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Cadmium in soil poses a risk for human health, due to its accumulation in food and feed crops. The extent of accumulation
depends strongly on soil type and the degree of pollution. The objective of the present study was to develop a predictive
model to estimate human dietary cadmium exposure from soil characteristics. This chain model consists of three basic steps:
(i) calculation of plant cadmium levels from soil contamination levels and soil characteristics, (ii) calculation of animal transfer
from consumption and contamination levels, and (iii) human exposure from both plant and animal products. Six soil scenarios
were assessed, reflecting a specific contaminated region and ranging from 0.5 mg/kg of Cd (pH 4.5) to 2.5 mg/kg of Cd (pH
5.5). Cadmium levels in feed crops and vegetables were estimated with regression and mathematical models. Animal exposure
and transfer to cattle kidneys, livers, and meat were calculated using a consumption database and a parameterized linear
simulation model. Human exposure was estimated by Monte Carlo simulation, using a consumption database. The median
human exposure for the different scenarios ranged from 0.24 to 0.98 g/kg of body weight per day, which is comparable to
results obtained from exposure levels based on observed field contamination data. The study shows that a chain model approach
from soil contamination to human exposure, including animal exposure and transfer to animal products, can successfully be
applied. The model can be used for fast evaluation of dietary cadmium exposure and the identification of risk areas based on
soil conditions.

Awareness has grown that soil is an important factor
in the feed and food supply chain in order to deliver safe
and high-quality products. Whether dealing with homegrown or industrially processed vegetables or animal feed,
the transfer of contaminants from soil to a specific product
is of importance regarding the quality and safety of food
and feed. The role of the soil in maintaining food safety is
explicitly mentioned in the European Thematic Strategy for
Soil Protection (35). The presence of heavy metals like cadmium in soils used to produce food or feed poses a public
health risk due to the accumulation of the contaminant in
food and feed and the subsequent accumulation in the human body over time. This accumulation can result in a variety of health problems, with impairment of kidney function being the main adverse effect (19). The degree to
which cadmium is available for plant uptake and further
accumulation in edible plant parts as well as animal target
organs (such as kidneys, liver, meat) depends strongly on
the degree of pollution and soil characteristics (24, 26, 41).
In 2001, the European Union introduced food quality
standards for cadmium contamination levels in crops for
feed and food production, which are implemented to protect
consumers from an unacceptable dietary exposure to cadmium as a result of intake of food (12). In some areas in
The Netherlands and other European countries, diffuse pollution with cadmium has resulted in elevated levels in soil.
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Regional differences in cadmium levels and soil characteristics will lead to differences in cadmium levels in feed and
food crops and eventually to differences in human dietary
exposure to cadmium.
In the Kempen area on the border of The Netherlands
and Belgium, soil cadmium concentrations are relatively
high (0.5 to 5 mg/kg) as compared with other regions in
The Netherlands (average is below 0.3 to 0.5 mg/kg) (5,
26). The main reason for the elevated cadmium (as well as
lead and zinc) levels in the soil of this specific area is the
presence of a zinc smelter near the town of Budel. In the
period 1882 to 1983, emission estimates from this factory
ranged from 66 to 178 tons of cadmium, which resulted in
a polluted area of approximately 350 km2 (7). Although the
levels of cadmium in soil are not extremely high and are
below the level at which further investigation is required
(the Dutch intervention for sandy Kempen soils is approximately 7 mg kg⫺1 in soil), the soils are mostly acidic, with
pH levels below 5.5. At these low pH levels, the availability
of cadmium in soil is high, which can lead to high uptake
by plants, despite the rather low total cadmium content in
the soil (10). Indeed, crop samples from private gardens
and agricultural soils with cadmium levels exceeding the
food quality standard (2) occurred primarily in soils with a
pH lower than 5.5 and cadmium concentrations between
0.2 and 0.6 mg kg⫺1 (26).
Human risks of soil cadmium contamination are related
to the degree to which the metal enters the food chain.
Uptake by crops, fodder, animals, and ultimately the con-
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TABLE 1. Description of the different soil scenarios evaluated
in the exposure assessment

sumer depends on soil properties, animal properties, plant
properties, and consumption patterns. Most human exposure assessments concerning the dietary intake of heavy
metals like cadmium are based on measured concentrations
in food products (6, 18, 28, 42–44). However, for specific
regions, monitoring data are often not available. The objective of the present study was to estimate human dietary
exposure to cadmium on a regional level, using a predictive
modeling approach taking into account the supply chain
from soil to the consumer. An exposure model was developed that links soil cadmium levels and soil characteristics
to intake in plants, dietary cadmium transfer by animals,
and finally, consumer exposure from dietary intake of plant
and animal products. The model is subsequently applied to
different soil scenarios, reflecting the conditions in the
Kempen area. The approach is designed in such a way that
the model can also be applied to other regions, using region-specific data.
MATERIALS AND METHODS
Model overview. To assess the extent to which cadmium in
soil poses a risk for human health by food consumption, a humanexposure chain model was developed. The model integrates soil
cadmium levels, soil characteristics, soil-to-plant transfer, animal
intake, transfer to animal products, and human consumption patterns to estimate human cadmium exposure from dietary intake.
(A schematic overview of the model is given in Figure 1.) As a
baseline scenario, the average exposure of the Dutch population
was determined based on an average consumption pattern and
cadmium levels in food products, as measured in national monitoring programs. As a regional case, the human dietary exposure
to cadmium of the Kempen population was assessed for six sit-

Cadmium
level soil
(mg/kg)

pH

Description

A
B
C
D
E
F

0.5
0.5
1
1
2.5
2.5

4.5
5.5
4.5
5.5
4.5
5.5

Clean: low pH
Clean: high pH
Average: low pH
Average: high pH
Contaminated; low pH
Contaminated: high pH

uations reflecting typical conditions of soils in the Kempen area,
with a variation in pH and soil cadmium levels as observed
throughout the region in arable soils (Table 1). For each of these
soil scenarios, the cadmium concentrations in cattle organs and
vegetables were calculated with the models described below.
These predicted cadmium levels were subsequently used to estimate the dietary cadmium exposure of the Kempen population. It
was assumed that vegetable products and cattle organs and meat
consumed were produced locally. For vegetables and food products for which no predictive model estimates were available, contamination data from the national monitoring programs were used
(average national contamination level). The model and data used
are described in more detail in the following sections.
Model description. The model consisted of an animal module, a soil-plant module, and a human module. The soil-plant
model was applied to the relationship between soil and roughage,
and between soil and vegetables independently. Within the animal
module, the cadmium levels in cattle organs were estimated using
predictive models for cadmium uptake by grass and maize, cattle
consumption patterns, and transfer characteristics. Within the crop
module, the cadmium levels in different products were estimated
using predictive models based on soil cadmium levels and soil
characteristics (pH, organic matter content, clay content). The human module estimated the human dietary exposure to cadmium
by Monte Carlo simulation, based on cadmium levels in food
products and consumption data.
Modeling cadmium levels in cattle kidneys and liver. (i)
Quantification of cadmium intake. The levels of cadmium in
livers and kidneys of 6-year (1,825 days)-old cattle were estimated
using the method described in Römkens et al. (27). The daily
intake (DI, expressed in milligrams per day) of cadmium by cattle
in the Kempen area was calculated as the sum of the cadmium
intake by soil ingestion, roughage (grass and maize in a ratio of
70 to 30%), and compound feed (feedstuffs that are blended from
various raw materials and additives):
DI ⫽

冘 (Cd

soil

⫻ Fsoil ) ⫹ (Cdcompound feed ⫻ Fcompound feed )

⫹ (Cdroughage ⫻ Froughage )

(1)

where Cdsoil, Cdcompound feed, and Cdroughage are the cadmium levels (in milligrams of Cd per kilogram of dry matter) in, respectively, soil, compound feed, and roughage; and Fsoil, Fcompound feed,
and Froughage (⫽Fgrass ⫹ Fmaize) are the cattle consumption levels
of soil, compound feed, and roughage (in kilograms of dry matter
per day). The cadmium intake by contaminated water was neglected due to the low contribution to the total cadmium intake
(27). The level of soil ingestion (Fsoil) by cows was estimated to
be 3% of the total roughage (grass and maize) consumption (14,
34). The levels of cadmium (in milligrams of Cd per kilogram of
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FIGURE 1. Flow chart of the chain model to estimate human
dietary exposure to cadmium from animal and plant products,
based on soil cadmium levels and soil quality parameters.
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TABLE 2. Regression parameters for the crops used in the present study to calculate cadmium levels (25, 32)
n

INT

␣

␤

␥

␦

R2

Dry matter (%)

Grass
Maize
Potato
Endive
Leek
Lettuce
Spinach
Tomato
Carrot
Cucumber
French beans
Scorzonera
Celery
Radish

14
39
60
87
15
69
36
40
100
45
47
52
103
39

1.45
0.90
0.97
2.35
2.52
2.55
2.19
1.52
1.00
⫺0.86
0.44
2.25
1.29
1.03

NSa
NS
⫺0.41
⫺0.44
⫺1.22
⫺0.39
⫺0.40
⫺0.75
NS
NS
NS
NS
NS
⫺0.39

NS
⫺0.32
⫺0.20
⫺0.18
⫺1.00
⫺0.19
NS
NS
NS
NS
NS
NS
NS
⫺0.20

1.22
1.08
0.81
0.58
1.40
0.85
0.77
0.51
0.29
0.74
1.08
0.49
0.65
0.67

⫺0.38
⫺0.21
⫺0.21
⫺0.28
⫺0.24
⫺0.33
⫺0.29
⫺0.21
⫺0.20
NS
⫺0.33
⫺0.44
⫺0.20
⫺0.11

0.63
0.50
0.78
0.66
0.48
0.71
0.49
0.41
0.43
0.57
0.69
0.74
0.54
0.74

88
88
24
6
10
5
6
5
11
3
11
23
10
8

a

NS, not significant.

dry matter) in grass (Cdgrass) and maize (Cdmaize) were estimated
with the following regression equation:
log(Cd) ⫽ INT ⫹ ␣ ⫻ log(OM) ⫹ ␤ ⫻ log(clay)
⫹ ␥ ⫻ log(Cdsoil ) ⫹ ␦ ⫻ pH

(2)

where OM is the organic matter content (in percentage, fixed on
3% for all six soil scenarios, based on measurements in the Kempen area), clay is the fraction of clay particles (in percentage, fixed
on 3% for all six soil scenarios), Cdsoil is the cadmium level in
the soil (in milligrams per kilogram of dry matter), and pH is the
pH of the soil (5, 10). The regression parameters INT (intercept),
␣, ␤, ␥, and ␦ in equation 2 were estimated by regression analysis
(stepwise multiple regression) with two national and one local
(Kempen area) data sets (25) (Table 2). The data sets consisted of
paired measurements, i.e., soil cadmium levels, soil characteristics, and plant cadmium levels, were measured simultaneously at
the same location. The relations and individual parameter estimates presented in Table 2 were significant at the P ⬍ 0.05 level.
The level of cadmium in compound feed was obtained from
the Dutch KAP (Quality of Agricultural Products) database, where
the results of national monitoring programs for chemical compounds in foods and feed are stored (http://www2.rikilt.dlo.nl/
kap/index.html) (38). Hereby, it was assumed that the compound
feeds were obtained from nationally operating manufacturers,
which produce their feeds predominantly from imported ingredients. The median cadmium level in compound feeds was 0.05 mg
kg⫺1 of dry matter.
The average daily cattle consumption pattern was estimated
for three different age classes (0 to 1, 1 to 2, and ⬎2 years). Total
roughage consumption (Froughage) was estimated to be 4, 8, and 14
kg dm day⫺1, respectively. This resulted in, respectively, 0.12, 0.24,
and 0.42 kg of dry matter per day of soil ingestion (Fsoil); 2.8, 5.6,
and 9.8 kg of dry matter per day of grass consumption (Fgrass); and
1.2, 2.4, and 4.2 kg of dry matter per day of maize consumption
(Fmaize). Compound feed consumption (Fcompound feed) was estimated
to be 0.24, 0, and 2.32 kg of dry matter per day (25).
Modeling cadmium levels in cattle kidneys and liver. (ii)
Carry-over of cadmium to kidneys and liver of cattle. In practice, cadmium irreversibly accumulates in cattle organs (4), and
estimates of biological half-life times of cadmium range from 40
days to several years or even infinite in animals (39), and from
10 to 30 years in humans (21). A linear assumption is supported

by experimental data on the accumulation of cadmium in cattle
(3, 8, 30, 31), contrary to other studies suggesting the development of a steady state (39). Considering some recent evaluations
(25, 40), the transfer of cadmium to the kidneys and liver was
calculated using a linear biotransfer rate (BTR), assuming an irreversible cadmium accumulation without excretion from the target organ. The latter implicates a slight overestimation at the end
of the 5-year period, and can therefore be considered worst-case
scenario. The cadmium concentration in the organs (C, in milligrams per kilogram), after period T (days), was calculated using
the BTR (per 1 kg of tissue) and the DI:
C ⫽ BTR ⫻ DI ⫻ T,

with BTR ⫽

dC/dt
dA/dt

(3)

where dC/dt is the increase of the cadmium concentration in the
organ tissue per day whereas dA/dt is the additional cadmium
intake per day. Values of the BTR were estimated from literature
data of experiments and were found to range between 0.4 and 5.7
⫻ 10⫺4 for kidneys and between 0.12 and 3.2 ⫻ 10⫺4 for livers
(3, 30). Here, values of 9.0 ⫻ 10⫺5 for kidneys and of 1.7 ⫻ 10⫺5
for liver were used. These data are derived from the generic bioconcentration factors (BCF) given by van Hooft (37). The BCF
is a dimensionless overall coefficient relating the cadmium levels
in organs and that of the average food (both in milligrams per
kilogram):
BCF ⫽

Cdorgan
Cdaverage in food

(4)

(Cdaverage in food) is equal to DI/Mtotal, where Mtotal stands for the
total amount of products consumed (in kilograms per day). Using
equations 3 and 4, the relation between the BCF and BTR then
can be reduced to:
BCF
⫽ BTR ⫻ T
Mtotal

(5)

For cows of 6 years of age, T is equal to 2,190 days, whereas
the total food intake over that period equals 33,230 kg, which is
the sum of intake of soil, grass, maize, and compound feed (16).
The BCF for kidneys is equal to 2.99 kg⫺1 (37), which is then
equivalent to a BTR of 9.0 ⫻ 10⫺5 kg⫺1. This value is within the
previously reported range and very close to the calculated BTR
of 9.1 ⫻ 10⫺5 kg⫺1, using data from an experimental study (8).
For liver, the reported BCF by van Hooft is 0.554, which is then
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equivalent to a BTR of 1.7 ⫻ 10⫺5, using the same assumptions
as for the kidney. The model estimated the cadmium levels in
cattle kidneys and livers. However, the animal product most consumed is meat. In order to get an estimation of cadmium levels
in meat, we used the weighted mean cadmium concentration ratio
kidneys/liver/meat of 134/31/1 to calculate concentrations in meat
(13, 20, 44).

Food consumption data. Food consumption data of the
Dutch National Food Consumption Survey of 1997 and 1998 (17)
were used to asses dietary cadmium exposure. This is the most
recent measurement of consumption patterns of the Dutch population at the national level. In this survey, the food consumption
of 6,250 individuals aged 1 to 97 years (of which 530 were young
children aged 1 to 6 years) from 2,564 households was recorded
on two consecutive days. The unit of intake for the calculations
was 24 h in order to obtain random daily consumption patterns.
This resulted in 12,500 daily consumption patterns (consumed
amount of food during 1 day by an individual) for the total Dutch
population, and 1,060 for young children. The consumption patterns of processed and compound food were transformed to
amounts of primary food products by the RIKILT Conversion of
Primary Agriculture Products program (36). Food consumption
patterns of the Kempen population were assumed equal to those
of the national population.
Monitoring data on cadmium levels in food products. For
the baseline exposure scenario and for food products other than
cattle organs and meat and the vegetables listed in Table 2, data
on concentrations of cadmium levels in food products were obtained from the KAP database. The data originated from the Food
and Consumer Product Safety Authority and the Institute for Marine Resources and Ecosystem Studies. The animal food products
most sampled were kidneys and livers, because they are known
to contain elevated cadmium concentration due the accumulation
in these specific organs. However, the animal food product most
consumed is meat, which is not regularly tested for cadmium presence. Hence, the cadmium levels in meat are estimated from the
available data on kidneys and livers, as described earlier in the
‘‘Materials and Methods’’ section.
Modeling of human exposure. Human long-tem (chronic)
dietary exposure to cadmium was estimated in a probabilistic way
using the Monte Carlo risk assessment program MCRA, version
6 (9). MCRA simulates daily consumptions by sampling randomly
drawn food consumption patterns from the food consumption database (Dutch National Food Consumption Survey) and combining these with random samples from the contamination database
(KAP). The result is a full variability distribution of short-term
intakes rather than a traditional deterministic point estimate of
exposure. For chronic dietary exposure assessment, MCRA estimates the intake as the consumption on each day of each consumer multiplied by the average value of the compound cadmium
concentration levels divided by body weight. With the Monte Carlo simulation, days of consumption are randomly sampled from

the consumer database. Each time a consumption day is sampled,
it contributes to the probability distribution of intakes (each individual contribution is a simulation). The total number of simulations was 100,000. Compound concentration data were presented as full data (as opposed to the use of mean, percentiles, or
maxima) and presented by a nonparametric (empirical) distribution. In order to account for heterogeneity of variance (e.g., some
individuals are more variable than others are with respect to their
consumption patterns), the discrete and semiparametric method
(Iowa State University Foods) was used (11, 22), with logarithmic
transformation of intake data. The transformation to normality was
improved by a spline fit to the transformed intakes. The transformed human daily intake was tested for normality with the Anderson-Darling test. The uncertainty (presented as 2.5 to 97.5%
uncertainty percentiles) around the percentiles of the intake distribution was assessed by resampling consumption and concentration data sets with the bootstrap method (100 resampled sets, with
each set resampled 10,000 times). The exposure was modeled for
the total population (1 to 97 years, mean age of 36.3 years, mean
weight of 62.8 kg, n ⫽ 6,250) and for children (1 to 6 years,
mean age of 3.6 years, mean weight of 17.1 kg, n ⫽ 530).
Model validation. The predicted cadmium concentrations in
the organs for each soil scenario were validated against monitoring data of cadmium levels in cattle organs from the Kempen area
(31, 33). The predicted cadmium levels in vegetables were validated against contamination levels as measured during independent surveys (i.e., data other than those used to construct the predictive models) of vegetables produced in the Kempen area (1,
32). The level of human exposure as estimated for the different
scenario’s was validated with the dietary exposure to cadmium of
the Kempen population, using MCRA, based on actual measured
contamination levels of food products from the Kempen area (1,
31, 33).

RESULTS
Cadmium levels in cattle organs. The estimated cadmium levels in roughage ranged between 0.16 and 1.50 mg
kg⫺1 of fresh weight (FW) for maize, and between 0.09 and
1.47 mg kg⫺1 of FW for grass, depending on the soil scenario. Only for the most extreme scenario did cadmium
levels exceed the maximum tolerated level of 1.0 mg kg⫺1
of FW. Calculated cadmium levels in cattle kidneys and
livers for the six different soil scenarios in the Kempen area
ranged from 0.37 to 4.03 mg kg⫺1 of FW (average of 1.55
mg kg⫺1 of FW) for kidneys, and from 0.07 to 0.75 mg
kg⫺1 of FW for livers (Table 3). The maximum tolerated
levels for both organs were exceeded for soil scenarios E
and F. The estimated levels were comparable to measured
values obtained in 1988 and 2005, which ranged from 0.14
to 7.66 mg kg⫺1 of FW (average of 2.06) (33) and from
0.75 to 3.4 mg kg⫺1 of FW (average of 1.53) (31) for kidneys, respectively, and between 0.06 to 1.24 mg kg⫺1 of
FW (average of 0.37) (33) for livers. Hence, the calculated
values for the each of the six different soil scenarios can
be considered realistic and suitable for further application.
Cadmium levels in vegetables. Estimated cadmium
levels in 12 vegetable types for six different soil scenarios
representative for the Kempen area are presented in Table
4. Most of the vegetable cadmium levels exceeded maximum tolerated levels for three out of the six scenarios (me-
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Modeling cadmium levels in vegetables. The levels of cadmium in various vegetables were calculated with equation 2. The
regression parameters INT, ␣, ␤, ␥, and ␦ in equation 2 were
estimated by regression analysis (stepwise multiple regression)
with two national data sets and one local (Kempen area) data set
(25) (Table 2). The data sets consisted of paired measurements,
i.e., soil cadmium levels, soil characteristics, and plant cadmium
levels, and were measured at the same time at the same location.
The relations and individual parameter estimates listed in Table 2
were significant at the P ⬍ 0.05 level.
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TABLE 3. Calculated cadmium levels in roughage, total cadmium intake by cattle, and final cadmium levels in the liver and kidneys
of 6-year-old cattle for the six defined soil scenarios
Cd content roughage

Total Cd intake cow (0⫺6 yr)

Cadmium in organs

Soil scenario

Maize
(mg/kg)

Grass
(mg/kg)

Maize
(g/cow)

Grass
(g/cow)

Compound
feed (g/cow)

Soil
(g/cow)

Maximum
A
B
C
D
E
F

1.0a
0.26
0.16
0.56
0.34
1.50b
0.92

1.0a
0.21
0.09
0.48
0.20
1.47b
0.61

0.31
0.19
0.66
0.41
1.77
1.11

4.1
1.7
9.5
4.0
29.2
12.2

0.5
0.5
0.5
0.5
0.5
0.5

0.4
0.4
0.7
0.7
1.9
1.9

b

0.22
0.12
0.47
0.25
1.35
0.69

1.0a
0.66
0.37
1.42b
0.75
4.03b
2.05b

0.5a
0.12
0.07
0.26
0.14
0.75b
0.38b

Maximum tolerated level.
Calculated value exceeds the maximum tolerated level.

dium soil cadmium level combined with low pH, and both
the high soil cadmium scenarios). Comparison of the predicted vegetable cadmium levels, and the median values of
monitoring data from the Kempen (1, 32) were in close
agreement (Table 4). Obviously, the predicted values from
the worst-case scenarios (high cadmium, low pH: scenarios
C and E) exceeded the measured median value. The measured data originate from well-maintained arable soils
mostly, and the comparison of model predictions from scenario B or D (pH 5.5 soils) with the median values of measured cadmium levels in crops is therefore the most realistic. Apart from tomato and endive, the measured median
values are close to the predicted levels.
Dietary exposure levels of the Dutch population to
cadmium. For the total Dutch population (1 to 97 years),
the transformed daily intake data showed no significant deviation from normality (Anderson-Darling test value of
0.32, P ⫽ 0.75). The day-to-day variability in cadmium
intake was equal to the variability between individual consumers. The long-term median dietary exposure to cadmium for the total Dutch population, as calculated by the
MCRA program, was 0.16 g/kg of body weight (BW) per
day (2.5 and 97.5% uncertainty bound of 0.15 and 0.17 g/
kg of BW per day, respectively) (Figs. 2 and 3A). This
means that 50% of the total population had an intake equal
or less than 0.16 g/kg of BW per day (Fig. 2A). The
uncertainty bounds around the calculated percentiles were
small and not overlapping (Fig. 3A). Considering a Tolerable Daily Intake (TDI) level of 0.5 g/kg of BW⫺1 day⫺1
(2), this means that the TDI was exceeded by approximately
0.25% of the total Dutch population (2.5 and 97.5% uncertainty bound of 0.20 and 0.70% of the population, respectively). The food groups contributing most to the cadmium intake included wheat (45%), potatoes (28%), and
vegetables (20%) (Fig. 4). Within the group of vegetables,
spinach (5.5%) and carrots (3.3%) especially contributed
most to the predicted exposure. Meat products contributed
approximately 4% (of which 2% was contributed by beef),
fruits for 2%, seafood for 1%, and kidneys and livers for
only 0.2%.
Also for children (1 to 6 years), the transformed daily
intake data showed no significant deviation from normality

(Anderson-Darling test value of 0.14, P ⫽ 0.99). In contrast
to the total population, the within-individual variability in
cadmium intake was 2.33 times larger than the between
individual variability. The long-term median dietary exposure to cadmium for Dutch children of 1 to 6 years was
0.36 g/kg BW per day (2.5 and 97.5% uncertainty bound
of 0.33 and 0.38 g/kg of BW per day, respectively) (Fig.
2B and 3B). Uncertainty of the percentile distribution was
considerably larger compared with that of the 1- to 97-yearold population (Fig. 3B). The TDI (0.5 g/kg of BW per
day) was exceeded by approximately 10% of 1- to 6-yearold population (2.5 and 97.5% uncertainty bound of 6 and
18% of the population, respectively). As for the total population, the food groups that contributed most to the intake
of children included wheat (47%), potatoes (27%), and vegetables (16%). Identical to the total population, within the
group of vegetables, spinach (6.5%) and carrots (3.6%)
were the most important contributors. Meat products contributed approximately 2.5% (of which beef contributed
1.6%) and fruits 2.9%.
Dietary exposure levels for different regional soil
scenarios. With respect to the total Kempen population (1
to 97 years), the transformed daily intake data showed no
significant deviation from normality for scenarios A, B, C,
D, E, and F (Anderson-Darling test values of 0.42, 0.27,
0.24, 0.49, 0.21, and 0.55, respectively; P values of 0.42,
0.75, 0.90, 0.25, 0.90, and 0.25, respectively). For all scenarios, the within-individual variation in cadmium intake
was higher than the between-individual variation (ratios of
2.20, 1.58, 2.57, 1.96, 3.45, and 2.69, respectively, for each
of the different soil scenarios). The long-term median dietary exposure to cadmium for the Kempen population of 1
to 97 years for the different soil scenarios was 0.33, 0.24,
0.50, 0.36, 0.98, and 0.63 g/kg of BW per day, respectively (Fig. 2A). The TDI (0.5 g/kg of BW per day) was
exceeded by approximately 10, 3, 50, 25, 80, and 60% of
the Kempen population for the soil scenarios A to F. With
an increase in the degree of soil pollution, the relative contribution of potatoes and vegetables to the total intake of
cadmium increased, whereas that of wheat decreased (Fig.
4).
With respect to the young children (1 to 6 years old),
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FIGURE 2. Percentiles of chronic exposure to cadmium in (A)
the total population (1 to 97 years) and (B) young children (1 to
6 years) for different scenarios: baseline exposure (⫻) and Kempen soil scenarios A (䡺), B (䡵), C (䡬), D (䢇), E (䉭), and F
(䉱).
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the transformed daily intake data showed no significant deviation from normality for scenarios A, B, C, D, E and F
(Anderson-Darling test values of 0.50, 0.21, 0.12, 0.16,
0.47, and 3.2, respectively; P values of 0.99, 0.90, 0.99,
0.99, 0.25, and 0.60, respectively). For all scenarios, the
within-individual variation in cadmium intake was higher
than the between individual variation (ratios of 4.21, 3.20,
4.73, 3.62, 6.11, and 4.89, respectively for soil scenarios A
to F). The long-term median dietary exposure to cadmium
for the young children in the Kempen for the soil scenarios
A to F were 0.68, 0.51, 1.02, 0.76, 1.9, and 1.26 g/kg of
BW per day, respectively (Fig. 2B). The TDI (0.5 g/kg
of BW per day) was exceeded by approximately 70, 50,
90, 80, 100, and 100% of the young children in the Kempen
area. With an increase in the degree of soil pollution, the
relative contribution of potatoes to the total cadmium intake
increased, that of vegetables was stable, whereas that of
wheat decreased.
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TABLE 4. Calculated cadmium levels in vegetables for the six different soil scenarios, the maximum tolerated level for each vegetables as set by the European Union (12) and the median of
measured cadmium levels in vegetable produced in the Kempen area, according to the meta-analyses of Smolders et. al. (32)
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tatoes, and wheat (respectively, 39, 29, and 26% for the 1to 97-year-old population [Fig. 4], and 43, 29, and 24% for
the 1- to 6-year-old population). The exposure values calculated fall within the range of the calculated exposure for
the scenarios (Fig. 5).
DISCUSSION
FIGURE 3. Box plot representing the uncertainty of the estimated
percentiles distribution of exposure for long-term human dietary
cadmium exposure. (A) Total Dutch population 1 to 97 years. (B)
Total Dutch population children 1 to 6 years.

Validation of the scenario exposure assessment. As
a validation for the level of human exposure as calculated
for the different soil scenarios (using the predictive models), the dietary exposure to cadmium of the Kempen population was estimated using measured contamination levels
of food products from the Kempen area. The transformed
human daily intake showed no significant deviation from
normality (Anderson-Darling value of 3.33, P value of
0.45), and the ratio between within individual variation and
between individual variation was 3.74. The long-term median dietary exposure to cadmium was 0.28 g/kg of BW
per day for the 1- to 97-year-old population and 0.58 g/
kg of BW per day for the 1- to 6-year-old population. The
TDI (0.5 g/kg of BW per day) was exceeded by approximately 10% of the 1- to 97-year-old population and 45%
of the 1- to 6-year-old population. The food groups contributing most to the cadmium intake were vegetables, po-

The presence of heavy metals like cadmium in soils
used for agriculture poses a potential public health risk due
to the accumulation in food and feed. The soil is increasingly recognized as an essential part of a systems approach
to achieve the delivery of safe foods to the consumer. Regional differences in soil cadmium levels and soil characteristics may lead to differences in human dietary exposure
to cadmium. The objective of this study was to develop a
model that links soil cadmium levels and soil characteristics
to human dietary exposure. Cadmium levels in vegetables,
roughage, feed and cattle organs were estimated by empirically derived predictive models based on soil cadmium levels and soil characteristics. Applying Monte Carlo simulations, these contamination data were combined with food
consumption patterns in order to estimate human dietary
exposure to cadmium. The chain of models was applied to
six different soil scenarios, varying in soil cadmium level
and pH, and reflecting the range of soil conditions to be
found in the cadmium polluted Kempen area.
The estimated cadmium concentrations in vegetables
and cattle organs showed acceptable agreement with measured levels in food products sampled in the Kempen area.
The median of the measured values for potato, endive, leek,
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FIGURE 4. Contribution of the most important food groups (䡵,
potatoes; 䢇, wheat; 䡺, vegetables; 䡬, rest) to the dietary exposure to cadmium for the total Dutch population (1 to 97 years),
based on monitoring data (1); the Kempen inhabitants (1 to 97
years), based on measured contamination data on Kempen food
products (12); and for Kempen inhabitants (1 to 97 years), according to soil scenarios A, B, C, D, E, and F (here presented as
3 to 8).
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lettuce, spinach, tomato, carrots, cucumber, French beans,
and scorzonera were close to the predicted values of soil
scenario A (0.5 mg cadmium kg⫺1 soil and pH 4.5) and B
(0.5 mg cadmium kg⫺1 soil and pH 5.5) (1). For endive
and tomato, the cadmium levels seem to be either overestimated by the predictive models, or underreported by the
surveys. However, maximum reported measured values are
in range with the predicted values (0.21 mg kg⫺1 for endive
and 0.03 mg kg⫺1 for tomato). From the predictive models,
it can be concluded that with soil, cadmium levels of 1 mg
kg⫺1 (which is the maximum tolerable level in soil), and a
pH below 5.5, most vegetables of concern will exceed pres-

ent food quality standards set by the European Union (1).
The predicted cadmium concentrations in cattle organs also
were in line with measured concentrations from cattle
raised in the Kempen area (31, 33). These agreements between measured and predicted cadmium concentrations justify the use of the predictive models to estimate cadmium
concentrations in vegetables.
The median long-term dietary exposure to cadmium in
The Netherlands was estimated at 0.16 g/kg of BW per
day for the total Dutch population and at 0.36 g/kg of
BW per day for children (1 to 6 years). The levels of cadmium exposure for the Dutch population are comparable
with other European countries (15, 18, 29, 42). It was estimated that 0.25% of the total Dutch population would
exceed the TDI level of 0.5 g/kg of BW per day, which
is roughly equal to 40,000 consumers. For children (1 to 6
years), this was estimated to be 10%, which is considerably
higher. However, it should be noted that the uncertainty
bounds were relatively large (6 to 18%).
The chain model presented with this study clearly
shows that the effects of different regional soil scenarios
(cadmium levels and soil characteristics) on human dietary
exposure are large. It was estimated that, depending on the
scenario selected, 3 to 80% of the Kempen population will
exceed the TDI. A comparison of the results obtained here
with a recent risk assessment study for the Kempen area
(23) shows that the average exposures are in good agreement. Median exposure levels of 0.18 g/kg of BW per
day for adults to 0.41 g/kg of BW per day for children
were obtained based on fixed levels of cadmium in food
products (23). This is close to the median exposure levels
of 0.24 g/kg of BW per day for adults and 0.51 g/kg of
BW per day for children calculated in scenario B. Results
for scenario B can be considered representative for the entire Kempen, whereas those of scenario D can be considered as the realistic upper boundary. Little or no arable
crops are grown on soils with a pH at or below 4.5 or
cadmium levels far beyond 1 mg kg⫺1 in the soil. The results from these scenarios (C, E, and F) nevertheless clearly
indicate that, indeed, exposure levels may reach unacceptable levels under certain circumstances. In the study by
Oomen et al. (23), the impact of soil quality on exposure
was not accounted for, and exposure was based on average
data on the quality of food and animal products. This study
clearly shows that differences in soil acidity and contamination levels, and the interaction between both leads to rather elevated levels of human exposure.
It should be noted that it was assumed that for the
vegetables listed in Table 2, only locally produced vegetables were consumed, which can be considered a worse-case
scenario. The same applies for the validation exposure assessment. The exposure assessment based on measured contamination data from vegetables produced in the Kempen
area resulted in values that fall between the exposure estimates of soil scenarios 1 and 2 (cadmium level of 0.5 mg
kg⫺1, pH values of 4.5 and 5.5), indicating the validity of
the predictive chain model. Furthermore, the cadmium bioavailability from the various products may be different de-
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FIGURE 5. Percentiles of chronic exposure to cadmium in (A)
the total population (1 to 97 years) and (B) young children (1–6
years) for the baseline exposure, based on national monitoring
data (⫻); exposure of Kempen inhabitants as calculated by soil
scenario B (lowest exposure of all scenario) (䡵); exposure of
Kempen inhabitants, based on measured contamination data from
Kempen food products (validation) (䡺); exposure of Kempen inhabitants, according to the average calculated scenario values
(䢇); and exposure of Kempen inhabitants, as calculated by soil
scenario E (highest exposure of all scenarios) (䉭).
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de Vries, W., P. F. A. M. Römkens, and G. Schütze. 2007. Critical
soil concentrations of cadmium, lead and mercury in view of health
effects on humans and animals. Rev. Environ. Contam. Toxicol. 191:
91–130.
Dodd, K. W. 1996. A technical guide to C-SIDE. Technical report
96-TR 32. Department of Statistics and Center for Agricultural and
Rural Development, Iowa State University, Des Moines.
European Commission. 2001. Commission regulation (EC) no 466/
2001 of 8 March 2001: setting maximum levels for certain contaminants in foodstuffs. Off. J. Eur. Communities 77:1–13.
Farmer, A. A., and A. M. Farmer. 2000. Concentrations of cadmium,
lead and zinc in livestock feed and organs around a metal production
centre in eastern Kazakhstan. Sci. Total Environ. 257:53–60.
Fries, G. F., G. S. Marrow, and P. A. Snow. 1982. Soil ingestion by
dairy cattle. J. Dairy Sci. 65:611–618.
Jarup, L., M. Berglund, C. G. Elinder, G. Nordberg, and M. Vahter.
1998. Health effects of cadmium exposure—a review of the literature and a risk estimate. Scand. J. Work Environ. Health 24:1–51.
Kans, K. 2007. Personal communication.
Kistemaker, C., M. Bouman, and K. F. A. M. Hulshof. 1998. Consumption of separate products by Dutch population groups—Dutch
National Food Consumption Survey 1997–1998 (in Dutch). TNO
(Nutrition and Food Research Institute). Zeist, The Netherlands.
Larsen, E. H., N. L. Andersen, A. Møller, A. Petersen, G. K. Mortensen, and J. Petersen. 2002. Monitoring the content and intake of
trace elements from food in Denmark. Food Addit. Contam. 19:33–
46.
McLaughlin, M. J., D. R. Parker, and J. M. Clarke. 1999. Metals
and micronutrients—food safety issues. Field Crops Res. 60:143–
163.
Miranda, M., M. L. Alonso, C. Castillo, J. Hernandez, and J. L.
Benedito. 2001. Cadmium levels in liver, kidney and meat in calves
from Asturias (North Spain). Eur. Food Res. Technol. 212:426–430.
Nordberg, G. F., and T. Kjellstrom. 1979. Metabolic model for cadmium in man. Environ. Health Perspect. 28:211–217.
Nusser, S. M., A. L. Carriquiry, K. W. Dodd, and W. A. Fuller. 1996.
A semiparametric transformation approach to estimating usual daily
intake distributions. J. Am. Stat. Assoc. 91:1440–1449.
Oomen, A. G., P. J. C. M. Janssen, J. C. H. van Eijkeren, M. I.
Bakker, and A. J. Baars. 2007. Cadmium in the Dutch Kempen area:
an integrated risk assessment. RIVM report 320007001/2007. RIVM
(National Institute for Public Health and the Environment),
Bilthoven, The Netherlands. (In Dutch with English summary.)
Peijnenburg, W., R. Baerselman, A. De Groot, T. Jager, D. Leenders,
L. Posthuma, and R. Van Veen. 2000. Quantification of metal bioavailability for lettuce (Lactuca sativa L.) in field soils. Arch. Environ. Contam. Toxicol. 39:420–430.
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pending on the nature of the cadmium present in the product.
In the present study, a chain modeling approach in order to estimate human dietary exposure to cadmium is presented. With this approach, cadmium levels in vegetables
and cattle organs are estimated using predictive models.
Subsequently, these contamination levels are combined
with consumption patterns to get to an estimate of human
exposure, using Monte Carlo simulations. Validation of the
models showed that the results based on predicted contamination levels reflect the results based on measured data.
The calculated median exposure levels are in good agreement with existing estimates. The applicability of a food
production chain model to estimate human exposure is
demonstrated successfully. To our knowledge, this is the
first attempt to link soil quality directly to human contaminant exposure, using intermediate models of soil–plant and
feed–animal products relationships. This enables the user to
assess whether or not a specific combination of soil properties, soil acidity, and land use lead to unacceptable levels
of human exposure. As such, the results indicate for the
Dutch Kempen area that exposure due to consumption of
food from areas with cadmium levels below 1 mg kg⫺1 and
well-maintained arable soils remains below the TDI. The
advantage of the model presented here is that it can be used
for a relatively fast evaluation of cadmium exposure for
specific regions, without the necessity of sampling large
amounts of local food products differing in soil cadmium
levels and soil characteristics. Since the concept used here
has a modular structure, it is rather easy to adapt certain
model parts, like the transfer of metals from soils to crops
to be used in different regions, for different crops or different contaminants not included here.
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