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1 Sampling procedures for mycotoxins determination in food and feed products, including  
sampling and sample preparation (video presentation) http://www.soluzionepa.it/ 
produzioneaudiovisivi.html

Preamble

The occurrence of mycotoxins in agricultural commodities has significant 
 implications for the health of the consumer. Because of this, many countries have 
introduced regulatory limits for various mycotoxins in a range of products. 
Adherence to these limits is important to safeguard the consumer and also to permit 
trade in the affected commodities across international borders. Effective schemes to 
test for the presence and concentration of mycotoxins depend not only upon sound 
analytical methods, but also on sampling plans designed to ensure that the results 
of analysis of laboratory samples reflect, as accurately as possible, the overall con-
centrations in consignments or lots of produce, and to provide a good estimate of 
the variability or uncertainty associated with the analytical results. The results can 
then be used to implement regulatory decisions on the suitability of lots of produce 
for consumption or trade.

The purpose of this manual is to provide background information to food ana-
lysts and regulatory officials on effective sampling plans to detect mycotoxins in 
food. The reader is exposed to the concepts of uncertainty and variability in the 
mycotoxin test procedure as well as the importance of ensuring that samples are 
representative of the lot being sampled, and the consequences of a poorly designed 
sampling plan on the reliability of the measured levels of mycotoxins, possibly 
resulting in legal disputes and barriers to trade.

Currently, sampling guidelines and regulations are not harmonized throughout 
the world and there are various schemes in common use. This manual provides 
guidance on one approach. Practical guidance is also available in the training video 
presentation ‘Sampling procedures for mycotoxins determination in food and feed 
products, including sampling and sample preparation’, produced by the Food and 
Agriculture Organization of the United Nations (FAO) in conjunction with the 
Italian National Institute of Health.1 This manual should be read in conjunction 
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2 Food and Agriculture Organization (2004). CAC/GL 50-2004, General Guidelines on Sampling, 
Viale della Terme di Caracalla, 00100, Rome, Italy, http://www.codexalimentarius.net/download/
standards/10141/CXG_050e.pdf
3 Food and Agriculture Organization (2001). CODEX STAN 209-1999, Rev. 1-2001, Maximum 
level and sampling plan for total Aflatoxins in peanuts intended for further processing, Viale della 
Terme di Caracalla, 00100, Rome, Italy, http://www.ipfsaph.org/cds_upload/kopool_data/codex_0/
en_cxs_209e.pdf
4 Commission Regulation (EC) No 401/2006 of 23 February 2006 laying down the methods of 
sampling and analysis for the official control of the levels of mycotoxins in foodstuffs, Official 
Journal of the European Union, L70/12, 9.3.2006, http://eur-lex.europa.eu/LexUriServ/LexUriServ.
do?uri=OJ:L:2006:070:0012:0034:EN:PDF

with the relevant legislation/guidelines on sampling for mycotoxins determination, 
including the General Guidelines on Sampling2 and sampling plan for total aflatox-
ins in peanuts,3 both published by Codex Alimentarius. Methods of sampling and 
analysis for the official control of the levels of mycotoxins in foodstuffs have also 
been described by the European Union.4

The lack of harmonization in the design of sampling plans is also reflected in the 
terminology used in the various texts. The terminology used in this manual is as 
defined by Codex Alimentarius in the sampling plan for total aflatoxins in 
peanuts.3

The views expressed in this text do not necessarily reflect those of the IAEA or 
FAO, or the governments of their Member States.

The mention of names of specific companies or products (whether or not indi-
cated as registered) does not imply any intention to infringe proprietary rights, nor 
should it be construed as an endorsement or recommendation on the part of IAEA 
or FAO.
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Mycotoxins are chemically and biologically active secondary metabolites from several 
families of saprophytic and plant pathogenic moulds such as Fusarium, Aspergillus, 
Penicillium, Alternaria, and Claviceps spp. that grow on cereals, nuts, beans and 
many other agricultural crops including many fruit crops (Cullen and Newberne 
1994). Mycotoxin residues in animal tissues, e.g. kidneys, and animal products, 
e.g. eggs, milk and dairy products can occur after ingestion of contaminated feeds by 
animals. Mycotoxin contamination of agricultural commodities occurs as a result of 
environmental conditions in the field as well as improper harvesting, storage, and 
processing operations. Crops grown and handled under warm and moist weather of 
tropical and subtropical countries are more prone to mycotoxin contamination than 
those in temperate regions, although certain fungi (e.g., Fusarium spp.) do grow at 
low temperature and produce toxins (e.g., trichothecenes).

Sound mycotoxin management should begin in the field before harvest, where 
the toxigenic fungi first become associated with the crop and where the contamination 
process begins. Pre-harvest invasion of agricultural crops by fungi is governed 
primarily by plant host–fungus and other biological interactions (e.g., insects). 
Post-harvest fungal growth is governed by the crop (nutrients) and by physical 
(temperature, moisture) and biotic (insects, interference competition) factors. Field 
fungi such as Fusarium and Alternaria species require high relative humidity and 
water content and are not competitive in storage systems (Moss 1991), which 
become dominated by storage fungi, particularly Aspergillus and Penicillium species 
that require minimal free water (Fig. 1.1). The mycotoxins most frequently encoun-
tered in cereals are listed in Table 1.1, and include, Fusarium toxins, i.e. fumonisins, 
trichothecenes (mainly deoxynivalenol and/or nivalenol) and zearalenone, and the 
Aspergillus and Penicillium toxins such as aflatoxins and ochratoxin A (Council for 
Agricultural Science and Technology 2003).

The Fusarium species are now recognized to be a major agricultural problem. They 
occur worldwide on a variety of plant hosts, primarily the cereal grains,  producing a 
number of secondary metabolites of varied concentrations with widely divergent 
biological and toxicological effects in humans and animals after ingestion of fungus-
damaged commodities. Mycotoxin entry to the human and animal dietary systems is 
mainly by ingestion but increasing evidence also points at entry by inhalation. 

Chapter 1
Introduction
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The development of mycotoxins in stored products can be avoided by preventing the 
growth of toxin-producing molds. Mold growth can be prevented by ensuring that 
moisture and temperature conditions favorable to growth and proliferation do not occur. 

Fungi

Environment

Host
Mycotoxin

Fig. 1.1 The system of fungi, 
host, and environmental con-
ditions must all be functioning 
to produce a mycotoxin

Table 1.1 The mycotoxins frequently encountered in cereals

The Mycotoxins Major Mycotoxin Producers
Agricultural Commodity 
Frequently Contaminated

1. The Fusarium 
toxins

Fumonisins a Fusarium moniliforme, 
F. proliferatum

Maize

DON, and NIV b,c F. graminearum, F. culmorum, Maize, Wheat, Barley, 
Sorghum, Sunflower

F. sporotrichioides, 
F. crookwellence

Zearalenone (ZEA) F. graminearum, F. culmorum Maize, Oats, Barley, Malt, 
Sorghum, Rice

2. The Aspergillus and 
Penicillium toxins

Aflatoxins d A. flavus, A. parasiticus Maize, Rice, Peanuts, Nuts, 
Spices, Milk (M

1
)e

Ochratoxin Af A. ochraceus, Penicillium 
verrucosum

Maize, Coffee, Wheat, Barley, 
Oats, Rye, Sorghum, 
Peanuts

a Of the six fumonisin analogues that are known at present, i.e., fumonisin A
1
, (FA

1
), A

2
 (FA

2
), B

1
 

(FB
1
), B

2
 (FB

2
), B

3
 (FB

3
), and B

4
 (FB

4
), FB

1
, FB

2
 and FB

3
 have been shown to occur naturally in 

maize, maize-based human foodstuffs and animal feeds worldwide
b Deoxynivalenol (DON) and Nivalenol (NIV) are the major natural trichothecenes contaminants 
in grains. F. graminearum was identified as the predominant DON and NIV producer. Another 
Fusarium species that produces DON is F. culmorum, whereas F. sporotrichioides, F. crookwellence 
and F. poae are found to be also NIV producers
c F. graminearum and F. culmorum, the most common pathogenic species are associated with cere-
als grown in warmer areas and in cooler areas, respectively
d Aflatoxins consist of a group of 20 related fungal metabolites, although only aflatoxins B

1
, B

2
, 

G
1
 and G

2
 are normally the major substances found in foods. The four major aflatoxins, i.e., B

1
, 

B
2
, G

1
, G

2
 (B = blue; and G = green fluorescence while the subscript designates relative chromato-

graphic mobility), plus additional aflatoxin metabolic products, M
1
 and M

2
 are the most significant 

toxins as direct contaminants of foods and feeds
e The occurrence of M

1
 in milk results from the ingestion of aflatoxin B

1
-contaminated grains

f Of ochratoxins, the ochratoxin A (OTA), the 7-carboxy-5-chloro-8-hydroxy-3,4-dihy-dro-3-meth-
yliso-coumarinamide of L-phenyalalanine, is the most toxic and is produced with the highest yield
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Thus, as for the prevention of post-harvest mold infection and subsequent mycotoxin 
contamination, the control of physical (temperature, moisture) and biotic (insects, 
interference competition) factors remains of great importance (Phillips et al. 1994). 
In addition, in storage, the initial grain condition is critical as far as the fate of kernels 
is concerned. Good quality, clean, sound grain is easier to maintain in storage than 
physically damaged grain. Physically damaged kernels (i.e., insect damage and 
broken kernels) have a higher correlation with mold infestation and aflatoxin 
 contamination than sound whole kernels.

Mycotoxin contamination of agricultural commodities and the subsequent 
impact on consumers’ (humans and animals) health as well as on national and 
international trade are increasingly recognized in both developed and developing 
countries. Developed countries enact regulatory limits to protect consumers from 
exposure to mycotoxins. In many developing countries, however, regulation is 
insufficient and several agricultural commodities, including dietary staple foods, 
can contain unacceptably high levels of mycotoxins.

1.1  Regulatory Limits

Because mycotoxins are toxic and carcinogenic in animals, many countries regulate 
the maximum level that can occur in foods and feeds. Most regulations are 
concerned with controlling aflatoxin because it is considered the most toxic and 
carcinogenic of the naturally occurring mycotoxins. A recent FAO/WHO survey 
indicated that almost 100 countries regulate aflatoxin and several other mycotoxins 
in foods and feeds (Food and Agriculture Organization 2003). However, maximum 
levels differ widely from country to country because of a lack of agreement on 
what constitutes a safe maximum level for humans. Some of the maximum limits 
found in the FAO/WHO survey for aflatoxin are shown below in Table 1.2.

Because of differences in regulatory limits for mycotoxins, FAO and WHO, working 
through the CODEX system, are attempting to harmonize international maximum 
limits and sampling plans for mycotoxins to promote world trade and protect the 
consumer. CODEX has been successful in establishing a maximum limit for aflatoxin 
in raw shelled peanuts destined for further processing of 15 total ng/g and a sampling 
plan that uses a single 20 kg sample (Food and Agriculture Organization 2001a).

1.2  Mycotoxin Units

Mycotoxins are measured in concentration units or a ratio of the mass of the 
 mycotoxin to the mass of the commodity. Units of measurement are usually grams 
of mycotoxin divided by the grams of commodity. Because the mass of a  mycotoxin 
is usually very small, the units are reported in parts per billion (ppb) or parts per 
million (ppm). One ppb is 1 nanogram (ng) of mycotoxin per 1 g of commodity or 
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0.00000001 g/1 g or 1 ng/g. Several analogous examples of the magnitude of 1 ppb 
are illustrated in Fig. 1.2.

1.3  The Rationale of Accurate Sampling Procedures

Mycotoxins are unevenly distributed in grain storage bins or in the field, so that 
high concentrations of toxins could be found in “hot spots” or “pockets” in bulk 
storage of commodities or sometimes in a single ear or kernel of corn. Recent 
advances in methodology have been applied to mycotoxin analysis to significantly 
improve the capabilities for efficient detection and quantification of mycotoxins in 
agricultural commodities. In contrast, the development of sampling procedures 
remains a typical problem, although Codex and other bodies do have recommended 
sampling regimes.

In general, the suspected contaminated commodity should first be submitted to 
a rigorous sampling program in order to be diverted, if necessary, to protect the 
health of consumers. Inadequate sampling often yields meaningless data regardless 
of how good the approach is in the subsequent analysis. The collection of truly 
representative samples requires carefully designed sampling protocols. In regulatory 
operations, it is important to be able to measure accurately the true levels of a 
mycotoxin in a commodity so that correct decisions can be made about the fate of 

Table 1.2 Examples of aflatoxin legal limits found in 
various countries

Countries

Aflatoxin Legal Limita (ng/g)

AF B
1

Total Aflatoxins

Africa 20
 Egypt (for maize) 20
 Egypt (for peanuts) 10
 Nigeria 20
 South Africa 10
Australia 15
Canada 15
EU b  8 15
Philippines 20
US 20
aAF B

1
 = Aflatoxin B

1
 & Total Aflatoxins = AF (B

1
 + 

B
2
 + G

1
 + G

2
)

b Limits are for raw peanuts destined for further 
processing

�1 ft in distance from earth to moon
�1 cm in 10,000 km
�1 second in 31.7 years

Fig. 1.2 Several examples of the 
units equivalent to 1 ppb
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the product. However, an accurate estimation of the mycotoxin concentration in a 
large quantity of grain is difficult, owing to the large variability (or errors) associated 
with the mycotoxin test procedure, which includes sampling, sample preparation, 
and analytical steps. Because of the errors associated with each step of the testing 
procedure, the mycotoxin concentration in the lot1 cannot be measured with absolute 
certainty and the result should always be reported with an estimate of the uncertainty.

A number of papers (Council for Agricultural Science and Technology 2003; 
Food and Agriculture Organization 2003) review regulatory limits and sampling of 
commodities for mycotoxin analysis used by various countries. For mycotoxins 
other than aflatoxins, general principles, schemes, and sampling plans adopted so 
far are those used for sampling plans and analysis of aflatoxins.

More work is needed in this area, especially in the refinement of sampling plans 
according to the real variability of certain mycotoxins in the food commodities.

1 Lot: an identifiable quantity of a food commodity delivered at one time and determined by the 
official to have common characteristics, such as origin, variety, type of packing, packer, consignor 
or markings (Food and Agriculture Organization 2001b).
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It is important to be able to detect and quantify the mycotoxin concentration in 
foods and feeds destined for human and animal consumption. In research, quality 
assurance, and regulatory activities, correct decisions concerning the fate of commercial 
lots can only be made if the mycotoxin concentration in the lot can be estimated 
with a high degree of accuracy and precision. The mycotoxin concentration of a lot 
is usually estimated by measuring the mycotoxin concentration in a small represen-
tative sample taken from the lot, called the laboratory sample1 (Fig. 2.1).

Then, based on the measured laboratory sample concentration, a decision is 
made about the quality of the lot. For example, in a regulatory environment, deci-
sions will be made to classify the lot as acceptable or unacceptable based upon a 
comparison of the measured sample concentration to a legal limit (the term 
 “sample” by itself in this manual refers to a laboratory sample). If the sample 
 concentration does not accurately reflect the lot concentration, then the lot may be 
misclassified and there may be undesirable economic and/or health consequences. 
Fortunately, sampling plans can be designed to minimize the misclassification of 
lots and reduce the undesirable consequences associated with regulatory decisions 
about the fate of bulk lots. In this manual, sampling plans will be defined, sources 
of uncertainty associated with a mycotoxin sampling plan will be identified, risks 
associated with misclassifying lots will be discussed, and methods that reduce 
 misclassification of lots will be described.

A mycotoxin-sampling plan is defined by a mycotoxin test procedure and a 
defined accept/reject limit. A mycotoxin-test procedure is a multi-stage process 
(Fig. 2.2) and generally consists of three steps: sampling, sample preparation, and 
analysis (quantification).

Chapter 2
Definition of a Sampling Plan

1 Laboratory sample: smallest size sample comminuted in a grinder (Food and Agriculture 
Organization 2001b).
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The sampling step addresses issues such as when, how, how many. It specifies 
how the sample will be selected or taken from the bulk lot, the number of samples, 
and the size of the sample(s). For granular products, sample preparation includes 
the processing of the laboratory sample (i.e. grinding in a mill to reduce particle 
size) and the selection of a test portion, which is removed for subsequent analysis. 
Finally, in the analytical step, the mycotoxin is solvent extracted from the test 
 portion and quantified using validated analytical procedures.

The measured mycotoxin concentration in the test portion is used to estimate the 
true mycotoxin concentration in the bulk lot or compared to a defined accept/reject 
limit that is usually equal to a maximum limit or regulatory limit. It is, therefore, 
important that the sampling procedure defines a laboratory sample that is as repre-
sentative as possible of the bulk lot. Comparing the measured concentration in a test 
portion taken from a laboratory sample to an accept/reject limit is often called 
acceptance sampling because the actual measured concentration is not as important 
as whether that concentration, and thus the lot concentration, is above or below a 
legal limit. In activities other than regulatory acceptance sampling, for example in 
quality assurance or research, a precise and accurate estimate of the true lot myco-
toxin concentration may be required.

True PPB=?

Laboratory
Sample
(2 kg)

• Lot PPB = Laboratory Sample ppb ?
Laboratory Sample ppb • ≤≤≤≤ Limit ?

ppb

Lot
(50,000 kg)

•
• ≤

Fig. 2.1 Lot mycotoxin concentration is assumed to equal the measured mycotoxin concentration 
in a representative laboratory sample

Mill

Sampling Sample Analysis

MycotoxinTest Procedure

Mycotoxin Test Result

Preparation

Mill

Lot

Fig. 2.2 A mycotoxin-test procedure usually consists of a sampling, sample preparation and 
analytical steps
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According to Codex STAN209-1999, Rev. 1-2001 on “Maximum level and sampling 
plan for total Aflatoxins in peanuts intended for further processing” (Food and 
Agriculture Organization 2001b) and the Commission regulation (EC) 401/2006, 
on “Methods of sampling and analysis for the official control of the levels of 
 mycotoxins in foodstuff” (Commision regulation (EC) 401/2006) each lot of materials 
which is to be examined must be sampled separately. Large lots should be subdivided 
into sublots2 to be sampled separately. The subdivision can be done following the 
provisions laid down in Table 2.1.

Table 2.1 Subdivision of large lots into sublots for sampling

Lot Weight Tonne 
(T)

Weight or 
Number of 
Sublots

Number of 
Incremental 
Samples

Aggregate 
Sample 
Weight (kg)

Laboratory 
Sample 
Weight (kg)

Weight of 
Incremental 
Samples (g)

Peanuts (CODEX Standard)
³500 100 tonnes 100 20 20
>100 and <500 5 sublots 100 20 20
>25 and £100 25 tonnes 100 20 20 200
>15 and £25 100 20 20
<15 10–100 £20 20
Groundnuts, pistachios, brazil nuts and other nuts (EC Regulation)
³500 100 tonnes 100 30 3 × 10 kga

>125 and <500 5 sublots 100 30 3 × 10 kg
³15 and £125 25 tonnes 100 30 3 × 10 kg 300
<15 10–100 £30 3 × 10 kg
aThe division into three laboratory samples is not necessary in case of groundnuts and nuts 
 subjected to further sorting or other physical treatment and of the availability of equipment which 
is able to homogenise a 30 kg sample.

2 Sublot: designated part of a large lot in order to apply the sampling method on that designated 
part. Each sublot must be physically separate and identifiable.
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There is always some level of uncertainty (variability) associated with any 
 sampling plan. Because of this, the true mycotoxin concentration of a bulk lot can’t 
be determined with 100% certainty; nor can all lots be correctly classified into good 
and bad categories (based upon some legal limit) with 100% accuracy. Accuracy 
and precision are two types of uncertainties associated with a sampling plan 
(Cochran and Cox 1957).

3.1  Accuracy

Accuracy is defined as the closeness of agreement between a measured value and 
an accepted reference value (ideally the true value). Another term associated with 
accuracy is “bias”, which is the difference between the expectation of the test result 
(average m) and the accepted reference value. Using target practice as an example, 
the center of the target is analogous to the true value and holes in the target represent 
the measured values (Fig. 3.1).

Figure 3.1 shows that the rifle used on the left is not as accurate as the rifle used 
on the right where the average of the cluster of shots is around the center of the 
target. As shown in Eq. 3.1, accuracy (A) is the absolute difference between the true 
value (U) and the average of the n measured values (X

i
)

 ( ) = − Σ = … / , , ,iA U X n for i 1 2 n  (3.1)

Biases have the potential to occur in the sample selection process, sample prepara-
tion process, and in the quantification steps of the mycotoxin test procedure. Biases 
should be the easiest component of uncertainty to control and reduce to acceptable 
levels, but methods to reduce bias are difficult to evaluate because of the difficulty in 
knowing the true mycotoxin concentration of the lot. Sample selection and sample 
preparation equipment and analytical methods must be continuously performance 
tested to minimize any biases. Before their application, analytical methods must 
undergo a validation process to show that they are ‘fit for purpose’. This is ideally 

Chapter 3
Uncertainty 
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performed using certified reference materials containing a known concentration of the 
target substance(s), but can also be achieved by spiking samples of the commodity to 
be tested with a known concentration of the target substance. The validation process 
produces a set of parameters, which describes the performance of the analytical 
method in terms of its accuracy and precision (described below) and identifies and 
quantifies any bias that is inherent in the method. The performance of the method 
must be verified continuously using control samples in the laboratory, and through 
participation in proficiency tests or inter-laboratory comparisons.

3.2  Precision

Precision (variability) is defined as the closeness of agreement between indepen-
dent test results obtained under stipulated conditions. The definition of precision 
makes no mention about how close the measured values are to the true value. Using 
target practice to illustrate precision, the closeness of the holes to each other is a 
measure of precision (Fig. 3.2).

Three statistical measures, variance (V), standard deviation (SD), or coefficient 
of variation (CV) can be used as a measure of precision (P).

 ( ) ( ) = − − = … ∑ / , , ,
2

iV x m n 1 for i 1 2 n  (3.2)

 ( )= √SD V  (3.3)

The CV, expressed as a percent, is calculated as

 ( )* /=CV 100 SD m  (3.4)

Where x
i
 is the measured value and m is the mean of the x

i
 values.

Precision is a measure of variability. Variability can occur with each step of the 
mycotoxin test procedure and is usually associated with the mycotoxin distribution 
among contaminated particles in the lot. As will be shown later, increasing the quantity 

Accuracy

HighLow

Fig. 3.1 Examples of low and high accuracy using target practice as an example
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of material inspected (laboratory sample1 size, test portion size, and  number of 
aliquots quantified) usually reduces variability. When describing the uncertainty of 
a process, one must consider the various combinations of accuracy and precision that 
may occur. As shown in Fig. 3.3, there are four extreme combinations of accuracy 
and precision: low precision and low accuracy, low precision and high accuracy, 
high precision and low accuracy, and high precision and high accuracy.

The worst possible situation is to have a mycotoxin test procedure with low 
precision and low accuracy. The best possible situation is to have a process that has 
both high precision and high accuracy. The goal associated with detecting a myco-
toxin in a bulk shipment is to design a mycotoxin test procedure or sampling plan 
that has both high precision and high accuracy.

Precision
HighLow

Fig. 3.2 Examples of low 
and high precision using 
 target practice as an example

Low precision

High accuracy

High precision

Low accuracy

Low precision

Low accuracy

High precision

High accuracy

Fig. 3.3 The four extreme combinations of uncertainty that can occur with a sampling plan

1Laboratory sample: smallest quantity of material comminuted in a mill. The laboratory sample 
may be a portion of or the entire aggregate sample. The laboratory sample should be finely ground 
and mixed thoroughly using a process that approaches as complete a homogenisation as possible 
(Food and Agriculture Organization 2001b).
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Procedures used to take a sample from a bulk lot are extremely important. Every 
individual item in the lot should have an equal chance of being chosen (called random 
sampling). Biases are introduced by sample selection methods if equipment and 
procedures used to select the sample prohibit or reduce the chances of any item in 
the lot from being chosen. Examples of bias in the sample selection process, shown 
in Fig. 4.1, are illustrated with the use of a sampling probe that doesn’t allow larger 
particles into the probe, a probe that doesn’t reach every location in the shipment, 
and use of a single probing point in a poorly mixed lot.

If the lot has been blended thoroughly from the various material handling opera-
tions, then the contaminated particles are probably distributed uniformly throughout 
the lot (William 1991). In this situation, the location within the lot from which the 
sample is drawn is probably not too important. However, if the lot is contaminated 
because of moisture leaks that cause high moisture clumps or for other localized 
reasons, then the mycotoxin-contaminated particles may be located in isolated pockets 
in the lot (Shotwell et al. 1975). If the sample is drawn from a single location, the 
contaminated particles may be missed or too many contaminated particles may be 
collected (Fig. 4.2).

Because contaminated particles may not be distributed uniformly throughout the 
lot, the sample should be an accumulation of many small portions (called incremen-
tal samples1) taken from many different locations throughout the lot (Bauwin and 
Ryan 1982; Hurburgh and Bern 1983). For aflatoxins, FAO/WHO recommends that 
each incremental sample be about 200 g and one incremental portion be taken for 
every 200 kg of product (Food and Agriculture Organization/World Health 
Organization 2001). The accumulation of many small incremental portions is called 
an aggregate sample. If the aggregate sample is larger than desired, the aggregate 
sample should be blended and subdivided until the desired laboratory sample size 
is achieved (Fig. 4.3).

Chapter 4
Sample Selection

1 Incremental samples: quantity of material taken from a single random place in the lot (Food and 
Agriculture Organization 2001b).



www.manaraa.com

16 4 Sample Selection

The smallest sample size that is subdivided from the aggregate sample and 
 comminuted in a grinder in the sample preparation step is called the laboratory 
sample. It is generally more difficult to obtain a representative (lack of bias) labora-
tory sample from a lot at rest (static lot) than from a moving stream of the product 
(dynamic lot) as the lot is moved from one location to another. Sample selection 
methods differ depending on whether the lot is static or dynamic.

2

Static Lots

1
3

 

Fig. 4.1 Different types of biases associated with selecting samples from bulk lots. (1) Particles 
larger than probe opening; (2) some particles in the lot can’t be reached; (3) using a single probing 
point with an unmixed lot

Non-homogeneous Homogeneous

Fig. 4.2 Multiple probing 
points should be used with a 
non-homogeneous lot

Aggregate Sample

Divider

Laboratory Sample

Lot

I n c r e m e n t s

Fig. 4.3 A laboratory 
sample is removed from 
an aggregate sample. An 
aggregate sample is the 
accumulation of many 
small incremental sam-
ples taken from many dif-
ferent locations in the lot
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4.1  Static Lots 

A static lot can be defined as a large mass of materials contained either in a single 
large container such as a wagon, truck, or railcar or in many small containers such 
as sacks or boxes, and the materials are stationary at the time a sample is selected 
(Food and Agriculture Organization 2001b). When drawing an aggregate sample 
from a bulk container, a probing pattern should be developed so that product can be 
collected from different locations in the lot. An example of several probing patterns 
used by the USDA to collect aggregate samples from peanut lots is shown in 
Fig. 4.4 (United States Department of Agriculture 1975; Parker et al. 1982; 
Whitaker and Dowell 1995), where the insertion positions for the probe are marked 
by an ‘x’ for a five-point sampling pattern, with additional positions indicated by 
an ‘0’ to give an eight-point sampling pattern. The sampling probe should be long 
enough to reach the bottom of the container when possible, should not restrict any 
item in the lot from being selected, and should not alter the items in the lot.

Attempts should be made using a sampling rate similar to the 200 g of incremental 
sample per 200 kg product as mentioned above. However, it may not be possible to 
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Fig. 4.4 Example of several five- and eight-probe patterns used by the U.S. Department of 
Agriculture to sample peanuts for grade
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achieve the suggested sampling rate because of the design of the sampling equipment, 
size of the individual containers, and the size of the lot. As an example, assume that 
a laboratory sample (TSS) of 5 kg is to be taken from a lot (LS) of 25,000 kg. The 
preferred incremental sample size (ISS) is 0.200 kg. The minimum number of 
increments needed to provide a laboratory sample of 5 kg is equal to TSS/ISS= 25, 
this means 25 incremental portions of 200 g each.

Now if only 25 incremental portions are to be taken from the lot of 25,000 kg,  
this corresponds to a sampling rate of 200 g incremental sample every 1,000 kg  
(= 25,000 kg/25) of product. This value is much larger than the recommended sam-
pling rate of 1 incremental portion every 200 kg of product and therefore “not 
acceptable”. A sampling rate of 200 g of incremental sample per 200 kg product 
corresponds to the withdrawal of 125 incremental samples (= 25,000 kg/200 kg) of 
200 g each, amounting to an aggregate sample of 25 kg (five times bigger than the 
needed laboratory sample size of 5 kg). To comply with the recommendations, 
therefore, a 25 kg aggregate sample must be taken, then representatively subdivided 
to obtain the desired amount of laboratory sample (5 kg).

In general if the accumulated aggregate sample is larger than required, the aggre-
gate sample should be thoroughly blended and reduced to the required laboratory 
sample size using a suitable divider that randomly removes a laboratory sample 
from the aggregate sample. A flow diagram showing the interactions between all 
the variables is shown in Fig. 4.5.

NI ≥ PNI ?

yes no

TSS = NI * ISS

BSS = PNI * ISS

Use PNI

Divide

TSS

Given:  BSS = Aggregate Sample Size

Then:  Number Increments (NI)

TSS = Laboratory Sample Size

ISS = Increment Sample Size

LS = Lot Size

ILS = Incremental Lot Size

NI = TSS / ISS

Preferred Number Increments (PNI)

PNI = LS / ILS

Fig. 4.5 Interaction between lot size, 
increment size, and laboratory sample size
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When sampling a static lot in separate containers such as sacks or retail con-
tainers, the sample should be taken from many containers dispersed throughout the 
lot. When storing sacks in a storage facility, access lanes should be constructed in 
order to allow access to sacks at interior locations. The recommended number of 
containers sampled can vary from one in four in small lots (less than 20 metric 
tonnes) to the square root of the total number of containers for large (greater than 
20 metric tonnes) lots (Food and Agriculture Organization/World Health 
Organization 2001). If the lot is in a container where access is limited, the incre-
mental sample should be drawn when the product is either being removed from or 
being placed into the container.

4.2  Dynamic Lots 

True random sampling can be more nearly achieved when selecting an aggregate 
sample from a moving stream as the product is transferred (i.e. conveyor belt) from 
one location to another.

When sampling from a moving stream, small incremental samples of product 
should be taken along the entire length of, and across the entire cross section of, the 
moving stream (Fig. 4.6). All the incremental samples should be combined to 
obtain the aggregate sample; and if the aggregate sample is larger than required, it 
should be blended and subdivided to obtain the desired size of laboratory sample.

Automatic sampling equipment such as cross-cut samplers (Fig. 4.7) are commer-
cially available with timers that automatically pass a diverter cup through the moving 
stream at predetermined and uniform intervals. When automatic equipment is not avail-
able, a person can be assigned to manually pass a cup though the stream at periodic 
intervals to collect incremental samples. Whether using automatic or manual methods, 
small increments of product should be collected and composited at frequent and uni-
form intervals throughout the entire time product flows past the sampling point.

Cross-cut samplers should be installed in the following manner: (a) the plane 
of the opening of the sampling cup should be perpendicular to the direction of flow; 
(b) the sampling cup should pass through the entire cross sectional area of the 
stream; and (c) the opening of the sampling cup should be wide enough to accept all 
items of interest in the lot. As a general rule, the width of the sampling cup opening 
should be two to three times the largest dimensions of the items in the lot.

End

Start

Product Stream

Sample Locations

Fig. 4.6 Sample selection from a moving stream of 
product should be the accumulation of many small 
incremental samples taken from the beginning to 
the end of the product stream
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The size of the aggregate sample, S in kg, taken from a lot by a cross cut sampler is 

 ( )( ) ( )( )= / ,S D L T V  (4.1)

where D is the width of the sampling cup opening in cm, L is the lot size in kg, T 
is interval or time between cup movement through the stream in seconds, and V is 
cup velocity in cm/s.

Equation 4.1 can also be used to compute other terms of interest such as the 
time between cuts, T. For example, the required time, T, between cuts of the sampling 
cup to obtain a 10 kg aggregate sample from a 30,000 kg lot where the sampling cup 
width is 5.08 cm (2 inches), and the cup velocity through the stream is 30 cm/s, can 
be determined by solving for T in Eq. 4.1.

( ) ( )= × × =. , / /T 5 08cm 30 000 kg 10 kg 30cm s 508 s

CONVEYOR

DIVERTER

PORTION
DIVERTED
TO SAMPLE

POS 1

POS 2

POS 3

PRODUCT 
STREAM

CUP OPENING
          WIDTH D 

Fig. 4.7 The automatic sampler cup should move at a constant velocity and cut through the entire 
stream of product
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If the lot is moving at 1,000 kg/min, the entire lot will pass through the sampler 
in 30 min and only three or four cuts will be made by the cup through the lot. This 
may be considered too infrequent, because too much product passes the sampling 
point between the times the cup cuts through the stream. The interaction among the 
variables in Eq. 4.1 needs to be fully understood in terms of the amount of aggregate 
sample accumulated and the frequency of taking product.

4.3  Aggregate Versus Laboratory Sample

Because contaminated particles may not be uniformly dispersed throughout the lot, 
many incremental samples are taken from many different locations throughout the lot 
and combined to form an aggregate sample. As a result, the aggregate sample is usu-
ally larger than the desired laboratory sample size used to estimate the lot mycotoxin 
concentration.

For granular materials, the laboratory sample is the amount of granular product •	
ground in a mill in the sample preparation step.
For finely ground materials (corn flour) or liquids (milk), the laboratory sample •	
is easily subdivided to obtain the test portion, i.e. the amount of sample used in 
the analytical step to quantify the mycotoxin.

When the aggregate sample is larger than the laboratory sample, dividers should be 
used to withdraw the desired laboratory sample amount. Various types of sample 
divider may be used, including mechanical devices such as a Boerner or riffle 
divider (Parker et al. 1982). These devices are considered to give random divisions, 
and in this case the aggregate sample does not have to be blended before the laboratory 
sample is removed. However, if the laboratory sample is to be removed from the 
aggregate sample using quartering or a manual device such as a cup or scoop, then 
the aggregate sample should be blended before the laboratory sample is removed.

As will be shown later, the size of the laboratory sample put through the grinder 
should be as large as possible. As the laboratory sample becomes smaller, the 
uncertainty (precision) associated with estimating the true lot mycotoxin concentra-
tion becomes greater. Recommended laboratory sample sizes for various commodities 
are shown in Table 4.1.
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Once an aggregate sample has been collected and the laboratory sample withdrawn 
(if the aggregate sample is larger than the required laboratory sample), the laboratory 
sample must be prepared for mycotoxin quantification. Since it is not practical to 
extract the mycotoxin from a large laboratory sample, the mycotoxin is usually 
extracted from a much smaller portion of product (test portion) taken from the 
 comminuted laboratory sample. If the commodity is a granular product such as 
shelled corn, it is essential that the entire laboratory sample be comminuted in a 
suitable mill and thoroughly homogenized before a test portion is removed from it 
(Dickens and Whitaker 1982; Campbell et al. 1986). As stated above, it is necessary 
to grind/comminute the entire laboratory sample before a test portion can be taken 
for analysis. Figure 5.1 emphasizes the need to comminute a laboratory sample to 
be able to obtain a smaller particle size and therefore a more homogeneous distribution 
of the mycotoxins.

Grinders should be used that reduce the particle size of the laboratory sample to 
the smallest size possible. Grinders that produce small particles produce a more 
homogeneous laboratory sample with respect to the mycotoxin distribution 
(Fig. 5.1). As a result the mycotoxin concentration in the test portion will more 
nearly reflect the true mycotoxin concentration of the laboratory sample.

Some grinders, such as the Romer mill (Malone 2000) and the USDA peanut 
mill (Dickens and Satterwhite 1969), are designed to automatically subsample the 
laboratory sample during the grinding process and provide a comminuted test 
 portion after the grinding process. If the mill does not provide such a feature, the 
test portion can be obtained using a riffle divider. If the test portion is obtained 
using a manual device such as a scoop, the comminuted laboratory sample must be 
blended before scooping out a test portion.

Usually there is no sample preparation step associated with laboratory samples 
of non-granular products such as liquids (milk) or paste (peanut butter). A small 
portion of the aggregate sample may have to be removed for mycotoxin analysis 
because the entire aggregate sample cannot be analyzed. However, it is important 
to blend or mix liquid samples and paste samples before removing a small portion 
for mycotoxin analysis.

Chapter 5
Sample Preparation 
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Test portion sizes vary, but usually are of the order of 20–1,000 g, depending on 
the particle size. The smaller the particle size, the smaller the test portion can be 
without increasing error or uncertainty. For most analytical methods, a test portion 
of 20–50 g is recommended. Analysis of test portions less than 20 g is likely to 
increase the uncertainty of the result.

3 kernels/g 10,000 particles/g

Mill

Fig. 5.1 A laboratory sample of 
granular product (3 kernels/g) should 
be ground in a mill to reduce particle 
size (10,000 particles/g)
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Once the test portion is removed from the ground laboratory sample, the mycotoxin 
is extracted by blending a solvent with the comminuted test portion. Before the 
mycotoxin can be quantified in the solvent extract, analytical methods usually con-
sist of several steps related to removing interfering compounds (i.e. oils) and con-
centrating the mycotoxins for quantification. These steps include centrifugation, 
filtration, drying, and dilution (Dickens and Satterwhite 1969; Association of 
Official Analytical Chemists 1990; Nesheim 1979; Steyn et al. 1991).

There are several different analytical methods that can be used to quantify the 
mycotoxin extracted from the test portion. Three examples are: thin layer chroma-
tography, immunoassay methods such as enzyme-linked immunosorbent assay 
(ELISA) that use antibody technology, and high performance liquid chromatogra-
phy (HPLC) (Steyn et al. 1991). Organizations such as the Association of Official 
Analytical Chemists (AOAC) evaluate the performance of analytical methods using 
collaborative studies.

There are several sources of biases associated with analytical methods. For 
example, less than 100% of the mycotoxin may be extracted from the test portion 
by the solvents; compounds other than mycotoxins may be extracted into the 
 solvent and mistakenly quantified as a mycotoxin; mycotoxin standards used in 
quantification may not be exact; and instruments to measure the mycotoxin may not 
be correctly calibrated.

Chapter 6
Analytical Quantification
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Once the mycotoxin concentration is quantified, the concentration value is used to 
estimate the true lot concentration or is compared to an accept/reject limit (ARL). 
The ARL is a predefined threshold concentration, usually equal to a legal limit used 
in regulatory applications. If the mycotoxin concentration in a test portion taken from 
a laboratory sample is less than or equal to the ARL, the lot is accepted,  otherwise the 
lot is rejected.

When lots are inspected by regulatory agencies, the ARL is usually set equal to 
the legal limit. However, manufacturers of consumer-ready products will often use 
an ARL less than the legal limit to reduce the chances that consumer-ready products 
will be found by regulatory agencies with mycotoxin concentrations above the legal 
limit. Often private industry will use an ARL that is about half the legal limit 
 (personal communications).

Many countries agree on the need to establish legal limits, but often disagree on 
the value of the limit. A survey by FAO in 2003 (Food and Agriculture Organization 
2003) showed that some countries have aflatoxin legal limits based upon B

1
 only 

and some countries use total (B
1
 + B

2
 + G

1
 + G

2
) aflatoxin and these legal limits 

vary widely. The CODEX Committee on Food Additives and Contaminants has 
established a standard aflatoxin limit for peanuts at 15 ng/g total aflatoxin for raw 
peanuts destined for further processing traded on the international market (Food 
and Agriculture Organization 2001a). This limit does not infringe on any nations’ 
internal limits.

Chapter 7
Accept/Reject Limit
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 Even when using accepted sampling, sample preparation, and analytical procedures 
(Campbell et al. 1986; Malone 2000; Dickens and Satterwhite 1969; Association of 
Official Analytical Chemists 1990; Nesheim 1979; Steyn et al. 1991), there are 
errors (the term error will be used to denote variability) associated with each of the 
steps of the mycotoxin test procedure (Whitaker et al. 1972, 1974, 1976, 1979, 
1993, 1998; Dickens et al. 1979; Remington and Schrok 1970; Schatzki 1995a, b). 
Because of these errors, the true mycotoxin concentration in the lot cannot be deter-
mined with 100% certainty by measuring the mycotoxin concentration in a test 
portion taken from a laboratory sample taken from the lot. For example, 10 repli-
cated aflatoxin test results from each of six contaminated shelled peanut lots are 
shown in Table 8.1 (Whitaker et al. 1972). For each test result in the table, the 
mycotoxin test procedure consisted of (a) comminuting a 5.45-kg laboratory sam-
ple of peanut kernels in a USDA subsampling mill developed by Dickens and 
Satterwhite (1969), (b) removing a 280-g test portion from the comminuted labora-
tory sample, (c) solvent extracting aflatoxins from a 280-g test portion as described 
by AOAC Method II (Association of Official Analytical Chemists 1990), and 
(d) quantifying the aflatoxins densitometrically using thin layer chromatography 
(TLC). The 10 aflatoxin test results from each lot are ranked from low to high to 
demonstrate several important characteristics about replicated aflatoxin test results 
taken from the same contaminated lot.

First, the wide range among the 10 laboratory sample test results from the 
same lot reflects the large variability associated with estimating the true myco-
toxin content of a bulk lot. In Table 8.1, the variability is described by the standard 
deviations (SD) and the coefficients of variation (CV). The maximum laboratory 
sample test result can be four to five times the lot concentration (the average of 
the 10 laboratory sample test results is the best estimate of the lot concentration). 
Secondly, the amount of variation among the 10 laboratory sample test results 
appears to be a function of the lot concentration. In Table 8.1 the best estimate of 
the lot concentration is the mean or the average of the 10 laboratory sample test results. 
As the lot concentration (mean) increases, the standard deviation among laboratory 
sample test results increases, but the standard deviation relative to the lot mean, 
as measured by the CV, decreases. Thirdly, the distribution of the 10 laboratory 

Chapter 8
Random Variation
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sample test results for each lot in Table 8.1 is not always symmetrical about the 
lot concentration.

The distributions among laboratory sample test results are positively skewed, 
meaning that more than half of the laboratory sample test results are below the 
true lot concentration. However, the distribution of laboratory sample test 
results becomes more symmetrical as the lot concentration increases. This 
skewness can be observed by counting the number of laboratory sample test 
results above and below the lot concentration in Table 8.1 (average of the 10 
laboratory sample test results).

If a single laboratory sample from a contaminated lot is tested for aflatoxin, 
there is more than a 50% chance that the laboratory sample test result will be 
lower than the true lot concentration. While it cannot be shown in Table 8.1, the 
skewness is greater for small sample sizes and the distribution becomes more 
symmetrical as laboratory sample size increases (Whitaker et al. 1979). The 
above characteristics described by Table 8.1 for aflatoxin in shelled peanuts are 
also generally found for other mycotoxins and other commodities (Whitaker 
et al. 1993, 1998, 2000; Hart and Schabenberger 1998; Johansson et al. 2000a; 
Cucullu et al. 1986).

The sources of the variability among mycotoxin test results in Table 8.1 are associ-
ated with each step of the mycotoxin test procedure (Fig. 2.2). The sampling, sample 
preparation, and analytical steps of the mycotoxin test procedure each contribute to 
the total variability observed among mycotoxin test results shown in Table 8.1.

As shown in Fig. 8.1, the total error or variability is the sum of the sampling, 
sample preparation, and analytical variability.

Among the statistical measures of variability shown in Eq. 3.2 to 3.4, only the 
variance is additive. Therefore, it is assumed that the total variance (VT) associated 
with a mycotoxin test procedure is the sum of the sampling variance (VS), sample 
preparation variance (VSP), and analytical variance (VA).

 = + +VT VS VSP VA  (8.1)

Lot Sample Preparation Analysis

Total Error

Sampling
Error

Sample
Preparation

Error
Analytical

Error

ppb

Fig. 8.1 Total error of the 
mycotoxin-test procedure is 
the sum of sampling, sample 
preparation, and analytical 
errors.
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Reasons why each step of the mycotoxin test procedure contributes to the overall 
variability are discussed below. An example of the magnitude of the contribution of 
each step of the mycotoxin test procedure to the total variability is shown for mea-
suring aflatoxin in shelled corn (maize). Another example of uncertainty associated 
with sampling maize for fumonisin is described in Appendix A.

8.1  Sampling Variability

Studies by researchers on a wide variety of agricultural products (peanuts, cottonseed, 
shelled corn and pistachio nuts) indicate that, especially for small laboratory sample 
sizes, the sampling step is usually the largest source of variability associated with 
the mycotoxin test procedure (Whitaker et al. 1972, 1974, 1976, 1979, 1993; 
Dickens et al. 1979; Remington and Schrok 1970; Schatzki 1995a, b). Even when 
using accepted sample selection equipment and random sample selection proce-
dures, sampling error is inevitably large because of the distribution among 
 contaminated particles within a lot. Studies by researchers on a wide variety of 
agricultural products such as peanuts and shelled corn (Cucullu et al. 1977, 1986; 
Shotwell et al. 1974) indicate that a very small percentage (0.1%) of the kernels in 
the lot are contaminated and the concentration on a single kernel may be extremely 
high. Cucullu et al. (1986) reported aflatoxin concentrations in excess of 1,000,000 ng/g 
(parts per billion, ppb) for individual peanut kernels and 5,000,000 ng/g for cot-
tonseed. Shotwell et al. (1974) reported finding over 400,000 ng/g of aflatoxin in 
a corn kernel.

Because of this extreme range in aflatoxin concentrations among a few contami-
nated kernels in a lot, variation among replicated laboratory sample test results 
tends to be large. As an example, the sampling variance, VS, associated with testing 
shelled corn was estimated empirically (Johansson et al. 2000a) and is shown in 
Eq. 8.2 for any sample size, ns.

 ( )= .. / 0 98VS 12 95 ns M  (8.2)

where M is the aflatoxin concentration in the lot in nanograms of total aflatoxin 
per g of corn (ng/g) or parts per billion (ppb), ns is the mass of shelled corn in the 
laboratory sample in kg (kernel count per gram was 3.0). From Eq. 8.2 one can see 
that the sampling variance is a function of the aflatoxin concentration, M, and 
sample size, ns. For example, the sampling variance among replicated 0.91 kg (2 lb) 
samples taken from a lot of shelled corn at 20 ng/g is 268.1 and the coefficient of 
variation is 81.8%.

Researchers have developed equations to describe the sampling variance for sev-
eral commodities and mycotoxins (Whitaker et al. 1972, 1974, 1976, 1979, 1993, 
1998, 2000; Dickens et al. 1979; Remington and Schrok 1970; Schatzki 1995a, b; 
Hart and Schabenberger 1998; Johansson et al. 2000a). The equations are specific 
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for the type of mycotoxin and the type of product studied, but generally show that 
sampling variance is a function of concentration, increases with an increase in 
concentration, and decreases with an increase in laboratory sample size.

8.2  Sample Preparation Variability

Once the laboratory sample has been taken from the lot, the sample must be 
 prepared for mycotoxin quantification. Since it is not practical to extract the 
mycotoxin from a large laboratory sample, this is comminuted in a mill and 
the  mycotoxin is extracted from a small test portion taken from the comminuted 
 laboratory sample. If the commodity is a granular product such as shelled corn, 
it is essential that the entire laboratory sample be comminuted in a suitable mill 
before a test portion is removed from the laboratory sample (Campbell et al. 
1986). Removing a test portion of whole seed from the laboratory sample before 
the  comminuting process is simply a sample size reduction process and 
 eliminates the benefits associated with the larger size laboratory sample of 
granular product.

After the laboratory sample has been comminuted in a mill to reduce particle 
size, a test portion is removed for mycotoxin extraction. It is assumed that the 
mycotoxin distribution among contaminated particles in the comminuted labora-
tory sample is similar to the distribution among contaminated kernels found in the 
laboratory sample before comminution. As a result, there is also variability among 
replicated test portions taken from the same comminuted laboratory sample. The 
sample preparation variance is not as large as the sampling variance due to the large 
number of comminuted particles in the test portion, but may still be significant 
(Whitaker et al. 1974; Johansson et al. 2000a; Maestroni et al. 2005). An example 
of sample preparation variance for aflatoxin and shelled corn, VSP, is shown below 
in Eq. 8.3 for any test portion size nss (Johansson et al. 2000a).

 ( )= .. / 1 27VSP 62 70 nss M  (8.3)

where M is the aflatoxin concentration in the laboratory sample in ng/g, nss is the 
mass of shelled corn in the test portion in grams taken from the comminuted labora-
tory sample. The variance in Eq. 8.3 also reflects the use of a Romer mill that 
produces a particle size where most of the particles will pass through a number 20 
screen. From Eq. 8.3, it can be seen that the sample preparation variance is also a 
function of the aflatoxin concentration (M) and the size of the test portion (nss). 
The sample preparation variance associated with a 50 g test portion taken from a 
laboratory sample at 20 ng/g is 56.3 and the CV is 37.5%.

Researchers have developed equations to describe the sample preparation vari-
ance for several commodities, mill types, and mycotoxins (Whitaker et al. 1972, 
1974, 1976, 1979, 1993; Dickens et al. 1979; Remington and Schrok 1970; 
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Schatzki 1995a, b). The equations are specific for the mycotoxin, mill type 
(particle size), and the type of product used in the study. The type mill type affects 
the particle size distribution. If the average particle size decreases (number of 
particles per unit mass increases), then the sample preparation variance for a given 
size test portion decreases.

8.3  Analytical Variability

Once the test portion is removed from the comminuted laboratory sample, the 
mycotoxin is solvent extracted. Analytical methods usually involve several steps 
such as solvent extraction, centrifugation, drying, dilution, and quantification 
(Nesheim and Trucksess 1986). As a result, there can be considerable variation 
among replicated analyses on the same test portion extract. The analytical variance 
(VAh) associated with high performance liquid chromatography (HPLC) tech-
niques used to measure aflatoxin in a test portion taken from a comminuted laboratory 
sample of shelled corn is given by Eq. 8.4 (Johansson et al. 2000a) for any number 
of aliquots.

 ( )= .. / 1 16VAh 0 143 na M  (8.4)

where M is the aflatoxin concentration in the test portion in ng/g, na is the number 
of aliquots quantified by HPLC methods. Applying this equation, typical values for 
analytical variance and CV associated with using HPLC to measure aflatoxin in a 
comminuted subsample of corn at 20 ng/g, are 4.6 and 10.7%, respectively.

High performance liquid chromatography tends to have less variability than 
other analytical technologies such as thin layer chromatography (TLC) and immu-
noassay (ELISA) methods (Whitaker et al. 1996). Using precision estimates from 
collaborative studies, the analytical variances associated with TLC (VAt) and 
ELISA (VAe) methods to measure aflatoxin in shelled corn are shown in Eqs. 8.5 
and 8.6, respectively.

 ( )= .. / 1 744VAt 0 316 na M  (8.5)

 ( )= .. / 1 293VAe 0 631 na M  (8.6)

Typical coefficients of variation associated with measuring aflatoxin in a test por-
tion at 20 ng/g with the TLC and ELISA methods are 38.3 and 27.5%, respectively. 
The variability or CV associated with HPLC (10.7%, Eq. 8.4) is lower than either 
TLC or ELISA.

All of the analytical variance information described above reflects results from 
single laboratories and does not reflect among-laboratory variances. As a result, 
some laboratories may have higher or lower variances than those reported in 
Eqs. 8.4–8.6. Among-laboratory variance is about double the within-laboratory 
variance (Whitaker et al. 1996).
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8.4  Total Variability

As shown in Fig. 8.3 and Eq. 8.1, the total variability, VT (using variance as the 
statistical measure of variability) associated with a mycotoxin test procedure is 
equal to the sum of the sampling (VS), sample preparation (VSP), and analytical 
(VA) variances associated with each step of the mycotoxin test procedure. The total 
variability associated with testing shelled corn for aflatoxin, grinding the laboratory 
sample in a Romer mill, and quantifying aflatoxin in a test portion by immunoassay 
is the sum of Eqs. 8.2, 8.3, and 8.6.

 ( ) ( ) ( )= + +. . .. / . / . /0 98 1 27 1 293VT 12 95 ns M 62 70 nss M 0 631 na M  (8.7)

Using Eq. 8.7, the total, sampling, sample preparation, and analytical variances 
associated with testing shelled corn lots over a range of aflatoxin concentrations 
(M) when using a 0.91-kg (1 lb) laboratory sample (ns), grinding the laboratory 
sample in a Romer mill, taking a 50-g test portion (nss) from the comminuted labo-
ratory sample, and quantifying aflatoxin in one aliquot (na) by immunoassay meth-
ods are shown in Fig. 8.2. The CV associated with each step is shown in Fig. 8.3.

When sampling a bulk shipment of shelled corn for aflatoxin at 20 ng/g, the 
magnitude of the variance associated with each step (defined in Table 8.2) of the 
above aflatoxin test procedure (Eq. 8.7) are shown below in Eq. 8.8.

 . . . .= + + =VT 268 1 56 3 30 4 354 8 (8.8)

As shown in Table 8.2, the sampling, sample preparation, and analytical variances 
account for 75.5%, 15.9%, and 8.6% of the total mycotoxin testing variance, 
respectively.
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increases with aflatoxin concentration. The total variance, VT, is the sum of sampling variance, 
VS, sample preparation variance, VSP, and analytical variance, VA
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As the above example demonstrates, the sampling step accounts for most of the 
variability (uncertainty) associated with the total variability of a mycotoxin test 
procedure because of the distribution among contaminated seeds in a lot. For shelled 
corn, it is estimated that only 6 kernels in 10,000 are contaminated in a lot at 20 ng/g 
(Johansson et al. 2000b ). Because of this extreme mycotoxin distribution among 
seeds in a contaminated lot, it is easy to miss the contaminated seeds with a small 
laboratory sample and underestimate the true lot concentration.

On the other hand, if the laboratory sample contains one or more highly contami-
nated seeds, then the laboratory sample can over-estimate the true mycotoxin 
contamination in the lot. Even using proper sample selection techniques, the variation 
among laboratory sample concentrations is large due to the mycotoxin distri-
bution among individual kernels as described above.

Table 8.2 The variability, as measured by the variance, associated with 0.91 kg laboratory 
sample, Romer mill to grind the laboratory sample, a 50 g test portion, measuring aflatoxin in 
1 aliquot by immunoassay analytical methods to measure aflatoxin in shelled corn at 20 ng/g. 
Sampling, sample preparation, and analysis errors accounts for about 75.5%, 15.9%, and 8.6% 
of the total error, respectively

Lot shelled corn at 20 ng/g aflatoxin

Test procedure Variance   Variance ratioa (%)   

Laboratory sample – 0.91 kg  268.1  75.5
Sample preparation – Romer mill, 50 g test portion  56.3  15.9
Immunoassay analytical method, analysis of 1 aliquot  30.4  8.6
Total 354.8 100.0
aVariance ratio = Variance associated with each step of test procedure divided by the total variance
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Fig. 8.3 Variability of each step of the aflatoxin-test procedure, as measured by the coefficient of 
variation (CV), decreases with aflatoxin concentration. The total CV (CVT) is not the sum of the 
sampling CV (CVS), sample preparation CV (CVSP), and analytical CV (CVA)
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The only way to achieve a more precise estimate of the true lot concentration is to 
reduce the total variability of the mycotoxin test procedure. The total variability of 
the test procedure can be reduced by reducing the variability associated with each 
step of the mycotoxin test procedure. Increasing the size of the laboratory sample 
can reduce the sampling variability. The sample preparation variability can be 
reduced either by increasing the size of the test portion and/or by increasing the 
degree of comminuting (increasing the number of particles per unit mass in the test 
portion). The analytical variance can be reduced by either increasing the number of 
aliquots quantified by the analytical method and/or using a more precise quantification 
method (e.g. using HPLC instead of TLC). If the variability associated with one or 
more of these steps can be reduced, then the total variability associated with a 
mycotoxin test result can be reduced (Eq. 8.1).

Decreasing the total variability (improving precision) associated with a  mycotoxin 
test procedure will decrease the range of possible aflatoxin test results when 
replicated tests are made on the same lot. The range of mycotoxin test results 
 associated with any size laboratory sample, any size test portion, and number of 
analyses about the lot concentration M can be estimated from the total variance, VT, 
or standard deviation, SD, (square root of the total variance) associated with the 
mycotoxin test procedure. For a large number (>20) of laboratory samples taken 
from a lot, approximately 95% of all laboratory sample test results will fall in a range 
between a low of (M − 1.96*SD) and a high of (M + 1.96*SD).

As an example, when sampling a lot of shelled corn at 20 ng/g using a 0.91-kg 
(2 lb) laboratory sample (ns), grinding the laboratory sample in a Romer mill, 
 taking a 50-g test portion (nss) from the comminuted laboratory sample, and 
 quantifying aflatoxin in one aliquot (na) by immunoassay method, Eq. 8.8 shows 
that the total variance and standard deviation are 354.8 and 18.8, respectively. The 
range of aflatoxin test results should fall between 20+/− (1.96*18.8) or 20 +/− 36.9 
or 0 and 56.9 ng/g (Table 9.1).

Chapter 9
Reducing Variability of a Mycotoxin 
Test Procedure
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= ± √
= ±
=

Range 20 1.96 354.8

20 36.9 ng/g

0 to 56.9 ng/g

The calculated range of aflatoxin test results is only valid for a normal distribution 
where test results are symmetrical about the true lot concentration. As will be 
shown later, the distribution among aflatoxin test results is usually skewed, but will 
approach a symmetrical distribution as laboratory sample size becomes large.

9.1  Laboratory Sample Size

The effect of increasing the laboratory sample size on reducing the total variability 
and the range of mycotoxin test results when testing a contaminated lot of shelled 
corn at 20 ng/g aflatoxin is shown in Table 9.2 when increasing sample size from 
0.91 (2 lbs) to 4.54 kg (10 lbs).

Increasing laboratory sample size by a factor of 5 from 0.91 to 4.54 kg reduces 
the sampling variance described in Eq. 8.8 by a factor of 5 from 268.1 to 53.6. The 
total variance is reduced from 354.8 to 137.8.

 . . . .= + + =VT 53 6 56 3 27 9 137 8  (9.1)

The range of aflatoxin test results is reduced from 20 ± 36.9 to 20 ± 23.0 ng/g as 
the laboratory sample size is increased from 0.91 (2 lbs) to 4.54 kg (10 lbs), 
respectively.

9.2  Test Portion Size

The effect of increasing the size of the test portion from 50 to 100 g on reducing 
the sample preparation variance is shown in Table 9.3.

Table 9.1 A variance of 354.8 associated with the aflatoxin-test 
procedure described in the table indicates that aflatoxin test results 
will vary from a low of 0 ng/g to a high of 57 ng/g when sampling 
a lot of shelled corn contaminated at 20 ng/g

Test procedure Variance

Sampling – 0.91 kg laboratory sample 268.1
Sample prep – Romer, 50 g test portion  56.3
Analytical method – TLC, 1 aliquot for analysis  30.4
Total 354.8
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As the test portion size increases from 50 to 100 g, the sample preparation  variance 
is reduced from 56.3 to 28.2. The total variance is reduced from 354.8 to 324.2.

 . . . .= + + =VT 268 1 28 2 27 9 324 2  (9.2)

The range of aflatoxin test results is reduced from 20 ± 36.9 to 20 ± 35.3.

9.3  Number of Aliquots Quantified

The effect of increasing number of aliquots quantified in the analytical step from 
1 to 2 on reducing the analytical variance for immunoassay type method is shown 
in Table 9.4.

As the number of aliquots in increased from 1 to 2, the analytical variance is 
reduced from 27.9 to 14.0. The total variance is reduced from 354.8 to 338.4.

 . . . .= + + =VT 268 1 56 3 14 0 338 4  (9.3)

The range of aflatoxin test results is reduced from 20 ± 36.9 to 20 ± 36.1 ng/g.
There is a different cost associated with reducing the variability of each step of 

a mycotoxin test procedure. One needs to try and maximize the variance reduction 

Table 9.2 Effect of increasing laboratory sample size on reducing the sampling variability

Laboratory sample size effect – shelled corn at 20 ng/g

Test Procedure Variance Test Procedure Variance

Sampling – 0.91 kg laboratory sample 268.1 4.54 kg  53.6
Sample Preparation – Romer, 50 g test portion  56.3 Romer, 50 g  56.3
Analytical method – TLC, 1 aliquot analysed  27.9 TLC, 1 aliquot  27.9
Total 354.8 Total 137.8
Range 20 ± 36.9 Range 20 ± 23.0

Table 9.3 Effect of increasing test portion size on reducing sample preparation variability

Test portion size effect – shelled corn at 20 ng/g

Test procedure Variance Test procedure Variance

Sampling – 0.91 kg laboratory sample 268.1 0.91 kg 268.1
Sample Prep – Romer, 50 g test portion  56.3 Romer, 100 g  28.2
Analytical method:TLC, 1 aliquot analysed  27.9 TLC, 1 aliquot  27.9
Total 354.8 Total 324.2
Range 20 ± 36.9 Range 20 ± 35.3
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for a given cost. Increasing laboratory sample size is usually the best use of 
resources when reducing the total variability of mycotoxin test results.

Table 9.4 Effect of increasing number of aliquots quantified for aflatoxin on reducing analytical 
variability

Number of aliquots effect – shelled corn at 20 ng/g

Test procedure Variance Test procedure Variance

Sampling - 0.91 kg laboratory sample 268.1 0.91 kg 268.1
Sample prep - Romer, 50 g test portion  56.3 Romer, 50 g  56.3
Analytical method: TLC, 1 aliquot analysed  27.9 TLC, 2 aliquots  14.0
Total 354.8 Total 338.4
Range 20 ± 36.9 Range 20 ± 36.1
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Because of the variability among laboratory sample test results, two types of mistakes 
are associated with any mycotoxin-sampling plan. First, good lots (lots with a 
concentration less than or equal to the legal limit) will test bad and be rejected by the 
sampling plan. The chances of making this type of mistake is often called the seller’s 
risk (false positives or type I, a error) since these lots will be rejected at an unnecessary 
cost to the seller of the product. Secondly, bad lots (lots with a concentration greater 
than the legal limit) will test good and be accepted by the sampling program. 
The chances of making this type of mistake is called the buyer’s risk (false negatives, 
or type II, b error) since contaminated lots will be processed into feed or food causing 
possible health problems and/or economic loss to the buyer of the product.

In order to maintain an effective regulatory and/or quality control program, the 
above two risks associated with a sample plan design must be evaluated (Fig. 10.1). 
Based upon these evaluations, the costs and benefits (benefits refers to removal of 
mycotoxin contaminated lots) associated with a mycotoxin sampling plan need to 
be evaluated.

A lot is termed bad when the laboratory sample test result X is above some 
predefined accept/reject limit X

c
 and the lot is termed good when X is less than or 

equal to X
c
. While X

c
 is usually equal to the legal limit Mc, X

c
 can be greater than 

or less than Mc. For a given sampling plan design, lots with a mycotoxin concentration 
M will be accepted with a certain probability P(M) (called acceptance probability) 
= prob(X< X

c
 |M) by the sampling plan. A plot of P(M) versus the lot concentration 

M is called an operating characteristic (OC) curve. Figure 10.2 depicts the general 
shape of an OC curve.

As M approaches 0, P(M) approaches 1 or 100%, and as M becomes large, P(M) 
approaches zero. Lots with little to no contamination (M = 0) are accepted by 
the sampling plan 100% of the time; lots with very high levels of contamination 
(M = large) are never accepted (rejected 100% of the time) by the sampling plan; 
lots with contamination levels near the accept/reject limit are accepted about 50% 
of the time by the sampling plan. The shape of the OC curve is uniquely defined 
for a particular sampling plan design with designated values of laboratory sample 
size, degree of comminution, test portion size, type of analytical method, and number 
of analyses, and the accept/reject limit X

c
.

Chapter 10
Designing Mycotoxin Sampling Plans 
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10.1  Calculation of Acceptance Probability

The acceptance probability P(M) associated with sampling a commodity for a 
mycotoxin can be computed if the distribution among replicated laboratory sample 
test results can be described and if the appropriate variance relationships (i.e. 
Eqs. 8.2, 8.3, and 8.4) are known for a mycotoxin test procedure. Several skewed 
distributions such as the negative binomial and compound gamma have been shown 

Limit ng/g0
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GLA BLA

GLR
(Seller’s Risk)

BLRx

x
(Buyer’s Risk)

Lot Mycotoxin Concentration

Fig. 10.1 Four possible outcomes when classifying lots as good or bad based upon their mycotoxin 
concentration. Good lots rejected (GLR) and bad lots accepted (BLA) are incorrect decisions. Good 
lots accepted (GLA) and bad lots rejected (BLR) are correct decisions
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Fig. 10.2 General shape of an operating characteristic (OC) curve. The shape of the OC 
curve is unique for a mycotoxin test procedure and indicates the magnitude of the buyer’s and 
seller’s risks
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to adequately describe the observed mycotoxin distribution of sample test results 
for several  commodities and several mycotoxins (Whitaker et al. 1972, 2000; 
Giesbrecht and Whitaker 1998). An example of how to compute the acceptance 
probabilities P(M) for aflatoxin sampling plans for shelled corn are described 
below.

Studies (Johansson et al. 2000b; Giesbrecht and Whitaker 1998) have shown that 
the compound gamma distribution can accurately describe the distribution of afla-
toxin sample test results over a wide range of shelled corn lot concentrations. If a 
number, n, of replicate laboratory samples of kernels are taken from a lot of shell 
corn with concentration M, the distribution among sample concentrations can be 
described by the following function.
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(10.1)

where x is the total aflatoxin in a laboratory sample of n kernels, G is the gamma 
 function, and a, b, and l are parameters of the compound gamma function. The 
parameter a controls the shape of the aflatoxin distribution among individual con-
taminated kernels in the lot, b is a scale parameter, and l is related to the percent-
contaminated kernels in the lot. The parameters a, b, and l can be calculated from 
the equations below.

 2[( 1) / ][ / ]M VT= +λ α α  (10.2)

 /M=β α λ  (10.3)

 2=α  (10.4)

where VT is the total variance of the aflatoxin test procedure described by Eq. 8.7 
and M is the lot aflatoxin concentration.

To calculate the acceptance probabilities or OC curve associated with a sampling 
plan to detect aflatoxin in shelled corn, one would follow the steps outlined below.

1.   First define the sampling plan or the aflatoxin test procedure: sample size ns, 
sample preparation method (type mill and subsample size nss), analytical method 
(type method and number of aliquots) to be evaluated, number of aliquots quan-
tified na, and the accept/reject limit (X

c
 ). For this example, use the aflatoxin test 

procedure shown in Table 8.2 where ns = 4.54 kg, Romer mill, nss = 50 g, ELISA, 
na = 1, and X

c
 = 20 ng/g.

2.   Calculate the total variance, VT, associated with the aflatoxin test procedure 
when sampling a lot of shelled corn at a given aflatoxin concentration, M, using 
Eq. 9.1. For a lot concentration M = 20 ng/g, VT is 
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( ) ( ) ( )= + +. . .. / . / . /0 98 1 27 1 293VT 12 95 ns M 62 70 nss M 0 631 na M

. . . .= + + =VT 53 3 56 3 27 9 137 5

 3.   Calculate the parameters of the compound gamma distribution a, b, and l from 
Eqs. 10.2, 10.3, and 10.4.

( ) ( )λ α α       = + = + =      
2 21 / / 2 1 / 2 20 /137.5 4.36M VT

( )/ 20 / (2) 4.36 2.29M= = =β α λ

2=α

 4.   Calculate, using the compound gamma distribution in Eq. 10.1, the probability 
of obtaining a sample test result, X, less than or equal to the accept/reject limit, 
X

c
, of 20 ng/g, P(X £ X

c
|M), for M = 20 ng/g, a = 2, b = 2.29, and l = 4.36.

 5.   Repeat the process (I through IV) for a range of M values. Choose M values where 
P(X £ X

c
|M) varies from greater than 0.0 to less than 1.0. Record values P(X £ 

X
c
|M) and M values to determine the magnitude of the buyer’s and seller’s risks.

The probability of accepting and rejecting shelled corn lots over a range of lot 
 concentration for the sampling plan described in part (I) above is shown in 
Table 10.1. Table 10.1 shows that almost all lots below 5 ng/g are accepted by the 
sampling plan and almost all lots above 60 ng/g are rejected by the sampling plan. 
For example, 98% and 2% of the lots at 5 and 60 ng/g are accepted by the sampling 

Table 10.1 Probability of accepting and rejecting lots of shelled corn 
over a range of lot aflatoxin concentrations for a sampling plan that uses 
4.54 kg laboratory sample size, Romer mill, 50 g test portion, ELISA 
method, 1 aliquot, and accept/reject limit of 20 ng/g

Lot concentration  
M (ng/g)

Probability of accepting 
lot at M P(X £ Xc/M)

Probability of rejecting 
lot at M 1-P(X £ Xc/M)

0 1.000 0.000
5 0.983 0.017
10 0.887 0.113
15 0.726 0.274
20 0.551 0.449
25 0.396 0.604
30 0.274 0.726
35 0.185 0.815
40 0.122 0.878
45 0.079 0.921
50 0.051 0.949
55 0.032 0.968
60 0.020 0.980



www.manaraa.com

4510.2 Effect of Uncertainty (Sample Size) on Risks

plan, respectively. As lot concentration M increases, the percentage lots accepted 
by the sampling plan decreases. The acceptance probabilities in Table 10.1 are 
 plotted in Fig.10.3 and a smooth curve forced through the points.

For a given sampling plan, the OC curve indicates the magnitudes of the buyer’s 
risk and seller’s risk. When Mc is defined as the legal limit or the maximum lot 
concentration acceptable, lots with M > Mc are bad and lots with M <= Mc are 
good. In Fig. 10.2, the area under the OC curve for M > Mc represents the buyer’s 
risk (bad lots accepted) while the area above the OC curve for M < Mc represents 
the seller’s risk (good lots rejected) for a particular sampling plan design. Using the 
example in Table 10.1, if lots at 20 ng/g or less are considered good lots and lots 
greater than 20 ng/g are consider bad lots, then lots rejected below 20 ng/g are 
considered a measure of the seller’s risk (good lots rejected) and the lots accepted 
above 20 ng/g are considered the buyer’s risk (bad lots rejected).

Because the shape of the OC curve is uniquely defined by the laboratory sample 
size, degree of comminution, test portion size, the type of analytical method,  number 
of aliquots analyzed, and the accept/reject limit, these parameters can be used to 
reduce the buyer’s and seller’s risks associated with a sampling plan design.

10.2  Effect of Uncertainty (Sample Size) on Risks

Reducing the uncertainty of the mycotoxin test procedure will reduce the misclas-
sification of lots with any mycotoxin-sampling plan. As demonstrated above, the 
uncertainty (variability) of a mycotoxin test procedure can be reduced by increasing 
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sample size ns, increasing either the degree of sample comminution, increasing the 
test portion size nss, and/or increasing the number of aliquots na quantified. 
The effect of increasing sample size on the shape of the OC curve when testing 
shelled corn lots for aflatoxin is shown in Fig. 10.4 where the accept/reject limit is 
equal to the legal limit of 20 ng/g. As sample size increases from 0.91(2 lbs) to 9.07 
kg (20 lbs), the slope of the OC curve about legal limit increases forcing the two 
areas associated with each risk to decrease. As a result, increasing the size sample 
decreases both the buyer’s and seller’s risks.

10.3  Effect of Accept/Reject Limit on Risks

The effect of changing the accept/reject limit, relative to the legal limit, on the two 
risks when testing shelled corn lots for aflatoxin is shown in Fig. 10.5. If the legal 
limit is assumed to be 20 ng/g, then changing X

c
 to a value less than 20 ng/g shifts 

the OC curve to the left. Compared to the sampling plan where X
c
 = 20 ng/g, the 

buyer’s risk decreases, but the seller’s risk increases. If X
c
 becomes larger than 20, 

the OC curve shifts to the right. As a result, the seller’s risk decreases but the 
buyer’s risk increases. Changing the accept/reject limit relative to the legal limit can 
reduce only one of the two risks, because reducing one risk will automatically 
increase the other risk.

Reducing the accept/reject limit below the regulatory limit reduces the buyer’s 
risk, but increases the seller’s risk. Often importers when contracting for a shipment 
specify that the exporter must use an accept/reject limit below the regulatory limit 
because it reduces the importer’s or buyer’s risk and forces the exporter or seller to 
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take the largest share of the risk. Increasing the accept/reject limit above the regula-
tory limit increases the buyer’s risk, but reduces the seller’s risk. It is rare to find an 
accept/reject limit greater than the regulatory limit, but this situation can be used 
early in the market system when a handler knows that lot contamination can be 
reduced by using various sorting methods to remove contaminated product.

Methods have been developed to predict the seller’s and buyer’s risks, the total 
number of lots accepted and rejected, the amount of mycotoxin in the accepted and 
rejected lots, and the costs associated with a mycotoxin inspection program for 
 several commodities (Food and Agriculture Organization 1993; Whitaker and 
Dickens 1979; Johansson et al. 2000c). These methods have been used by the UDSA/
AMS and the peanut industry to design aflatoxin-testing programs for shelled peanuts 
(Whitaker et al. 1995) and by the FAO (Giesbrecht and Whitaker 1998) to design the 
aflatoxin-testing plan for raw shelled peanuts destined for further processing.
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Because of the uncertainties (biases and variability) associated with a mycotoxin test 
procedure, it is impossible to determine with 100% certainty the true concentration 
of a bulk lot. Even when the sample is correctly selected (no biases), there will be 
variability associated with the mycotoxin test procedure. The variance associated 
with a mycotoxin test procedure is the sum of sampling, sample preparation, and 
analytical variances. For small sample sizes, sampling is usually the largest source 
of variability. Increasing laboratory sample size, the degree of sample comminution, 
test portion size, and the number of aliquots quantified can reduce the variability 
associated with a mycotoxin test procedure. Reducing variability of the mycotoxin 
test procedure will reduce the number of lots misclassified by the sampling plan. An 
example of measuring uncertainty and developing a model to predict the perfor-
mance (OC curves) of sampling plans to detect fumonisin in maize lots (Whitaker 
et al. 2007) is shown in Appendix A.

Chapter 11
Conclusions
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Chapter 13
Appendix A

Evaluating the Performance of Sampling Plans to Detect 
Fumonisin B1 (FB1) in Maize Lots Marketed in Nigeria

A study was carried out to evaluate the performance of sampling plans to determine 
fumonisin in maize produced and marketed in Nigeria, Africa (Whitaker et al. 
2007). A total of 86 food-grade maize lots intended for human consumption were 
sampled in 2002 from five regions in Nigeria. From each lot, a 2 kg ‘aggregate’ 
sample was taken, comprising 20 laboratory samples of 100 g each. Each labora-
tory sample was identified by sample number, lot number, and location. Each 100 
g laboratory sample was finely ground using a RAS II Romer mill. The comminuted 
100 g laboratory sample was thoroughly mixed before removing a 25 g test portion 
for fumonisin extraction. Fumonisin B

1
 was extracted from the 25 g test portion 

with 50 mL-methanol-water (3 + 1) into a 500 mL Duran screw-cap glass container, 
using Certomat SII rotary shaker (B. Braun Biotech International), 1 h at 170 rpm, 
and then filtered through Whatman filter paper number 4. Fumonisin B

1
 was analyzed 

using high performance liquid chromatography (HPLC) with fluorescence detection, 
using an orthophthalaldehyde (OPA) derivatization method. For each lot, an 
observed FB

1
 distribution was constructed from the 17 laboratory sample test 

results and a total of 86 observed FB
1
 distributions were obtained.

Two theoretical distributions, negative binomial and compound gamma, were 
chosen as possible models to simulate the observed fumonisin FB

1
 distribution 

among the 17 laboratory sample test results taken from a given lot and the mean 
and variance for a given lot were used to compute the parameters of the distribu-
tions. A goodness of fit (GOF) test was applied to the theoretical distribution, F(f) 
and the observed distribution S

n
(f). The negative binomial model provided suitable 

fits to more lots than the compound gamma model and therefore the negative bino-
mial was chosen to calculate the operating characteristic (OC) curves, or in other 
words to calculate the probability of accepting (or rejecting) a lot at a given fumo-
nisin concentration by a specific sampling plan design. All sampling plan designs 
evaluated in this study used a Romer RAS II mill, a 25 g test portion, and HPLC 
for quantification of the Fumonisin B

1
 concentration.
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Figure A.1 shows three OC curves reflecting laboratory sample sizes of 100, 
500, and 2,000 g. All three sampling plans used an accept/reject limit of 2.0 mg/g. 
As sample size increases, the OC curves get steeper around the regulatory limit of 
2.0 mg/g. The chances of accepting good lots increases and the chances of accepting 
bad lots decreases; both the buyer’s and seller’s risks get smaller as sample size 
increases. Because the sampling step accounts for most of the total variability asso-
ciated with the fumonisin test procedure, increasing sample size is often the first 
approach taken to reduce the buyer’s and seller’s risks.

Changing the accept/reject limit (f
a
) relative to the regulatory limit can also be used 

to reduce either the seller’s risk or the buyer’s risk, but this approach cannot reduce both 
risks at the same time. It is important to be able to predict the buyer’s and seller’s risks 
associated with a sampling plan used to detect fumonisin in maize so that a sampling 
plan can be designed to reduce risks associated with misclassifying lots. Once the mag-
nitude of the buyer’s and seller’s risks are known, sampling plan design parameters, 
such as laboratory sample size and/or accept/reject limits, can be changed to make 
the risks more acceptable to the buyer and/or seller of the product being inspected. 
By changing these sampling plan design parameters, it is possible to adjust the 
performance of the sampling plan according to risks levels specified by the buyer 
and seller.
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Random variation (cont.)
sampling variability, 32–33
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