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Soil ingestion estimates play an important
role in risk assessment of contaminated sites,
and estimates of soil ingestion in children
are of special interest. Current estimates of
soil ingestion are trace-element specific and
vary widely among elements. Although
expressed as daily estimates, the actual esti-
mates have been constructed by averaging
soil ingestion over a study period of several
days. The wide variability has resulted in
uncertainty as to which method of estima-
tion of soil ingestion is best.

We developed a methodology for calcu-
lating a single estimate of soil ingestion for
each subject for each day. Because the daily
soil ingestion estimate represents the median
estimate of eligible daily trace-element-spe-
cific soil ingestion estimates for each child,
this median estimate is not trace-element
specific. Summary estimates for individuals
and weeks are calculated using these daily
estimates. Using this methodology, the
median daily soil ingestion estimate for 64
children participating in the 1989 Ambherst
soil ingestion study is 13 mg/day or less for
50% of the children and 138 mg/day or less
for 95% of the children. Mean soil ingestion
estimates (for up to an 8-day period) were
45 mg/day or less for 50% of the children,
whereas 95% of the children reported a
mean soil ingestion of 208 mg/day or less.
Daily soil ingestion estimates were used sub-
sequently to estimate the mean and variance
in soil ingestion for each child and to extrap-
olate a soil ingestion distribution over a year,
assuming that soil ingestion followed a log-
normal distribution. Key words: mass bal-
ance, risk assessment, soil ingestion, trace
elements. Environ Health Perspect 103:
276-285 (1995)

The choice of trace elements in soil inges-
tion studies (I/—3) has often been dis-
cussed, but nearly all published studies to
date have reported estimates based on all
trace elements (“tracers”) evaluated in the
study design (4—7). One exception is a
study by Van Wijnen et al. (8), in which
a single tracer was selected based on
defining a concept of a limiting de-
tectable value. Although this approach
has some merit, the resulting estimates
are likely to be negatively biased. Other
authors have discussed advantages and
differences among the tracers presented
(1). These reports do not show any one
tracer emerging as the criterion on which
soil ingestion estimates should be based.
The lack of a clear consensus on tracer
choice has led to uncertainty in soil
ingestion estimates.

We have offered some biologically and
statistically based guidance on tracer selec-
tion (1,9). Basically, we proposed and

276

developed a detection-limit model as a
means of estimating the relative precision
of soil ingestion estimates from a given
tracer. This simple linear model relates the
log mean-square error, in percent recovery,
to the log of the food/soil ratio. The
model is intuitive; larger values of food
ingestion of an element, relative to the
corresponding amount of the element
ingested from a given quantity of soil, lead
to more highly variable soil ingestion esti-
mates. Although there are some limita-
tions to this model (10,11), the approach
presents a way to select trace elements.
Using this model, we have concluded that
zirconium, aluminum, and titanium are
elements with optimal properties for esti-
mating soil ingestion (6).

Study designs for most soil ingestion
studies reported in the literature have
included collection of fecal output and
food intake daily from subjects from 3 to
7 days. Soil-ingestion estimates have been
based on a mass balance equation, sub-
tracting (when available) tracer amounts
in food intake from amounts in compara-
ble fecal output and then dividing by the
tracer concentration in soil. Although
food intake and fecal output have been
collected daily in most studies, only the
Ambherst study (6) assessed the amount of
the trace element in food and fecal sam-
ples on a daily basis. Other studies pooled
the food samples and the fecal samples
before chemical analysis (7). The daily
assessment of tracers in food and feces has
made it possible to estimate daily variabili-
ty in tracer ingestion (12), but it has not
been used before to form soil ingestion
estimates.

In this paper, we present a methodolo-
gy to construct daily soil ingestion esti-
mates using daily food and fecal trace-ele-
ment concentrations. The methodology
directly links the physical passage of food
and fecal samples and thus has the poten-
tial for eliminating variability in soil inges-
tion estimates based on transit time differ-
ences and irregular fecal samples. Using
this methodology, we reanalyzed the data
on soil ingestion for the Amherst study.
The result of these analyses is a single soil
ingestion distribution that effectively elim-
inates the issue of tracer selection in deter-
mining a soil ingestion estimate. Using
these estimates and making the assump-
tion that soil ingestion is log-normally dis-
tributed for a given subject over days of
the year, we estimated soil ingestion for
children from the Ambherst study over an
entire year.

Materials and Methods

Ambherst Study and Construction of
Average Daily Soil Ingestion

Our methods are specific for soil ingestion
studies with daily determinations of trace
elements in food intake and fecal output
(6). In brief, a total of 64 children
between the ages of 1 and 4 years were
enrolled for 2 weeks. Each week, duplicate
food samples were collected for 3 consecu-
tive days, and fecal samples were collected
for 4 consecutive days for each subject.
The total amount of each of eight trace
elements (aluminum, barium, manganese,
silicon, titanium, vanadium, yttrium, and
zirconium) was recorded for food and fecal
samples collected. Day 1 for the food sam-
ple corresponded to the 24-hr period from
midnight on Sunday to midnight on
Monday of a study week. Day 1 of the
fecal sample corresponded to the 24-hr
period from noon on Monday to noon on
Tuesday. Soil and dust concentrations of
the trace elements were also reported.
Results provided soil ingestion estimates
based on trace-element concentrations in
soil, trace-element concentrations in dust,
and weighted averages of these concentra-
tions (6). In this paper, we assume that all
soil ingestion occurred from outdoor soil,
and hence we base all soil ingestion esti-
mates on trace element concentrations in
soil. We made this assumption for simplic-
ity and because of uncertainty regarding
the relative portion of ingested soil from
outdoor soil versus indoor dust (13,14).

To construct soil ingestion estimates
for a trace element, we subtracted the
amount of the trace element in food from
that in fecal output and divided by the
concentration of the element in soil. We
express the amount of a trace element in
food and in fecal output as a “soil equiva-
lent,” which is defined as the amount of
the element in food (or fecal output)
divided by the concentration of the ele-
ment in soil. Using these definitions, sub-
tracting the average food soil equivalent
from the average fecal soil equivalent
results in an estimate of soil ingestion for a
trace element.

Previous element-specific estimates of
soil ingestion have been estimated by sub-
tracting an average daily food soil equiva-
lent from an average daily soil equivalent
fecal output (6,7). When we constructed
these estimates for the Amherst study,
averages were formed by dividing fecal

output by 4 and dividing food intake by 3,
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regardless of the amount of fecal output or
food intake reported on a given day.
Among the 128 subject-weeks reported, 4
days of fecal output were reported for only
50 subject-weeks, 40 subject-weeks report-
ed fecal output on 3 days, 33 subject-weeks
reported fecal output on 2 days, and 5 sub-
ject-weeks had fecal output reported only
on 1 day during the 4-day fecal collection
protocol period. The lack of fecal output
on a given day was attributed to day-to-day
variability and not to missed fecal samples
(6). For this reason, the estimate of average
fecal output was calculated by dividing all
subject-weeks by 4.

This method of determining average
daily estimates for food and fecal samples
for a given week has some obvious short-
comings. For example, for 2 subject-weeks
with a single day of fecal output, the fecal
output occurred on the first day in the
week. The food ingestion estimates on days
2 and 3 for these subject-weeks are of ques-
tionable relevance to the estimate of soil
ingestion for the subject-week because they
occurred after the fecal output. For 3 sub-
ject-weeks, fecal output samples were col-
lected for the first 2 days in the study, but
not for the last 2 days. Should the day-3
food intake (most of which occurred after
the fecal output) be included in estimating
the average daily food intake? Issues such as
these motivate a more detailed evaluation
of the method of calculating soil ingestion.

Construction of Daily Soil Ingestion
Estimates for an Element

We propose a methodology to estimate soil
ingestion on a daily basis that is directly
connected to the passage of food to feces.
The definition of daily soil ingestion
depends on the assumed lag time between
food intake and fecal output. This lag time
varies from subject to subject, and it may
vary with age or other subject characteris-
tics. The lag time may also vary within a
subject from week to week, or even from
day to day. To illustrate the effect of lag
time on soil ingestion estimation, let us
define x;; = as the soil equivalent ingestion
from food for element j for the 24 hr peri-
od from midnight to midnight on day ;,
and y,. as the soil equivalent ingestion from
fecal samples for element j for the 24-hr
petiod from noon on day 7 to noon on day
i+ 1, where i=1, ..., 4 represents the 4
days of a subject-week, and j=1,..., 8
represents the eight trace elements includ-
ed in the Amherst study. For example,
assuming a lag time of 12 hr, the soil
ingestion estimate for day  for element j is
given by
Vi %= soil estimate (12-hr lag).

Assuming a 28-hr lag time, a soil ingestion
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estimate for day 7 is given by

dij = Y= 1/3[xij + 2"(;’-1)/']
= soil estimate (28-hr lag).

This estimate is equal to the soil
equivalent of element j in the feces on day
7, minus the soil equivalent of element j in
food, where the food estimate is based on
a 1:2 weighting of food in the two consec-
utive 24-hr periods ending at noon on
day ;.

If the lag times are known (or estimat-
ed) for each subject, estimates of daily soil
ingestion estimates can be directly deter-
mined. If lag times are not available, daily
soil ingestion can be estimated by making
some assumptions about the lag times. We
assume that for each subject, the lag time is
constant for all days in a given week, and
we assume that the lag period is uniform
for all subjects and weeks, and equal to a
28-hr lag. These assumptions are consis-
tent with the observation of a 1- to 4-day
passage time for food among children (6).
While the methodology has limitations
(which we discuss later), it comes much
closer to a biological representation of soil
ingestion.

Two modifications are necessary to use
this daily soil ingestion method. The first
modification addresses the need to esti-
mate food intake for days when duplicate
food samples were not collected. The sec-
ond modification addresses the way soil
ingestion is estimated on days when no
fecal output occurred.

Estimation of food intake. Fecal sam-
ples were collected in the Amherst soil
ingestion study for 4 days (from noon
Monday through noon Friday). Assuming
a 28-hr food transit time, food samples
would be required on Sunday through
Thursday to estimate soil ingestion directly
for each of the fecal output collection days.
Unfortunately, the study protocol for food
ingestion specified duplicate food samples
only on Monday through Wednesday.
Modification of the daily soil ingestion for-
mula is necessary for days 1 and 4 because
food ingestion was not reported for
Sunday or Thursday. We use the mean soil
equivalent food ingestion for a given sub-
ject-week as an estimate of food ingestion
on Sunday and on Thursday. This results
in soil ingestion estimates for Monday
given by

d1j=}'1j‘ 1/3[x1j+ 2 x ] = soil estimate,

based on a 28-hr lag, and soil ingestion
estimates for Thursday given by

a'4j=y4j— 1/3[ [x + 2x3j] = soil estimate

based on a 28-hr lag.

Estimation of fecal output. A second
modification is necessary for days when
no fecal output was reported. True soil
ingestion on a given day cannot be less
than zero, and, ideally, the estimates of
daily soil ingestion will be greater than or
equal to zero for all days. Although actual
soil ingestion cannot be negative, esti-
mates of daily soil ingestion can be nega-
tive when the food intake exceeds the
fecal output for a designated day. This
can occur when the subject does not fol-
low the assumed 28-hr time lag linking
food tracer intake to fecal tracer output
(e.g., if the fecal tracer output for the day
corresponds to a different time window
from the 24-hr period 28 hr before the
start of the fecal day). Such a difference
can result in a negative or positive bias in
the soil ingestion estimate.

A single estimate of tracer ingestion of
food was made each day, although meals
for each day were not identical. This is a
limitation of the soil ingestion study proto-
col, which sometimes results in negative or
positive daily soil ingestion. If the portion
of a day attributed to a fecal sample period
has trace element ingestion from food lower
than the daily tracer average for food, the
soil ingestion estimate for the tracer will be
negatively biased. A positive bias will result
if the portion of the average tracer amount
in food attributed to a fecal sample period
is less than the actual tracer amount in food
for the corresponding period.

Generally, it is inappropriate to reset
negative soil ingestion estimates to zero
when they occur, even though such nega-
tive soil ingestion is not physically possible.
If we assume a subject consumes no soil,
small positive and negative estimates of soil
ingestion are likely to occur due to the
imperfect linking of food tracer input and
fecal tracer output samples resulting from
the assumed 28-hr transit time period. On
average, these estimates of soil ingestion
will balance to zero. If negative soil inges-
tion estimates are reset to zero, a bias will
be introduced in the final soil ingestion
estimate because only the positive estimates
will be counted. For this reason, negative
soil ingestion estimates are not generally
excluded nor reset to zero for a subject on
a given day.

There is one situation, however, in
which it is appropriate to alter negative soil
ingestion estimates. Negative estimates of
soil ingestion are clearly in error when they
occur as a result of no fecal output on a
given day. On such a day, the soil inges-
tion for that day cannot be assessed and is
described as missing. For example, when
no fecal output is observed for day(s) at the
end of a subject-week, soil ingestion can-
not be estimated for those day(s). The
expected food soil equivalent for days with
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no fecal output is called output error (15).
Soil ingestion estimates for the subject-
week are available only for the earlier week
days with fecal output.

A different situation occurs when no
fecal output is reported for a given day (1,
2, or 3) in the week, but fecal output is
present for subsequent days in the week. In
such a case, the mass balance equation has
a gap (due to days with no fecal output),
and the food intake for the corresponding
period is unaccounted for. We make an
adjustment to account for the food intake
by adding the food intake for the no fecal
output sample period to the food intake
for the next occurring fecal sample. This
adjustment corresponds to an assumption
that, if no fecal output occurs on a given
day, all food based tracers that would have
been excreted for that day are contained in
the next observed fecal sample period. To
maintain the interpretation of the soil
ingestion estimate as a daily estimate, we
divide the estimated soil ingestion by 2 (if
no fecal sample is reported for one day) or
by 3 or 4, if either 2 or 3 consecutive days
occur with no fecal samples reported,
respectively.

Specifically, the adjustment implies
that the day 4 soil ingestion estimate is cal-
culated as:

No day 3 fecal sample:

a'4j= 1/2{}'4]'_ 1/3[ [x + 2x2j] —x3j}
where d4j= d3f
No day 2 and 3 fecal samples

d4j= 1/3{y4j— 1/3[x +2x1j] —-xaj—xzj}
where a'4j= ¢3j= dl],
No day 1, 2, and 3 fecal samples

d4j= 1/4{)/4].— X - X=Xy = xlj}
where d4j= afjj= d2j= dlj.

A similar estimate may be determined
when fecal samples for day 3 are present,
but no fecal samples are reported for day 2
(or days 1 and 2):

No day 2 fecal sample

djj= l/2{y3j— 1/3[x3j+ 2xlj] —xzj}
where a'3j= dzj;
No days 1 and 2 fecal samples

d3j= 1/3{y3j— 1/3[x3j+ 2 x] —xzj—xlj}
where d3j= dzj= dlj'

Finally, if fecal samples for day 2 are pre-
sent, but no fecal sample is reported for
day 1, we estimate soil ingestion on day 2
as:

No day 1 fecal sample
dlj= 1/2{y2j— 1/3[x2j+ 2x] - xlj}
where dz,‘: dlj.
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Best Estimate of Soil Ingestion for a
Day for a Subject

Soil ingestion estimates can be calculated
on a daily basis as outlined above. In the
Amberst study, a maximum of eight such
estimates can be determined for a given
day, with one estimate per trace element.
These estimates relate to a common time
period for soil ingestion. If the 28-hr con-
stant transit-time assumption is valid, this
common time period is 24 hr (or 48, 72,
or 96 hr if 1, 2, or 3 previous days had no
reported fecal output). Since the trace-ele-
ment estimates for a day estimate a com-
mon soil ingestion, we can compare the
estimates and devise a criteria to select a
best estimate. Our first step in establishing
the best estimate is to estimate the median
soil ingestion from among the eight ele-
ment-specific estimates for the day. Next,
we identify upper and lower bounds for a
range of estimates based on criteria formed
using assumptions on the relative standard
deviation (RSD). We consider daily soil
ingestion estimates for trace elements
falling outside this boundary to be unreli-
able, and exclude them in subsequent cal-
culations. Finally, we define the median of
remaining trace element estimates as the
best estimate of soil ingestion for the day
for a subject.

Implementation of the methodology
for determining the best daily soil inges-
tion estimate required us to specify criteria
for identifying outlier estimates of soil
ingestion. The median estimate of soil
ingestion on day 7 for a subject-week is
defined as 4. We set the criteria for identi-
fying unusual estimates of soil ingestion
based on the difference, 8= |4~ 4). If 8,
is larger than a given value, A, we consider
the soil ingestion estimate based on ele-
ment j unreliable, and hence exclude the
trace-element estimate from the set of pos-
sible estimates of soil ingestion on that day.

The key in identifying unreliable soil
ingestion estimates is determining A; . We
allow A; to vary with the median estimate
of soil ingestion in a manner determined
by changes in the RSD, where we assume
that

RSD;= A, /8.

The values of A; were determined so as
to reflect our judgment of the limits of soil
ingestion estimation. Basically, we consid-
ered the RSD to be at a minimum of
100% when the median soil ingestion esti-
mate was less than 50 mg/day. With
increasing soil ingestion, we assumed that
the RSD would improve, becoming close
to 50% for soil ingestion estimates of 500
mg/day. Finally, for very large soil inges-
tion estimates of 10 g/day, we assumed
that the RSD was about 20%. With these

assumptions, a simple function was derived
to approximate these assumptions. The
resulting function is given by In(RSD) =
1.5 - 0.35 [In(<)]. Since low median esti-
mates of soil ingestion result in artificially
low values of A, we limited the minimum
value of A, to be 50 mg/day. As a result, we
set

A, = max (50, 45~ 035 Indly

Values of A, for various estimates of medi-
an soil ingestion are given in Table 1. The
difference between the ultimate median
soil ingestion estimates for the subject-
week-day, and soil ingestion estimates for
elements judged to be outliers is termed
source error (15), because it is thought to
represent some other source of trace-ele-
ment ingestion apart from food or soil.

Soil Ingestion Estimates for a
Subject

Using the described methodology, daily
soil ingestion estimates were calculated for
each subject for up to 4 days for 2 weeks.
The number of elements included in the
final evaluation of the median soil inges-
tion varied for different subjects, weeks,
and days. The number of days with soil
ingestion estimates also varied for a sub-
ject. We consider the detailed construction
of these estimates because these details
relate to the validity and interpretation of
the soil ingestion estimate. We describe
several ways in which soil ingestion esti-
mates can be calculated, to relate the
resulting estimates to the previous litera-
ture, to make clear the limitations in previ-

Table 1. Criteria for identifying outlier estimates of
soil ingestion?

d;{mg/day) A;
20 50
50 57

100 89
150 116
200 140
250 162
300 183
350 202
400 220
450 238
500 255
1000 399
2000 627
3000 816
4000 984
5000 1137
6000 1280
7000 1415
8000 1543
9000 1666
10000 1784

"di = median (soil ingestion for day /) and A, is a
criteria such that if |d; - d] >A;, the estimate for
element j is identified as an outlier estimate of
soil ingestion.
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ous soil ingestion estimates and to identify
limitation in estimates presented in this
paper.

In our model for soil ingestion, we rep-
resent soil ingestion, ¥, for subject s on day
i with the measure of element j as

ysij =H;* e:ij

where 1, is the “true” soil ingestion for sub-
ject s on day i, and ¢ is technical error,
including error due to transit time and lab-
oratory and preparation errors. We will
assume that the days 7 correspond to days
in a year. In this manner, a set of values p ;
fori=1,..., 365 will define the soil inges-
tion for subject s in the year. We define the
subject’s birthdate as the first day in the
year for that subject. This definition is arbi-
trary, but it allows a simple description of
age-specific soil ingestion. With these
assumptions, subject s will have a different
soil ingestion for each year of age.

For a given subject of a given age, we
may summarize the set of daily soil inges-
tion in different ways. One parameter of
interest is the total amount of soil con-
sumed by the subject over the year (we use
“year” to represent the set of days of a
given age for the subject). Total soil inges-
tion is given by

We may also consider the average daily
soil ingestion for the subject, defined as

or the median daily soil ingestion estimate,
given by

median [p;forall i=1,..., 365].

The last two parameters are likely to reflect
different characteristics of soil ingestion for
the subject. We used estimates of these
parameters to summarize results for the
Amberst soil ingestion study.

Example of soil ingestion estimate con-
struction for a subject. For each of the 64
subjects in the Ambherst soil ingestion
study, soil ingestion estimates can be classi-
fied in an 8 X 8 array of elements and
study days. An example of such an array is
presented in Table 2 for subject 849 and
illustrates the methodology for soil inges-
tion estimation. For subject 849, no fecal
samples were reported on days 1 or 4 dur-
ing the first week or on day 4 during the
second week. In the first week, fecal output
on day 2 was used to estimate an average
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soil ingestion over days 1 and 2. Estimates
of this average daily soil ingestion were
within the RSD boundaries for only two
elements (silicon and zirconium), with a
median soil ingestion estimate of 0.5 mg
reflecting 2 days of soil ingestion, or 0.25
mg/day. No soil ingestion estimate could
be made for day 4 in either week because
of missing fecal samples. Soil ingestion
estimates for two elements met the RSD
criteria for day 3 in the first week, and, in
the second week, four elements met the
criteria for days 1 and 2 and five elements
met the criteria for day 3. The median
daily soil ingestion estimate ranged from
0.25 mg/day to 260 mg/day over the 6
days reported for subject 849.

Using the results shown in Table 2, we
determined the median and mean daily soil
ingestion estimate for subject 849; for the 6-
day period for this subject the median soil
ingestion estimate is 50.5 mg/day, with a
mean of given 71.3 mg/day. Soil ingestion
estimates for an element can also be con-
structed using the results in Table 2. Such
estimates are inferior to estimates based on
the median soil ingestion for the day
because element-specific estimates are based
on fewer days and are more likely to reflect
positive or negative error. Element-specific
estimates are similar, however, to previous
estimates reported in the literature. When
the previous day’s fecal output is zero, the
average daily estimate for an element is
replaced by the estimate for the element
when a fecal sample was reported (Table 2).
The median element-specific estimates
ranged from 10 to 82 mg/day, and the
mean ranged from 24 to 148 mg/day. Note
that all of the element-specific estimates of
soil ingestion refer to a different set of sub-
ject days. If these days are considered a sim-
ple random sample of days for the subject,
then the element-specific estimates can be
considered estimates of a common parame-
ter corresponding to median (average) daily
soil ingestion for the subject.

Soil ingestion estimates can also be
determined for each element for the week.
When forming the weekly estimates, if all
4 days of soil ingestion are available, the
weekly estimate of average daily soil inges-
tion is given by the simple average of the
daily estimates. Note that even with com-
plete data, this average may differ from the
median daily soil ingestion estimate
because soil ingestion estimates are skewed.
Although weekly soil ingestion estimates
have been presented in previous publica-
tions (6,7), there appears to be no concep-
tual advantage to forming such estimates
over the median and mean estimates.

Results
Estimation of Daily Soil Ingestion

The results for the 64 children included in
the Ambherst study (6) are based on daily
estimates of soil ingestion. Although all 64
subjects participated in the study for a total
of 8 days, it was not possible to estimate
soil ingestion for all 8 days for each subject
due to missing fecal samples. Table 3 shows
the distribution of the number of days of
soil ingestion estimates for the subjects
overall and by tracer elements after elimi-
nating estimates based on the outlier crite-
ria given in Table 1. Daily soil ingestion
estimates (based on the median of the daily
soil ingestion estimates) were present for at
least 4 days for all subjects and were present
for 6 or more days for 94% of the subjects.
For aluminum, soil ingestion estimates
were available for all subjects on at least 2
days. No other trace element satisfied inclu-
sion criteria for soil ingestion estimation for
all subjects for at least 1 day. However, sili-
con, zirconium, and yttrium satisfied the
inclusion criteria on at least 1 day for 63,
62, and 61 subjects, respectively. For bari-
um and manganese, a large proportion of
subjects (48% and 70%, respectively) had
no days with “valid” soil ingestion estimates
(that did not exceed the outlier criteria).

Table 2. Soil ingestion estimates (mg/day) for subject 849 in the Amherst study

Element Week 1 Week 2 Element-specific
7] Day1® Day2 Day3 Day4 Dayl Day2 Day3 Day4 Median Mean

Al(1) 17 54 65 54 45

Ba(2)

Mn (3)

Si(4) 2 71 127 98 77 61

Ti(5) 414 68 55 53 54 148

V(6) 78 78 78

Y(7) 105 59 82 82

Zr(8) -1 22 77 10 24

N(elements) 0 2 2 0 4 4 5 0

Daily soil  0.25 025 260 —° 4 55 6 —°

ingestion®

“Day =i

bNg daily soil ingestion estimate because there was no subsequent fecal sample.
“Given by the median of the soil ingestion estimates for a given day.
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Table 3. Distribution of number of daily soil ingestion estimates per subject overall and by element?

No. of estimates Overall Al Ba Mn Si Ti Vv Y Zr
0 0 0 31 45 1 8 12 3 2
1 0 0 8 8 2 4 9 1 0
2 0 6 13 6 3 9 7 2 3
3 0 7 6 5 6 6 8 12 10
4 1 8 4 0 7 12 8 13 8
5 3 13 2 0 18 " 8 7 13
6 21 17 0 0 12 9 6 12 17
7 18 7 0 0 8 1 4 " 7
8 21 6 0 0 7 4 2 3 4

“Table entries are the number of subjects with the given number of days of soil ingestion. For example,
under the “overall” column, the value of 21 at the bottom of the column means that 21 subjects had 8
days on which soil ingestion estimates were provided.

Figure 1 (using a log,, scale for soil
ingestion) and Figure 2 (using an arith-
metic scale for soil ingestion) summarize
the cumulative distribution of daily soil
ingestion estimates, including estimates of
the median daily soil ingestion per child
(M), and the average daily soil ingestion
per child (A4). The average soil ingestion
estimate for one subject (who had an aver-
age estimate of 7.7 g/day of soil ingestion)
is not included in the figures because
inclusion alters the scale. For half the chil-
dren, the median daily soil ingestion esti-
mate was less than 12 mg/day, while the
mean soil ingestion estimate was less than
45 mg/day. Similarly, for 95% of the chil-
dren, the median daily soil ingestion esti-
mate was less than 138 mg/day, while the
mean daily soil ingestion estimate was less
than 208 mg/day. Tables 4 and 5 contain
summaries of certain percentile estimates
based on the median and mean daily soil
ingestion estimates. Estimates based on
barium and manganese are unreliable in
part due to large soil equivalent ingestion
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80 | — :

- ::
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50:
a |
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Soil Ingestion (mg/day)
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Figure 1. Cumulative distribution of soil ingestion
estimates (median and mean) for 64 children
(using log,, scaling for soil ingestion; subject
exhibiting pica not displayed).
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from food. Trace element-specific esti-
mates based on days where the trace ele-
ment estimate satisfied the daily inclusion
criteria are provided in Tables 4 and 5 for
comparison with previous published esti-
mates, but are not recommended for use.
As previously mentioned, estimates of
soil ingestion for all 8 days were not made
for all subjects (see Table 3). Furthermore,
on a given day when a soil ingestion esti-
mate was made for a subject, the estimate
was not necessarily based on all eight trace
elements because element estimates that
exceeded the outlier criteria were excluded.
The number of days with soil ingestion
estimates depended on the pattern of daily
fecal samples and ranged from 4 to 8. The

100
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70
60
50

40

Percentile of the Population

30
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number of elements used in forming a
daily estimate depended on how many esti-
mates fell within the RSD window (A);
this number also varied from one to eight.
When a large number of element-specific
estimates satisfied inclusionary criteria for
each day and calculation of estimates for a
large number of days was possible, we
expected the soil ingestion estimate to be
more reliable. In contrast, less reliable esti-
mates of soil ingestion were expected for a
subject when few elements and few days
contributed to the estimate.

We used this reasoning to evaluate the
sensitivity of the soil ingestion estimates to
the number of daily estimates for a subject
and the number of element estimates for a
day. First, we recalculated soil ingestion
estimates only if a minimum number of
element-specific estimates were within the
RSD window. Next, we considered soil
ingestion estimates only for subjects with a
minimum number of days of soil ingestion
estimates.

Table 6 summarizes soil ingestion esti-
mates when daily estimates are calculated
only for days with a minimum number of
trace element estimates. The number of
days and subjects represented in these esti-
mates varies by row due to application of
the criteria for identifying outlier ingestion
estimates. Table 6 includes estimates of soil

Median
B Average

25 50 75

100

125 150 175 200 225

Soil Ingestion (mg/day)

Figure 2. Cumulative distribution of soil ingestion estimates (median and mean) for 64 children (using
arithmetic scaling for soil ingestion (subject exhibiting pica not displayed).
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ingestion when no element-specific esti-
mates were excluded via the outlier criteria.
Table 6 also summarizes characteristics of
the subjects described by the medium and
mean soil ingestion estimates. The mini-
mum number of element-specific soil
ingestion estimates included in a daily soil
ingestion estimate varies from 1 to 8. All
64 subjects have at least 1 day with 3 or
more eligible element-specific estimates.
When the criteria for number of element
estimates per day is larger than 4 and the
outlier criteria are used, the number of
subjects with soil ingestion estimates
decreases. Due to missing fecal samples on

days at the end of study weeks for some
subjects, soil ingestion estimates were cal-
culated for only 86% (439) of the possible
subject-days in the study protocol (8 days
X 64 subjects = 512 or 100%). The pro-
portion of days with soil ingestion esti-
mates decreases as the criteria for inclusion
are made more stringent. The decrease is
modest when criteria require three or more
eligible element-specific estimates. When
four or more element-specific estimates are
required, the number of days with soil
ingestion estimates decreases markedly.
The average number of days in which a soil
ingestion estimate can be made for a sub-

Table 4. Distribution of median daily soil ingestion estimates per child (mg/day) for 64 children’

Overall Al Ba Mn Si Ti v Y Zr
Type of estimate (64)° (64) (33) (19) (63) (56) (52) (61) (62)
Mean 32 32 678 1039 31 217 101 15 19
25th Percentile 0 0 7 35 0 0 4 0 0
50th Percentile 13 13 52 121 12 15 24 6 n
75th Percentile 50 31 233 313 65 57 133 44 34
90th Percentile 126 76 473 355 99 147 372 91 90
95th Percentile 138 137 562 17,416 164 279 481 106 121
Maximum 185 411 19,068 17,416 387 10,086 845 226 167

%For each child, estimates of soil ingestion were formed on days 4-8 and the median of these estimates
was then evaluated for each child. The values in the column “overall” correspond to percentiles of the
distribution of these medians over the 64 children. When specific trace elements were not excluded via
the relative standard deviation criteria, estimates of soil ingestion based on the specific trace element
were formed for 1-8 days for each subject. The median soil ingestion estimate was again evaluated. The
distribution of these medians for specific trace elements is shown.

nin parentheses.

Table 5. Distribution of average (mean) daily soil ingestion estimates (mg/day) per child for 64 children’

Overall Al Ba Mn Si Ti v Y Zr
Type of estimate (64)° (64) (33) (19) (63) (56) (52) (61) (62)
Mean 179 122 655 1,053 139 271 12 165 23
25th Percentile 10 10 28 35 5 8 8 0 0
50th Percentile 45 29 65 121 32 31 47 15 15
75th Percentile 88 73 260 319 94 93 177 47 41
90th Percentile 186 131 470 478 206 154 340 105 87
95th Percentile 208 254 518 17,374 224 279 398 144 17
Maximum 7,703 4692 17,991 17,374 4975 12,055 845 8976 208

4For each child, estimates of soil ingestion were formed on days 4-8 and the mean of these estimates
was then evaluated for each child. The values in the column “overall” correspond to percentiles of the
distribution of these means over the 64 children. When specific trace elements were not excluded via the
relative standard deviation criteria, estimates of soil ingestion based on the specific trace element were
formed for 1-8 days for each subject. The mean soil ingestion estimate was again evaluated. The distrib-
ution of these means for specific trace elements is shown.

nin parentheses.

ject (Table 6) decreases when more than
three element-specific estimates are
required.

A summary of the distribution of medi-
an daily, soil ingestion estimates and mean
daily soil ingestion estimates for subjects,
based on the different criteria for number
of element-specific estimates per day, is
also presented in Table 6. Values in this
table are comparable only when the num-
ber of subjects is the same. As a result,
comparison of 1, 2, 3, and 8 trace elements
per day (based on 64 subjects) provides a
measure of sensitivity of the soil ingestion
distribution to the minimum number of
trace element estimates required to esti-
mate soil ingestion for a day. This compar-
ison indicates generally that estimates of
the median daily soil ingestion distribution
is slightly less sensitive to the number of
estimates than the mean soil ingestion dis-
tribution and that larger differences in esti-
mates occur for higher percentiles of the
distributions. When subject numbers are
varied, interpretation of comparisons is
complicated because different children
contribute to the estimates.

Based on the results of Table 6, we
chose to evaluate the effect of different
numbers of daily soil ingestion estimates
using a minimum of three eligible trace-
element estimates per day to form a daily
estimate. We selected 3 eligible element
estimates because all 64 subjects were
included, and because there was a relatively
large number of days with soil ingestion
estimates per subject. We varied the mini-
mum number of daily estimates from 2 to
7 because all subjects had at least 2 days of
soil ingestion estimates. The results are
summarized in Table 7.

Evaluating the effect of increasing the
minimum number of days to form a soil
ingestion estimate for a child is complicat-
ed by the different numbers of subjects
included, based on different criteria for the
days. When a minimum of 2—4 days of soil
ingestion estimates are required, more than
90% of the subjects have soil ingestion
estimates, and the distribution of mean

Table 6. Summary of distribution of daily soil ingestion estimates (mg/day) per child based on a minimum number of trace elements

Trace
| t A
:;ir;zr;es/ No. of % no.voefr:gss/ Median {all children)’ Mean (all children)
day subjects ofdays® subject Mean 25th Median 75th  90th 95th Max Mean  25th  50th 75th  90th  95th  Max
1+ 64 86 6.9 32 0 13 50 126 138 185 179 10 45 88 186 208 7,703
2+ 64 85 6.8 36 0 13 50 130 161 357 182 10 45 88 186 210 7,703
3+ 64 75 6.0 26 0 " 49 n 12 226 164 10 K} 76 12 151 7,703
44 63 58 41 175 0 9 46 3 146 9,649 43 3 24 54 93 148 13,2306
5+ 53 36 34 210 0 12 31 /3 259 9622 214 0 17 43 97 259 9,622
6+ 28 14 26 ni? 3 18 34 134 26 19,261 7il 4 19 3 134 226 19,260
7+ 6 2 18 101 18 n 198 226 226 226 98 18 66 198 226 226 226
8¢ 64 86 6.9 38 0 14 n 150 187 324 157 9 48 116 166 210 6422
*Total of 512 days.
bpgrcentiles indicated by 25th, 75th, 90th, and 95th.
°No elements excluded via outlier criteria.
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Table 7. Summary of distribution of daily soil ingestion estimates (mg/day) per child based on a minimum of three trace element estimates per day, with varying

minimum numbers of daily estimates

No. of days

with soil

ingestion Average

ostimates/ No.of  %of o, of days/ Median (al children)” Mean (al children)

day subjects  days’ subject Mean 25th Median 75th  90th 95th Max Mean  25th  50th 75th ~ 90th 95th  Max
2+ 64 75 6.0 26 0 " 49 n 112 226 165 10 34 76 112 151 7703
3+ 63 74 6.0 26 0 n 48 n 12 226 167 9 KL n 116 151 7703
4+ 59 2 6.3 20 0 10 38 68 107 19 m 7 32 7 112 151 7703
5+ 54 68 6.5 20 0 10 37 61 107 19 181 7 30 63 112 151 7703
6+ 48 62 6.6 20 0 " 35 61 9% 112 200 8 30 61 19 151 7703
7+ 21 31 15 15 0 9 20 38 50 12 391 5 21 4 18 107 7703

#Total of 512 days.
Percentiles indicated by 25th, 75th, 90th, and 95th.

and median estimates is relatively stable.
This result suggests that the estimated soil
ingestion distribution is not greatly affect-
ed by subjects with more limited soil inges-
tion data.

Annual Soil Ingestion Distribution
Estimates Based on Daily Soil
Ingestion Values

Individual daily soil ingestion estimates
summarized in Tables 4 and 5 were used
to develop a distribution of values for 365
days for each subject using an assumed log-
normal distribution. Between 4 and 8 daily
soil ingestion estimates were available on
each of the 64 subjects. By assuming that
soil ingestion is log-normally distributed
for a given subject, we estimated the para-
meters for the log-normal distribution
based on the subjects’ daily estimates
(replacing negative daily soil ingestion esti-
mates by an estimate of 1 mg/day). Order
statistics, corresponding to z-scores for per-
centiles in increments of 1/365, were then
used in connection with the log-normal
distribution and estimated parameters to
form soil ingestion estimates for 365 days
for each subject. Characteristics of these
annual soil ingestion distributions are sum-
marized in Tables 8 and 9. Of particular
note is that the estimated median of the 64
subjects’ daily soil ingestion as averaged
over 365 days is 75 mg/day, while the
upper 95% is 1751 mg/day. The findings
also indicate that more than 10% of the
subjects ingest on the average approximate-
ly 1.2 g/day. Table 9 indicates that 33% of
the children will ingest >10 g of soil on
1-2 days per year, and 16% of children are
expected to ingest >1 g of soil on 35-40
days per year.

Figure 3 (using a log,, scale for soil
ingestion) and Figure 4 (using an arith-
metic scale for soil ingestion) summarize
the cumulative distribution of daily soil
ingestion estimates for the 64 subjects,
including estimates of the median daily soil
ingestion per child (M) and the average
daily soil ingestion per child (4). In con-
trast to Figures 1 and 2, the estimates plot-
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ted in Figures 3 and 4 are based on predict-
ed soil ingestion over an entire year (365
days), assuming a log-normal soil ingestion
distribution. The results clearly demon-
strate a marked increase in the cumulative
distribution for soil ingestion using subject
averages. This result can be expected based
on the skewness of the assumed log-normal
soil ingestion distribution.

Discussion

Daily Soil Ingestion Ingestion
Framework

The results presented here represent the
first estimates of daily soil ingestion based
on a mass—balance study that have
appeared in the literature. Previous reports
have estimated average daily soil ingestion

Table 8. Soil ingestion estimates on 64 subjects
over 365 days based on fitting a log-normal distri-
bution model to daily soil ingestion values

Range of median soil ingestion 1-103 mg/day
estimates of 64 subjects over

365 days

Median soil ingestion of 14 mg/day
64 subjects’

Range of upper 95% soil- 1-5263 mg/day

ingestion estimates of 63
subjects over 365 days

Median of the upper 95% soil 252 mg/day
ingestion estimates of the
64 subjects over 365 days
Range of estimated total number 0.365-828.16 g

of grams of soil ingested per
year by 63 subjects

Range of average daily soil
ingestion values for the
63 subjects over 365 days"

Median of the 64 subjects
daily average soil ingestion?

1-2268 mg/day

75 mg/day

The upper 95% of the average
daily soil ingestion for 64 subjects’

The upper 90% of the average
daily soil ingestion for 64 subjects’

1751 mg/day

1190 mg/day

With subject estimates equal to the average soil
ingestion over 365 days.
Subject exhibiting soil pica excluded.

where the average was taken over 3, 4, or 8
days for a given subject (6,7). Since soil
ingestion estimates are likely to be positive-
ly skewed for a subject, the distribution of
average daily soil ingestion estimates (with
averages taken over a specified period of
time) will be larger than the distribution of
daily soil ingestion estimates reported here.
This effect is observable in the difference
between the soil ingestion distributions
summarized in Tables 4 and 5.

Table 9. Estimated percent of children with soil
ingestion exceeding daily rates for given time
periods per year

Estimated no. of . - .
Daily rate of soil ingestion

days/year with
soilingestion >200mg >500mg >1g >5g >10g
1-2 86 72 63 42 33
7-10 72 53 4 20 9
35-40 42 31 6 16 16
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Figure 3. Cumulative distribution of soil ingestion
estimates (median and mean) for 64 children
(using a log,, scaling for soil ingestion) based on
soil ingestion estimated over 365 days based on a
log-normal distribution (subject exhibiting pica
not displayed).
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Overall soil ingestion estimates present-
ed in Tables 4 and 5 are not trace-element
specific. Furthermore, these soil ingestion
estimates are robust to sample loss and
source errors affecting individual trace ele-
ment estimates, and they account for posi-
tive/negative error (15). The daily soil
ingestion methodology directly links physi-
cal passage of food and fecal samples and
thus has the potential for eliminating vari-
ability in soil ingestion estimates based on
transit time differences and irregular fecal
samples. For these reasons, we consider the
daily soil ingestion methodology to be
superior to other strategies for understand-
ing and quantifying soil ingestion.

Previous studies have considered ele-
ment-specific soil ingestion estimates. A
summary of the distribution of these esti-
mates relative to the daily estimates pre-
sented in Table 5 is given in Table 10. In
the absence of biases or positive/negative
errors, the estimates based on the two
methods should be the same. Differences
in the estimates reflect differences due to

100 i ;
w g
80
70
60
50
40

30

Percentile of the Population

20

10

sources, as well as different numbers of
subjects contributing to the estimates
based on the daily method. It is notewor-
thy that daily estimates were possible for all
subjects for aluminum and for all but one
subject for silicon. The distribution of the
daily estimates and the distribution of the
original estimates are quite similar, indicat-
ing little error due to these possible
sources. This suggests that if element-spe-
cific estimates were used, aluminum and
silicon should be selected. This is not to
say that the estimates based on either of
these elements is preferable to the overall
estimate based on all elements. Individual
trace-element estimates are more subject to
input, output, and source errors (15), all of
which are addressed and potentially mini-
mized using the daily methodology.
Although the daily soil ingestion esti-
mates offer a substantial improvement over
element-specific estimates, these estimates
depend on several assumptions. Perhaps
the most suspect assumption is that chil-
dren’s fecal samples can be grouped on a

daily basis and directly linked to a 24-hr
food sample for the period 28 hr before the
fecal sample collection. We assume that
this lag period is constant for all subjects
and for all days, but the impact of this
assumption on soil ingestion estimates has
not been evaluated. It is possible that use
of a constant 28-hr lag time coupled with
irregular daily fecal output may positively
bias soil ingestion estimates on the first day
of a soil ingestion study due to several days
ingestion contributing to the first day fecal
sample. Using available data and additional
assumptions, such as a constant fecal mass/
food freeze-dry rate ratio, it may be possi-
ble to estimate lag times for individual sub-
ject-weeks. Other strategies may be possi-
ble to tailor lag times to individual subject-
days. Sensitivity analyses of the 28-hr lag
assumption should also be conducted.

An additional assumption used in this
paper is the outlier criteria used to elimi-
nate unusual element-specific estimates for
individual subject days. Such a criteria was
used due to the strong likelihood that

Median
I Average

0 200 400

Soil Ingestion (mg/day)

600 800 1000 1200 1400 1600 1800 2000

Figure 4. Cumulative distribution of soil ingestion estimates (median and mean) for 64 children (using a natural scale for soil ingestion) based on soil ingestion
estimated over 365 days based on a log-normal distribution (subject exhibiting pica not displayed).

Table 10. Comparison of the distribution of the average (over all days with a soil ingestion estimate) daily soil ingestion estimates (mg/day) per child with the

original element-specific estimates for 64 children

Overall Al Ba Mn Si Ti v Y Zr

Type of estimate ~ Source’ (64) (64,64)° (33,64) (19,64) (63,64) (56,64) (52,62) (61,62) (62,62)
Mean Daily 179 122 655 1,053 139 mn 112 165 23
Original 153 32 -294 154 218 459 85 21
50th percentile  Daily 45 29 65 121 32 3 47 15 15
Original 29 -37 -261 40 55 96 9 16
90th percentile  Daily 186 131 470 478 206 154 340 105 87
Original 138 228 595 219 702 1,366 9 67
95th percentile  Daily 208 254 518 17,374 224 279 398 144 17
Original 223 283 788 276 1,432 1,903 106 110

“Daily soil ingestion estimates correspond to average estimates from Table 5. Original soil ingestion estimates correspond to estimates for 8 days based on origi-
nal calculations [see Calabrese et al. (78 Table 13)].
Numbers in parenthese indicate n, and n,, respectively. Note that n, indicates the number of subjects contributing to the daily estimate.
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ingestion of some tracers from sources
other than food or soil occurred (16). This
criteria helped to focus attention on dis-
crepancies between individual trace-esti-
mates of soil ingestion (Table 3). While
helpful in this respect, the use of the out-
lier identification assumptions are not criti-
cal to the main soil ingestion results of the
paper, as evident in comparing the overall
results in Tables 4 and 5 with results in
Table 6 (where no outliers were excluded).

A final limitation of the methodology
and results is that, for each subject and
day, a single estimate has been used for soil
ingestion, even though multiple estimates
were available from different trace ele-
ments. The multiple estimates allow both a
point estimate and an estimate of the vari-
ance to be made on a subject-day basis. We
have presented the point-estimate, but we
did not assess the variance in these point
estimates on a subject-day basis. Since
accounting for this variance is likely to
alter the estimated predicted distribution
of soil ingestion, further analysis in this
area is warranted.

Interpretation and Application of
the Distribution Analysis

The analysis of the annual soil ingestion
distributions represents a striking diver-
gence from past soil ingestion estimates
generated from the same data (6).
Although we believe the basic assumptions
underlying the estimation methodology are
reasonable, the resulting estimates may be
sensitive to a number of decisions dictated
by limits in available data. The first such
decision is the use of the log-normal distri-
bution to estimate daily soil ingestion over
a calendar year. Although the log-normal
distribution is plausible, there is little
empirical evidence to support its use (since
only 4-8 days of soil ingestion estimates
are available per subject). Annual estimates
of total soil ingestion will be strongly
affected by the tails of the soil ingestion
distribution, which are uncertain. While
log-normal modeling has been commonly
used in exposure quantification practices
(17), assumptions of alternative right-
skewed distributions may produce large
differences in total soil ingestion estimates.
Data currently available are not adequate
to resolve this issue.

Extrapolation of soil ingestion over a
year is based on estimated parameters for
the log-normal distribution. Assuming
unbiased daily soil ingestion estimates, esti-
mates of the mean and variance of the log-
normal distribution have large variance
because only four to eight measures are
available for a subject. Variability in the
variance estimates will generate large vari-
ability in annual soil ingestion estimates.
This variability has not been assessed. A
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further factor may serve to positively bias
variance estimates for the log distribution.
The methodology for estimating daily soil
ingestion assumed a constant transit time
of 28 hr. Variation in this transit time
from day to day may result in inducing
variability in daily soil ingestion estimates
(falsely) and hence lead to higher variance
estimates for the daily soil ingestion distri-
butions. Such an error would act as a posi-
tive bias on annual soil ingestion estimates.
At present, there is no information on the
extent of transit-time error. However, if
transit time error is large, we can expect
fewer tracer-specific estimates of soil inges-
tion to satisfy the outlier criteria because
tracers with more variable food intake
result in highly variable soil ingestion esti-
mates. The extent to which the soil inges-
tion distribution is stable when varying the
number of required element estimates for a
day is an indirect measure of potential bias
due to transit-time error. The results of
such an analysis (Table 7) suggest that the
soil ingestion distribution is relatively sta-
ble and that a bias due to transit-time vari-
ability may not be severe.

A third limitation of the estimates is
the short duration (2 weeks) in which soil
ingestion estimates were made. Such a lim-
ited period of observation represents in a
sense a cross-sectional study of soil inges-
tion. There are no data to support the
assumption that variability in this 2-week
time period reflects variability over a year.
Furthermore, there are currently no avail-
able estimates of seasonal effects on soil
ingestion. Such seasonal effects are likely,
considering the reduced potential for soil
exposure in winter months in northern
states and Canada. Our estimates are based
on an assumption of 365 possible soil
ingestion days in a year, with soil ingestion
similar on those days to that observed in 2
weeks in September and October.

Finally, the results are limited by the
study protocol for the study (6,7/8). The
children studied were a nonrandom sample
residing in and adjacent to an academic
community in western Massachusetts.
Whether the soil ingestion behavior of
these children is quantitatively relevant to
population groups in other geographical
regions (e.g., the inner city, rural areas) is
unknown.

Despite these limitations, we consider
our results to be extremely important for
assessing exposure via soil ingestion. The
results are based on a biologically refined
model that fits physical soil ingestion
kinetics. Variability due to the principal
types of positive and negative error is likely
reduced. Tracer-specific discrepancies are
minimized. Daily soil ingestion estimates
are calculated based on a physical mass-bal-
ance equation. Each of these aspects leads

to fundamentally improved individual and
population-based soil ingestion estimates.
The results provide a foundation for a
more realistic appraisal of soil ingestion.

Our results suggest that soil pica in the
general population needs to be reassessed.
The current assessment indicates that soil
pica is not merely truncated in a small sub-
group, but that most children will periodi-
cally display this behavior to varying
degrees of potential public health concern
throughout the year. In addition, soil
ingestion behavior may be an important
factor in the characterization of acute and
chronic effects.

An important question that needs to be
addressed is how do the present analyses
relate to current recommendations for soil
ingestion exposure factors? Current prac-
tice has followed the guidance offered by
the U.S. Environmental Protection Agency
(EPA) and has been principally concerned
with assessing public health risks from
exposure to toxic substances at contami-
nated sites. EPA-recommended soil inges-
tion rates for children are 200 mg/day, a
value generally viewed as approximating
the upper 95% of the distribution for chil-
dren. This value evolved from the initial
findings of Binder et al. (4) and has been
generally supported in subsequent child-
hood soil ingestion studies in the United
States (6,7). In recent years, there has been
a tendency to advocate the use of the
Ambherst study findings (19) in light of
their improved attempts to identify the
most reliable tracers based on estimated
precision of recovery and soil ingestion
detection levels of individual tracers (1,9).
In a striking departure from the recom-
mendations of EPA, the present findings
show that the upper 95% of the distribu-
tion for a yearly estimate is 1750 mg/day, a
value nearly nine-fold higher than EPA
guidelines. Furthermore, it is possible that
these estimates are approximately 5-10%
low due to missing daily fecal samples as a
result of incomplete subject compliance
and a decision not to collect fecal material
adhering to diaper wipes or toilet paper.
Because soil ingestion is often a driving
factor in the risk assessment process for
contaminated sites, the implications of the
current findings are likely to be substantial
in terms of both estimated human health
risks and in site-remediation costs.

Finally, it is important to recognize that
the capacity to design, conduct, assess, and
interpret soil ingestion studies has markedly
improved since the first quantitative
attempt (4). Since that time, methodologi-
cal developments have given researchers the
capacity to derive study-specific soil inges-
tion detection limits (1,9), differentiate soil
from dust ingestion (13), identify, quantify,
and correct for error (15), and apply these
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approaches to the level of subject-day so
that distributions of soil ingestion can be
derived for each subject, as in the present
paper. These developments now permit a
more sophisticated approach to the estima-
tion of soil ingestion estimates than was
available several years ago. In addition, the
application of such methods will result in
the derivation of more defensible estimates
of soil ingestion.

REFERENCES

1. Calabrese EJ, Stanek EJ III. A guide to inter-
preting soil ingestion studies. 2. Qualitative
and quantitative evidence of soil ingestion.
Regul Toxicol Pharm 13:278-292 (1991).

2. U.S. EPA. Draft final integrated endangerment
assessment risk characterization report, version
2.1, vol 2. Washington, DC:Environmental
Protection Agency, 1992; appendices A and B.

3. Calabrese EJ, Stanek EJ III, Gilbert CE.
Preliminary decision framework for deriving
soil ingestion rate. In: Hydrocarbon contami-
nated soil and groundwater: analysis, fate, envi-
ronment, and public health effects, vol 1
(Kostecki PT, Calabrese EJ, eds).Chelsea,
MI:Lewis Publishers, 1991;301-311.

4. Binder S, Sokal D, Maughan D. Estimating
the amount of soil ingested by young children
through tracer elements. Arch Environ Health
41:341-345 (1986).

5.

10.

11.

12.

Clausing P, Brunekreff B, Van Wijnen JH . A
method for estimating soil ingestion in chil-
dren. Int Arch Occup Environ Med 59:73-82
(1987).

Calabrese EJ, Barnes R, Stanek EJ, Pastides H,
Gilbert CE, Veneman P, Wang X, Lasztity A,
Kostecki PT. How much soil do young chil-
dren ingest: an epidemiologic study. Regul
Toxicol Pharm 10:123 (1989)

Davis S, Waller P, Buschom R, Ballou J, White
P. Quantitative estimates of soil ingestion in
normal children between the ages of 2 and 7
years: population-based estimates using alu-
minum, silicon, and titanium as soil tracer ele-
ments. Arch Environ Health 45:112-122
(1990).

Van Wijnen JH, Clausing P, Brunekreef B.
Estimated soil ingestion by children. Environ
Res 51:147-162 (1990).

Stanek EJ III, Calabrese EJ. A guide to inter-
preting soil ingestion studies. 1. Development
of a model to estimate the soil ingestion detec-
tion level of soil ingestion studies. Regul
Toxicol Pharm 13:263-277 (1991).

Stanek EJ III, Calabrese EJ. Bias and the detec-
tion limit model for soil ingestion. J Soil
Contam 3:183-189 (1994).

Stanek EJ III, Calabrese EJ. Limits in soil

ingestion data: the potential for imputing data -

when soil ingestion estimates are below the
detection limit. J Soil Contam 3:225-229
(1994).

Stanek EJ III, Calabrese EJ, Barnes RM,
Keegan E, Lasztity A, Wang X, Gilbert C,

13.

14.

15.
16.

17.

18.

19.

Pastides H, Kostecki PT. Ingestion of trace ele-
ments from food among preschool children:
Al, Ba, Mn, Si, Ti, V, Y, and Zr. J of Trace
Elem Exp Med 1:179-190 (1988).

Stanek EJ III, Calabrese EJ. Soil ingestion in
children: outdoor soil or indoor dust? J Soil
Contam 1:1-28 (1992).

Calabrese EJ, Stanek EJ III. Distinguishing
outdoor soil from indoor dust ingestion in a
soil pica child. Regul Toxicol Pharm 15:83-85
(1992).

Calabrese EJ, Stanek EJ III. Resolving inter-
tracer inconsistencies in soil ingestion estima-
tion. Environ Health Perspect (in press).
Calabrese EJ, Stanek EJ III. High levels of
exposure to vanadium by children aged 1-4. ]
Environ Sci Health A28:2359-2371 (1993).
Finley BL, Scott P, Paustenbach DJ. Evalu-
ating the adequacy of maximum contaminant
level as health-protective cleanup goals: an
analysis basis on Monte Carlo techniques.
Regul Toxicol Pharm 18(3):438—455 (1993).
Calabrese EJ, Pastides H, Barnes R, Edwards
C, Kostecki PT, Stanek EJ III, Veneman P,
Gilbert CE. How much soil do young children
ingest: an epidemiologic study. In: Petroleum
and contaminated soils, vol 2 (Calabrese EJ,
Kostecki PT, eds). Chelsea, MI:Lewis
Publishers, 1990;363-397.

Paustenbach DJ. A survey of health risk assess-
ment. In: The risk assessment of environmental
and human health hazards: a textbook of case
studies (Paustenbach DJ, ed). New York:John
Wiley and Sons 1989;27-124.

attendee.

Manhattan College

Riverdale, NY 10471
Phone (718) 920-0277
FAX (718) 543-7914

For additional information, contact:
Ms. Eileen Lutomski, Program Coordinator,

Environmental Engineering Department

INSTITUTE IN WATER
POLLUTION CONTROL

MANHATTAN COLLEGE, Riverdale, NY
June 5-9, 1995

Manhattan College’s fortieth annual Institute in Water Pollution Control will take place on
June 5-9, 1995 in the Manhattan College Leo Engineering Building, Riverdale, New York.
Two courses, which run concurrently, will be offered: Modeling of Transport, Fate, and
Bioaccumulation of Toxic Substances in Surface Waters, and Treatment of Municipal,
Hazardous and Toxic Wastewaters. These week-long courses have much to offer young
engineers and also older professionals who have not been able to stay abreast of the rapid-
ly changing field. Set in a classroom atmosphere, the courses allow for dialog between lec-
turer and participants. The fee per course is $1,050 and includes a set of notes for each
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