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Abstract

Objective: An extensive dataset on individual food consumption was analysed in
order to study all pairwise correlations between the consumption rates of 11 major
food groups. Additionally, the project aimed to examine and quantify the accuracy of
a recently proposed estimator of total food consumption to be used for the estimation
of radiation exposure by food. Such an inquiry seems justified, because the proposed
estimator implicitly presumes an essentially positive correlation structure in food
consumption rates.
Design: Statistical analysis using representative data gathered in Germany in a nation-
wide food consumption survey.
Setting: Germany.
Subjects: Individuals aged between 4 and 94 years namely 10 901 males and 12 308
females.
Results: The consumption rates of 11 major food categories showed several
significantly positive, but also a number of significantly negative, correlations.
Negative associations between cereal and potato products persisted consistently over
all age groups, independent of sex. Other significantly negative correlations were
limited to certain age groups. Reflecting these negative correlations, a subsequent
analysis of relative ranks of consumption revealed that no person in the sample
had the highest consumption rates in all food groups simultaneously. Based on
representative samples, overestimations of 34 to 53% were obtained if – as recently
suggested in the context of radiation exposure prediction – the 95th percentiles of
total food consumption were determined as sums of the corresponding percentiles of
the food groups.
Conclusions: The complex correlation structure of food group consumption rates, as
identified in this study, bears important implications for various health-related issues.
Ignoring them could lead to overly conservative estimations of radiation exposure
due to food ingestion or to confounding effects in epidemiological studies on
nutritional risk factors of diseases. The results also indicate that a distinction into
different dietary patterns might be useful in characterising different consumption
habits.
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It is a well-known fact that different components of

nutritional intake can substitute for each other, while

others tend to complement one another. A number of

publications describe specific relationships between

certain food groups. For example, Ursin et al.1 reported

about circumstances where fruits and vegetables sub-

stituted for fat consumption and Elmstahl et al.2 observed

associations between meat consumption and various other

food groups. However, none of these studies provides a

systematic analysis of the entire correlation structure of

food group consumption rates.

One aim of the present paper is therefore to attempt a

thorough investigation of all pairwise correlations

between 11 major food groups. It is based on a large

dataset gathered for Nationale Verzehrsstudie (NVS), the

first nation-wide food consumption survey in Germany3.

This survey was commissioned and supported by the

Ministry of Science and Technology and is representative

of the West German population living in private house-

holds (before the 1990 reunification of Germany). The

data were collected between 1985 and 1989, involving a

total of 24 632 individuals. Among other things, partici-

pants carried out a 7-day food record and reported on

sociodemographic data.
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Our interest in the interdependencies between con-

sumption rates of food groups was originally prompted by

questions related to the assessment of radiation exposure

of man from releases of radionuclides into the environ-

ment. The Council Directive 96/29/EURATOM4 is laying

down basic safety standards for the radiation protection of

the general public. In Article 45 it demands of competent

authorities to ensure that dose estimates are being made as

realistically as possible. For Germany, the recent Radiation

Protection Ordinance (RPO)5 specifies the measures and

estimation methods to be taken to achieve these safety

standards. A second objective of our paper is therefore to

evaluate the validity of the proposed methods.

The Guideline to the German RPO6 as issued in 1990

applies the following formula for estimation of the yearly

radiation dose HT,r ingested by food. With respect to a

ertain tissue T and nuclide r, the dose HT,r is defined there as

HT ;r ¼ ðU Bl £ CBl
r þ U Pf £ CpF

r þ U Mi £ CMi
r þ U Fl

£ CFl
r Þ £ gT ;r ; ð1Þ

or

HT ;r ¼
X

U ðiÞ £ C ðiÞ
r

� �
£ gT ;r ;

where Bl, Pf, Mi and Fl denote the four food groups: ‘leaf

vegetable’, ‘other plant products’, ‘milk products’ (includ-

ing milk) and ‘meat products’ (including meat), respect-

ively. Furthermore, for any food group (i ), the coefficients

U (i ) and C ðiÞ
r denote the consumption per year (kg) and the

specific activity of nuclide r (Bq £ kg21), respectively.

Finally, gT,r is the dose factor for ingestion of nuclide r

(Sv £ Bq21) in tissue T.

Thus, in the original Guideline, the yearly radiation dose

due to ingestion should be obtained by summing up the

specific contributions of only four food groups to the

radionuclide intake. For radioecological reasons, the recent

RPO5 from 2001 expands the number of food groups

distinguished from four to nine by splitting the group

‘vegetables’ into four new groups, namely ‘cereals’, ‘fruits’,

‘roots’ and ‘other vegetables’. Additionally, ‘fish’ is considered

for the aquatic pathway and ‘human breast milk’ for infants.

The RPO5 in Section 47(2) together with Appendix VII

regulates which food consumption rates should be used to

estimate the radiation ingested by food. It is recommended

there to use the 95th percentiles of the consumption rates

as U (i ) values in equation (1). However, without knowl-

edge about the underlying correlation structure of the

food groups involved, the RPO approach seems rather

arbitrary. Only under very restricted conditions one can

expect this method to supply an unbiased estimation for

the 95th percentile of total food consumption (or for the

corresponding radioactivity), e.g. for normally distributed

consumption rates within each food group only perfect

(positive) pairwise correlations will yield an unbiased

estimation (see Appendix). In general, though, especially

when some food groups are negatively correlated to each

other, a pronounced overestimation is most likely to occur.

We therefore employed the NVS consumption data in

order to explore the existing correlation structure and to

quantify empirically the actual extent of bias attached to

the RPO estimation method.

Methods

Study design

The study was carried out by the Institute of Nutritional

Science at the Justus-Liebig-University of Giessen on

behalf of the German National Office for Radiation

Protection. The analysis was based on a dataset that was

retrieved from the Public Use File7 of the NVS3. As

requested by the German National Office for Radiation

Protection, food groups were specified following the food

groups formed in the supplementary report of the NVS8. In

deviation from the RPO Guideline we therefore differ-

entiated the universe of nutritional intake into 11 rather

than four or nine food groups, namely: (1) ‘meat products’

(including meat); (2) ‘fish’; (3) ‘eggs’; (4) ‘milk products’

(including milk); (5) ‘pastries’ (including bread and cakes);

(6) ‘cereal products’; (7) ‘potato products’ (including

potatoes); (8) ‘fruits’; (9) ‘non-leaf vegetables’; (10) ‘leaf

vegetables’; and (11) ‘vegetable products’.

Subjects

Data on food consumption and sociodemographic

characteristics of 10 901 male and 12 308 female individ-

uals aged between 4 and 94 years were used.

Statistical methods

Statistical analyses were carried out with SPSS for

Windows, Version 9.0. Where normality could not be

assumed, medians were used as location parameters, and

the 5th and 95th percentiles as a measure of variation.

Spearman correlation coefficients were calculated to

determine the pairwise association between food groups.

Coefficients were considered statistically significant if their

P-value fell below 0.05.

To investigate the distribution of total food consump-

tion, we calculated, for each participating individual i ¼ 1;

2, . . ., N, the total relative rank TRRi in the following way.

First we assigned to each participant i in each food group

j ¼ 1; 2, . . ., 11 a relative rank rij ¼ Rij=N ; where Rij is the

participant’s rank with respect to his/her consumption rate

in food group j. In each food group the person with the

lowest (or highest) consumption rate received the smallest

(or largest) possible relative rank, namely 1/N (or

N=N ¼ 1). By summation over all 11 relative ranks of

participant i, one obtains the total relative rank

TRRi ¼
X11

j¼1

rij
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as a measure of that person’s total consumption. Note that,

because of 0 , rij # 1; we get 0 , TRRi # 11: The

theoretical TRR maximum of 11, however, is only attained

if the same individual exhibits, for all 11 food groups

simultaneously, the highest consumption rates in the

corresponding sample.

To measure the extent of bias of the RPO proposed 95th

percentile estimator we calculated a ‘factor of over-

estimation’ as the ratio of the sample’s estimated value

over the sample’s actual 95th percentile. To assess

statistical significance we determined the 99.9% confi-

dence interval for the sample’s 95th percentile.

Results

The data on the daily consumption rates of the different

food groups are summarised in Tables 1 and 2 for men and

women, respectively. For each food category, the median

and the 5th and 95th percentiles of the absolute amount

(g) are listed for nine age groups. The age classification

partitions childhood into the three groups, 4–6, 7–9 and

10–12 years, adolescence into 13–14 and 15–18 years,

adulthood into 19–24, 25–50 and 51–64 years, and,

finally, seniors in the class more than 64 years.

A comparison of the age-dependent development of

medians exhibits only minor differences between the

sexes but substantial non-parallelism between different

food categories. With increasing age the medians in

some food groups tend towards steady growth (e.g.

vegetables, potatoes, pastries), others show nearly

continuous decline (e.g. milk products) and others

again (e.g. cereals) increase first towards a peak before

declining after a certain age. Fruit consumption declines

first to reach a minimum in early adulthood and then

increases in late adulthood and seniority. These brief

and crude comparisons already indicate the existence of

complex correlation patterns with positive as well as

negative and even non-significant associations.

The following correlation analysis strongly confirms

these first impressions. Its most important results are

summarised in Tables 3 and 4, where only statistically

significant correlations are listed, with all negative ones

highlighted by bold print. Table 3 contains all

coefficients involving meat products, and Table 4 all

those involving cereal products.

In both tables most entries show positive correlations.

In one case, namely for meat products and pastries, the

correlations are – without exception – positive for all

age groups and both sexes. With only minor exceptions

the same holds for the correlations between meat and

potato products, and between meat products and all

three vegetable groups (Table 3). Positive correlations

exist independent of sex also between cereal products

and milk products (for 13 years and older); between

cereal products and eggs (for 15 years and older); and

between cereal products and fruits (for 19 years and

older), see Table 4.

Negative correlations were less frequent, nevertheless

one association was – independent of age and sex –

consistently negative, namely the correlation between

cereal products and potato products. Children showed

negative correlations between the rates of cereals and

pastries as well as between cereal products and meat

products. For men and women above the age of 15 years,

negative correlations were observed between meat

products and milk products. Finally, associations between

fish and cereal products, fish and meat products, as well as

fruit and meat products, tended to be negative in adults.

In all age groups and in both sexes, the distributions of

the total relative ranks of individual food ingestion were

remarkably similar in central tendency, symmetry and

unimodality, suggesting nearly normal distributions. The

typical shape of the corresponding histograms is displayed

Fig. 1 Frequency distribution of the summed relative ranks of
food ingestion of the 25–50-year-old subjects: (a) male subjects;
(b) female subjects
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in Fig. 1, exemplified separately for males and females of

age group 25 to 50 years. Sample parameters of location

and spread of TRR values are provided in Table 5 for all

age groups. Recalling the possible range of TRR from 0 to

11, we note that in all age groups the means and medians

are about 5.5, which coincides with the centre of the TRR

range. Also, the 95th percentiles differ only little and are all

close to 7.6.

It is not surprising that no person in any age group

reached the theoretical TRR maximum of 11. The highest

TRR values were all below this margin. This constitutes

another strong indication that adding up the eleven 95th

percentiles is likely to considerably overestimate the

corresponding true quantile value of total food consump-

tion. In order to quantify the extent of this bias we

introduced a ‘factor of overestimation’, which measures

the degree of overestimation with respect to the sample’s

actual 95th percentile. Table 6 lists these factors, calculated

Table 4 Significant correlations between the consumption of cereal products and other food groups (Spearman correlation coefficients)

Age group (years)

4–6 7–9 10–12 13–14 15–18 19–24 25–50 51–64 .64

Fish M 20.04* 20.08*
F 0.10* 20.07** 20.08**

Meat products M 20.10* 20.12* 20.12* 20.04** 0.08**
F 20.19*** 0.05*

Eggs M 0.13* 0.08* 0.10** 0.09*** 0.10*** 0.12***
F 0.10* 0.11** 0.07** 0.10*** 0.08*** 0.12***

Milk products M 0.13** 0.23*** 0.25*** 0.18*** 0.23*** 0.22*** 0.24***
F 20.09* 0.15** 0.11* 0.15* 0.23*** 0.14*** 0.22*** 0.20*** 0.18***

Pastries M 20.13** 20.18*** 20.07* 0.05*
F 20.12** 20.14** 20.16** 0.05*** 0.07**

Potato products M 20.18*** 20.23*** 20.20*** 20.21*** 20.20*** 20.08** 20.12*** 20.12*** 20.15***
F 20.13** 20.11* 20.19** 20.13* 20.11** 20.08** 20.06*** 20.08** 20.17***

Fruits M 0.11* 0.19** 0.08** 0.09*** 0.12*** 0.07*
F 0.01* 0.06* 0.06*** 0.06** 0.07*

Non-leaf vegetables M 0.11* 0.17*** 0.13*** 0.12*** 0.10*** 0.09**
F 0.14** 0.08* 0.18*** 0.10*** 0.05* 0.06*

Leaf vegetables M 0.10* 0.09*** 0.07**
F 0.14** 0.05***

Vegetable products M 0.09* 0.03*
F 0.09* 0.08** 0.06***

M – male subjects; F – female subjects.
*, P , 0:05; **, P , 0:01; ***, P , 0:001:

Table 3 Significant correlations between the consumption of meat products and other food groups (Spearman correlation coefficients)

Age group (years)

4–6 7–9 10–12 13–14 15–18 19–24 25–50 51–64 .64

Fish M 20.03* 20.08** 20.13***
F 0.06* 20.04*

Eggs M 0.16** 0.11* 0.14* 0.11* 0.07*** 0.07** 0.08*
F 0.11* 0.09* 0.16*** 0.11*** 0.12*** 0.06*

Milk products M 20.10* 20.12*** 20.14*** 20.10*** 20.15***
F 20.11* 20.10** 20.16*** 20.18*** 20.11*** 20.07*

Pastries M 0.20*** 0.24*** 0.29*** 0.34*** 0.23*** 0.18*** 0.19*** 0.23*** 0.24***
F 0.19*** 0.30*** 0.28*** 0.24*** 0.21*** 0.17*** 0.18*** 0.16*** 0.24***

Cereal products M 20.10* 20.12* 20.12* 20.04** 0.08**
F 20.19*** 0.05*

Potato products M 0.24*** 0.18*** 0.20*** 0.14** 0.20*** 0.18*** 0.14*** 0.18***
F 0.31*** 0.19*** 0.17** 0.18** 0.33*** 0.33*** 0.25*** 0.18*** 0.12***

Fruits M 20.11* 20.10** 20.05*** 20.07*
F 20.12*** 20.09*** 20.06*

Non-leaf vegetables M 0.11* 0.11* 0.18** 0.18*** 0.11*** 0.08*** 0.10*** 0.10**
F 0.24*** 0.13* 0.16** 0.09* 0.08*** 0.10*** 0.12***

Leaf vegetables M 0.16** 0.20*** 0.16** 0.12** 0.15*** 0.10*** 0.14*** 0.17***
F 0.20*** 0.18*** 0.15* 0.14*** 0.16*** 0.12*** 0.12*** 0.13***

Vegetable products M 0.18*** 0.19*** 0.14** 0.18*** 0.16*** 0.12*** 0.15*** 0.12***
F 0.25*** 0.19*** 0.18** 0.17** 0.20*** 0.16*** 0.18*** 0.16*** 0.12***

M – male subjects; F – female subjects.
*, P , 0:05; **, P , 0:01; ***, P , 0:001:
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for each age group and sex. All factors show biases of

between 34 and 53%. All estimated values (sums of food

group percentiles) in Table 6 are substantially larger than

the upper limits of the corresponding 99.9% confidence

intervals.

Discussion

Only a little is currently known about interdependencies

between the consumption rates of different food

categories. We present here a first systematic empirical

evaluation of the correlations predominant between

consumption rates of major food groups. Based on data

originating from a comprehensive survey, we determined

for nine different age groups all statistically significant

pairwise associations between 11 food categories. As a

main result our analysis demonstrated the existence of

positive as well as negative correlations between certain

food groups. This means that the amounts of intake of

different food groups cannot be regarded simply as

positively correlated or as independent from one another.

Instead the underlying correlation structure is complex,

which is in line with and further supports the current trend

in nutritional epidemiology of analysing dietary patterns

rather than looking at individual nutrients or foods9.

In our analysis some correlations are found indepen-

dently of age and sex: for instance, a consistently positive

association of intake of meat products and pastries,

potatoes and vegetables (Table 3). These correlations

possibly reflect overall dietary habits that may be

characteristic to the German population. However,

another consistently negative association persists between

the intake of potatoes and cereals (Table 4), indicating that

both can substitute for each other as a carbohydrate

source.

Other associations become prominent only in adoles-

cence, e.g. the positive relationship between the

consumption rates of cereal products and milk, eggs,

fruits, and vegetables. Similarly, the association between

meat products and milk products becomes significantly

negative only in the age groups above 15 years. These

correlations could at least in part be explained by

alternative eating patterns, like more vegetarian diets,

which often develop only later in life.

With respect to consumption differences between men

and women, it is remarkable to note that a surprising

concordance characterises the association patterns of men

and women.

The negative correlation between consumption of meat

products and fruits from age 19 onwards deserves special

Table 5 Location and spread of total relative ranks (TRR) of food consumption in different age groups

Male subjects Female subjects

Age group (years) Mean SD Median 95th percentile Maximum Mean SD Median 95th percentile Maximum

4–6 5.51 1.31 5.56 7.68 9.07 5.51 1.28 5.50 7.60 9.51
7–9 5.51 1.21 5.45 7.46 8.97 5.51 1.20 5.46 7.48 9.36
10–12 5.52 1.21 5.58 7.49 8.53 5.52 1.21 5.54 7.44 8.52
13–14 5.52 1.29 5.49 7.55 9.20 5.52 1.27 5.57 7.47 8.87
15–18 5.51 1.27 5.49 7.73 9.24 5.51 1.25 5.52 7.54 9.18
19–24 5.50 1.22 5.52 7.51 9.99 5.50 1.27 5.53 7.66 9.35
25–50 5.50 1.25 5.51 7.55 10.04 5.50 1.26 5.55 7.48 10.16
51–64 5.50 1.27 5.50 7.62 9.82 5.50 1.21 5.53 7.45 9.88
.64 5.51 1.22 5.55 7.45 9.22 5.50 1.27 5.54 7.56 9.29

SD – standard deviation.

Table 6 Factors of overestimation for each age group and sex

Male subjects Female subjects

Age group
(years) n

95% percentile
(99.9% CI) SD

Sum of
food group
percentiles*

Factor of
overestimation† n

95% percentile
(99.9% CI) SD

Sum of
food group
percentiles*

Factor of
overestimation†

4–6 450 1349 (1261, 1436) 26.4 1801 1.34 469 1126 (1050, 1202) 22.9 1668 1.48
7–9 441 1503 (1410, 1596) 28.1 2093 1.39 382 1373 (1282, 1463) 27.4 1922 1.40
10–12 358 1578 (1469, 1688) 33.0 2320 1.47 346 1441 (1339, 1544) 30.9 1984 1.38
13–14 275 1854 (1694, 2014) 48.1 2636 1.42 291 1524 (1395, 1653) 38.8 2228 1.46
15–18 592 1941 (1824, 2057) 35.3 2748 1.42 730 1427 (1353, 1500) 22.3 2064 1.45
19–24 1182 1833 (1753, 1912) 24.0 2641 1.44 1504 1323 (1274, 1372) 14.9 2002 1.51
25–50 4974 1636 (1604, 1667) 9.7 2451 1.50 5304 1345 (1319, 1371) 7.8 2053 1.53
51–64 1699 1707 (1668, 1745) 11.7 2485 1.46 2103 1410 (1369, 1450) 12.3 2133 1.51
.64 930 1651 (1581, 1722) 21.4 2458 1.49 1179 1446 (1387, 1505) 17.8 2195 1.52

CI – confidence interval; SD – standard deviation.
* Sum of the 95th percentiles of the 11 food groups.
† Calculated as the ratio of sum of food group percentiles over the sample’s actual 95th percentile.
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consideration. A high intake of meat products is usually

associated with a high fat intake. Ursin et al.1 found that

individuals on a low-fat diet substitute certain carbo-

hydrate-rich foods such as fruits and vegetables for fat. A

high meat as well as a low fruit consumption are both

discussed as risk factors for cardiovascular diseases and

various cancers. Therefore, it should also be kept in mind

that associations between the consumption rates of food

groups that are independently associated with certain

diseases should be considered as potential confounders in

epidemiological studies investigating these relations.

In this context it may be also of interest that the negative

correlation between meat and fish consumption, as

observed in adults, indicates that individuals consuming

high amounts of meat tend to eat less fish and vice versa.

This may have implications for the intake of various

nutrients and for the ingestion of radionuclides as well,

especially since contamination of fish is an important

pathway for many radionuclides10.

The negative correlation of meat products and the food

groups fish, fruits and milk products in adults is largely in

agreement with the results of Elmstahl et al.2, who

examined the relationships between meat and other food

items in 11 648 Swedish subjects born between 1926 and

1945. After adjustment for energy intake the investigators

divided meat ingestion into quantiles. They found that an

increasing meat intake was associated with significantly

decreasing intakes of poultry, fish, fruits, bread, cereals

and cheese, in men as well as in women. A significantly

negative correlation with milk ingestion was observed

only in men.

The consumption of food is a major pathway for the

internal radiation exposure of man. This pathway is

considered when artificial or natural radionuclides are

released into the environment with waste air or water by

nuclear facilities, uranium mining and milling sites, or

research and medical laboratories. The potential radiation

exposure by food is therefore an important issue with

regard to possible health risks. It is estimated by a

weighted sum of the consumption rates of various food

groups, with the concentrations of specific radionuclides

in the corresponding food groups as weights. Consump-

tion habits are therefore an important factor for estimation

of the potential ingestion dose.

The proposed formula in the RPO Guideline, as

described above, estimates the 95th percentile of total

food consumption as a sum of the corresponding

percentiles of the food groups. Implicitly, such an

approach assumes very restrictive and unsubstantiated

correlation structures between food groups; for realistic

and conceivable situations negative correlations have

essentially to be excluded. Normality, for example,

requires perfect positive association between all food

groups in order to make the estimator unbiased. Such

correlation structure, however, is clearly contradicted

by the presented data, where broad evidence for the

existence of quite a few negative correlations between

intake rates of various important food groups is provided.

Additionally, we were able to identify a substantial

number of food group pairs that showed no significant

correlation at all. Theoretical reasoning leaves little doubt

about the direction of the bias (namely towards over-

estimation), but it cannot easily predict the size of the

deviation from the real percentile value. In an attempt to

quantify empirically the extent of bias attached to the

proposed formula, we used a factor of overestimation and

obtained, for the different age groups in our sample,

values between 1.34 and 1.53, i.e. the overestimation of

food intake ranged from 34 to 53% (Table 6). By

asymptotics we determined for each sample percentile

also a 99.9% confidence interval to demonstrate how far

out to the right the RPO values are, e.g. for the smallest

sample (boys aged 13 to 14 years) the RPO value is 2636,

whereas the confidence interval’s upper limit is 2014.

One has to keep in mind, however, that the radiation

dose depends not only on the amount and composition of

the food intake but also on the particular activity of the

nuclides in them. Therefore, the real extent and direction

of bias will depend strongly on the type of nuclear facility

and its specific release of radionuclides, with respect to

amount as well as composition.

Food originating from extensive agriculture, hunting

and collecting (e.g. sheep meat and milk, goat meat and

milk, game, berries, mushrooms) is often characterised by

a relatively high accumulation of radionuclides. The

consumption of such foodstuffs may lead to a higher

exposure and, in general, diets with large fractions of plant

food products lead to higher doses. Pröhl and Müller10

simulated different food consumption scenarios to

investigate the impact of modifications in food intake on

the estimated dose intake. They calculated annual

effective dose commitment from the annual activity intake

with food and respective ingestion dose factors, and found

that the influence of dietary modification was relatively

small if the medians of exposure were compared.

Regarding higher percentiles, the differences were more

pronounced. The most pronounced impact was found for
129I, 135Cs and 226Ra for a scenario with higher root uptake

and enhanced consumption of lamb and sheep and goat’s

milk.

These results indicate that the dietary habits of the area

considered must be studied in order to identify the site-

related critical foodstuffs and that it might be useful to

subdivide some food groups even further, e.g. the food

group ‘meat products’ into the two subgroups (1) ‘cattle

and swine’ and (2) ‘goat and sheep’; or ‘fruits’ into the

three of (1) ‘berries’, (2) ‘drupe’ and (3) ‘pome fruit’. As is

discussed currently, for the identification of the major

dietary patterns of a particular sample, factor or cluster

analyses might be alternative and complementary

approaches9,11.

We have shown that the formula proposed by the
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Guideline to the RPO is likely to overestimate the true

amount of radiation. It can be argued that, for safety

reasons, such an approach is advisable in order to assume

the worst case and therefore to start from the maximum

possible ingestion dose and additionally consider appro-

priate safety margins.

However, the EURATOM Council Directive explicitly

requests estimations to be as realistic as possible4.

Furthermore, from a population health viewpoint, another

important role is played by countermeasures. This was

discussed in detail elsewhere12. Interventions will depend

on the estimated effective dose caused by a nuclear

accident and the recommended dose limit. Some of these

interventions, such as an excessive restriction to a single

foodstuff, can be also of disadvantage to health. Therefore,

after a large release of radionuclides, the critical situation

encountered must be evaluated as realistically as possible,

in order to take appropriate countermeasures and to avoid

harmful over-reactions both by authorities and the public.

The importance of this issue became evident from the

results of a survey on the number of induced abortions

following the Chernobyl accident13.

In conclusion, this analysis has shown that consumption

rates of major food groups exhibit a complex correlation

structure comprising not only positive, but also some

negative correlations. These depend less on sex than on

age, and probably on cultural, educational and many

environmental factors. Therefore it is necessary to study

these interdependencies in more detail since they may

have far-reaching implications on various health issues,

such as epidemiological risk studies or radiation exposure

prediction. The correlations observed in our analysis are

based on 7-day food records, which may not necessarily

be representative of the usual dietary intake over a longer

period of time. Nevertheless, the correlations presented

demonstrate on an empirical basis that the assumptions of

the risk assessment procedure for radiation have major

flaws. In order to obtain a more reliable estimation of the

ingestion of radionuclides via food, specific scenarios of

nuclear events with various prototype dietary patterns

need to be considered.
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Appendix

The 95th percentile jp of a continuous random variable X

with strictly increasing distribution function is unique and

defined as that value jp such that PðX # jpÞ ¼ 0:95:

For a normally distributed (i.e. Gaussian) random

variable X with mean m and variance s2, the 95th

percentile is jp < mþ 1:96s: The percentile zp of a sum

Z ¼ X þ Y of two identically and jointly Gaussian

distributed random variables X and Y is calculated by

zp < 2mþ 1:96
ffiffiffiffiffiffiffiffiffi

2
pp

£
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 þ rÞ

pp
s; with r denoting the

correlation coefficient. Only for r ¼ 1 (perfect positive

correlation) do we get zp ¼ 2 £ zp; i.e. only then is the

percentile zp of the sum identical to the sum of the

percentiles. Otherwise percentile zp is smaller, e.g. for

independence (i.e. r ¼ 0) we get zp < 2mþ 1:96
ffiffiffiffiffiffiffiffiffi

2
pp

s:

Asymptotically, the 95th percentile xp of a sample of size

n is normally distributed with mean jp and variance

0:0475 £ f ðjpÞ £
ffiffiffiffiffiffiffiffiffiffi

n
pp� �

22, where f(j) is the underlying

probability density14. For a normally distributed popu-

lation the standard error of jp is therefore approximately

2:1 £ s �x;with sx̄ denoting the standard error of the sample’s

mean x̄. Using this approximation allows one to calculate a

confidence interval for xp.

MI Breuninger et al.94

https://doi.org/10.1079/PHN2002363 Published online by Cambridge University Press

https://doi.org/10.1079/PHN2002363

