABLE VIIL. Coefficient of Variation and Percentage of Variance in Log (base e) Element
Ingestion for 63 Preschoolers (N = 378 days)

Percent of Variance

Element cv? Subject Week Day of Week
Al 203 © 24 0 76
Ba 276 44 0 56
Mn : 69 50 6 44
Si 87 35 0 65
Ti 365 30 11 59
\Y% 211 15 21 64
Y 545 24 0 76
Zr 634 60 0 40

aCV, coefficient of variation based on 100 x (SD)/mean calculated from 383 days of element ingestion.

daily ingestion estimates. The coefficient of variation is large for all elements,
indicating high variability in intake from day to day. When the coefficient of variation
was calculated on the basis of subject averages (over 6 days [not shown]), the
coefficients of variation were smaller but still exceeded 100% for all elements except
manganese and silicon. The percentage of variation in element ingestion is divided
between variability between subjects and variability between days for a given subject.
For aluminum and yttrium, variation from day to day is nearly three times the
variability reported from subject to subject. Practically significant variability in intake
from week to week was reported only for manganese, titanium, and vanadium.
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DISCUSSION

Little is documented concerning the intake or the importance of ingestion of the
trace elements reported in this paper. For some elements, previous research has
suggested that intake, or lack of intake, may be associated with health effects. Low
levels of manganese have been associated with poor growth in some studies [24-27],
and recommended levels of intake have been established (i.e., 300-500 pg/day) [28].
For other trace elements such as aluminum, barium, silicon, and vanadium, associa-
tions with disease have been hypothesized but remain to be confirmed. High levels of
aluminum may possibly be related to Alzheimer’s disease [29,30]. High levels have
also been associated with reduced absorption of cholesterol [31]. High barium levels
in water have been linked to cardiovascular mortality [32,33]. Low levels of silicon
in arterial walls have been reportedly associated with atherosclerosis [17,34,35], and
high levels of vanadium have been reported in neo-plastic breast tissue compared with
matched normal tissue [36,37]. Additional trace elements such as titanium and
zirconium have no known role in health and nutrition [32]. For some elements such
as yttrium, virtually nothing is known concerning its role in health.

Except for barium and manganese, the results obtained in this investigation are the
only known quantifications of element ingestion in preschool children. The results
provide baseline data for this age group. However, further study is warranted before
these results are extrapolated to other populations, since study subjects may not be
representative of all preschool-aged children.

Although the results are based on a volunteer sample, a careful study protocol was
followed to insure validity of study results. Food samples were collected daily, with
study staff in daily contact with the children’s parents to encourage complete collec-
tion. Although it is possible that some under-reporting of food did occur, the magni-
tude of such potential under-reporting can be estimated. Assuming subjects with two
food samples under-report consumption, and taking average food consumption at 200
gm/day freeze-dried weight, under-reporting is likely to have occurred on less than
4.1% of study days and results in ingestion estimates that differ by less than 2%.
Strict protocols were followed to minimize food loss or contamination in preparation
for analysis. Duplicate analyses were performed, with small coefficients of variation
reported for over 90% of the results.

It is noteworthy that ingestion of vanadium, yttrium, and zirconium was less than
the detection limit for significant numbers of subjects. Since the detection limit was
used as the level of ingestion for these subjects, ingestion distributions will over-
estimate true ingestion of these elements. Although it would be possible to achieve
lower detection limits by employing ICP mass spectrometry for the determination of
V, Y, and Zr concentrations, time and resource constraints prohibited such
measurements.

As expected, food intake estimates of trace elements for preschoolers are lower
than previously reported intake estimates for adults. Preschoolers’ body sizes are
about one-fifth of adult size, and mean freeze-dried food weight for preschoolers was
about one-third that recorded for a similar small study of six adults (188 gm/day vs.
504 gm/day for adults) [22]. Median intake of aluminum from food is about one-fifth
the intake reported in studies by adults [5,6]. Barium ingestion is also about one-fifth
that reported in U.S. hospitals [12] and one-half that reported for school-aged children
[19]. Manganese intake exceeded the recommended minimum daily requirement for
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all study subjects in the study period. Silicon intake among preschoolers is comparable
to results from one adult study [17]. Median titanium intake is much lower than that
reported among adults [11,13] but can range up to 8.5 mg/day from food sources.
Median vanadium intake was one-fourth that reported in adult studies [18], and
median daily yttrium intake was less than 1 ug/day. Median zirconium intake was
also much lower than intake estimates reported in adult studies (0.62 ug/day for
preschoolers vs. 53 pg/day for adults [13]).

Intakes of all trace elements were highly skewed among the population of pre-
schoolers, with some subjects reporting large intake. It was not possible in the present
study to attribute high intakes to particular types of food, since individual food items
were not recorded. Particularly high intakes were reported for some preschoolers for
Al, Mn, Si, Ti, V, and Zr. Previous studies have noted high concentrations of
aluminum in citrus and stone fruits [38]; manganese in nuts, whole cereals, and dried
fruits [39,40]; silicon in high-fiber cereals [17]; titanium in fruit, nuts, and toothpaste
[32]; vanadium in dill, black pepper, and shellfish [36]; and zirconium in meat, dairy
products, cereal grains, and nuts [32].

Variability in intake between subjects was approximately equal to variability
between days for a given subject for most elements. Larger ingestion was reported
with increasing age, and more day to day variability in intake was evident among
older subjects. These results imply that future studies of younger subjects should
include more subjects for a shorter period of time than similar studies conducted on
older subjects.
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