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1. Introduction

The Risk Analysis framework described by Codex Alimentarius
(CAC, 2007a) provides a structured approach to the management
of the safety of food. In the Codex document on Microbiological
Risk Management (CAC, 2007a) and in ICMSF’s ‘‘Microorganisms
in Foods 7: Microbiological Testing in Food Safety Management”
(ICMSF, 2002), the establishment of a food safety objective (FSO)
is described as a tool to meet a public health goal such as an appro-
priate level of protection (ALOP). More recently, an FAO/WHO ex-
pert consultation re-emphasised the original definition for ALOP
that was part of the Sanitary and Phytosanitary (SPS) Measures
Agreement ( WTO, 1994), namely that it is the ‘‘expression of the
level of protection in relation to food safety that is currently
achieved. Hence, it is not an expression of a future or desirable le-
vel of protection” (FAO/WHO, 2006). An FSO specifies the maxi-
mum permissible level of a microbiological hazard in a food at
the moment of consumption. Maximum hazard levels at other
points along the food chain are called performance objectives
(POs). The current definitions for FSO and PO (CAC, 2007b) are that
an FSO is ‘‘the maximum frequency and/or concentration of a haz-
ard in a food at the time of consumption that provides or contrib-
utes to the appropriate level of (health) protection (ALOP)” while a
ll rights reserved.

wietering).
PO is ‘‘the maximum frequency and/or concentration of a hazard in
a food at a specified step in the food chain before consumption that
provides or contributes to an FSO or ALOP, as applicable”.

Safe food is produced by adhering to good hygienic practices
(GHP), good manufacturing practices (GMP), good agricultural prac-
tices (GAP), etc. and implementation of food safety risk management
systems such as hazard analysis critical control points (HACCP), but
the level of safety that these food safety systems are expected to de-
liver has seldom been defined in quantitative terms. Establishment
of FSOs and POs provides the industry with quantitative targets to
be met. When necessary, industry may have to validate that their
food safety system is capable of controlling the hazard of concern,
i.e., to provide evidence that control measures can meet the targets.
In addition, industry must periodically verify that their measures are
functioning as intended. To assess compliance with FSOs and POs,
control authorities rely on inspection procedures (e.g., physical
examination of manufacturing facilities, review of HACCP monitor-
ing and verification records, analysis of samples) to verify the ade-
quacy of control measures adopted by industry. In the context of
the SPS Agreement (WTO, 1994), national governments may also
need to quantitatively demonstrate the equivalence of their inspec-
tion procedures to ensure that food safety concerns do not result in
an inappropriate barrier to trade. Similarly, a control authority may
require individual manufacturers to provide evidence of equiva-
lence of control measures, particularly when non-traditional tech-
nologies are being used to control a hazard.
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Although FSOs and POs are expressed in quantitative terms,
they are not microbiological criteria which are defined as the
acceptability of a product or a food lot, based on the absence/pres-
ence or number of microorganisms including parasites, and/or
quantity of their toxins/metabolites, per unit(s) of mass, volume,
area or lot (CAC, 1997; ICMSF, 2002). A more detailed description
of the elements and uses of microbiological criteria are presented
in Section 2, below.

Microbiological testing is one of the potential tools that can be
used to evaluate whether a food safety risk management system is
providing the level of control it was designed to deliver. It is one of
a number of tools that, when used correctly, can provide industry
and regulatory authorities with tangible evidence of control.

A number of different types of microbiological testing may be
used by industry and government (e.g., within lot, process control,
investigational). One of the forms of testing most commonly used
in relation to microbiological criteria is within-lot testing, which
compares the level of a microbiological hazard detected in a food
against a pre-specified limit, i.e., a microbiological criterion
(‘MC’; ICMSF, 2002). Microbiological criteria are designed to deter-
mine adherence to GHPs and HACCP (i.e., verification) when more
effective and efficient means are not available. FSOs and POs are
targets to be met. In this context, microbiological criteria based
on within-lot testing are meant to provide a statistically-designed
means for determining whether these targets are being achieved.
Such sampling plans need to consider either:

(i) the ‘consumer’s risk’, i.e., the chance that a lot will be accep-
ted that exceeds a level that has been determined, usually by
government, to pose an unacceptable risk to public health
and which, for convenience here, we will call ‘Acceptable
Level for Safety’ (‘ALS’, see Appendix 1), or

(ii) the ‘producer’s risk’, i.e. the possibility that an acceptable lot
will be rejected by the sampling scheme (see also Section 5,
below), recognising that both ‘risks’ are interdependent.

The current paper provides information on the data that are nec-
essary, and the types of decisions that have to be made, to develop
meaningful sampling plans and ensure that microbiological criteria
based on within-lot microbiological testing are being used appropri-
ately. For the purposes of this paper, a lot is considered a grouping of
a product manufactured during a certain period of time or under the
same conditions, or a consignment of a food arriving at a border. A
sample is taken from that lot to assess the concentration of the hazard
in that sample. A sample may comprise the entire analytical unit, or
the analytical unit may be an aliquot derived from the sample. It is
assumed that the concentration of the hazard in an aliquot of the
sample is representative of the concentration in the whole sample,
but that different samples can have different concentrations.
2. Nature and use of microbiological criteria

Developing meaningful within-lot microbiological criteria for a
food or ingredient is a complex process that requires considerable
effort. Furthermore, their application demands considerable re-
sources. Therefore, microbiological criteria should be established
only when there is a need and when it can be shown to be effective
and practical. The criterion must be capable of accomplishing one
or more clearly defined objectives, such as to assess:

– the safety of a food;
– adherence, on a lot-by-lot basis, to GHP and/or HACCP require-

ments;
– the acceptability of a food or ingredient from another country or

region for which the history of the product is unknown or uncer-
tain, i.e., evidence of adherence to GHP or HACCP-based control
systems is not available;

– compliance of a food with an FSO and/or a PO.

An MC consists of:

– a statement of the microorganism(s) of concern and/or their tox-
ins/metabolites and the reason for that concern;

– the food to which the criterion applies;
– the specific point(s) in the food chain where the MC should be

applied;
– microbiological limits considered appropriate to the food at that

specified point(s) of the food chain, and
– a sampling plan defining the number and size of samples to be

taken, and the method of sampling and handling,
– the number and size of the analytical units to be tested. For

the purposes of this manuscript a sample refers to the portion
of a batch that is collected and sent to a laboratory for test-
ing. Part, or all, of the sample is analyzed. The actual amount
of the sample that is analysed is the ‘‘analytical unit”. For
example, if a product was sold in 100 g packages, and one
package of a lot was sent to the laboratory for analysis, this
would be the sample. If 50 g was removed from the package
and then divided into two 25-g aliquots that were then tested
separately, then one would have two 25-g analytical units
(n = 2).

– the analytical methods to be used to detect and/or quantify the
microorganism(s) or their toxins/metabolites;

– the number of analytical units that should conform to these lim-
its; and

– any actions to be taken when the criterion is not met.

An MC can be used to define the microbiological quality of raw
materials, food ingredients, and end-products at any stage in the
food chain, or can be used to evaluate or compare the stringency
of alternative food control systems and product and process
requirements. Three classes of MC are distinguished based on reg-
ulatory consequences (ICMSF, 2002):

– ‘Standards’ are microbiological criteria that are written into law
or government regulations, e.g., an MC specified by government
to protect public health.

– ‘Specifications’ are microbiological criteria established betwe-
en buyers and producers that define product quality and
safety attributes required by the buyer; failure to meet the
MC could result in rejection of the product or a reduction in
price.

– ‘Guidelines’ are microbiological criteria that provide advice to
industry about acceptable or expected microbial levels when
the food production process is under control. They are used by
producers, to assess their own processes and by government
inspectors when conducting audits.

To develop an MC, the following information is needed:

– the distribution of the microorganism within the lot,
– the sensitivity and specificity of the test method,
– the randomness and efficacy of the sampling scheme (i.e., num-

ber and size of samples, that samples are randomly drawn from
the batch),

and several decisions have to be made, e.g.,

– the quality/safety level as expressed in an FSO or PO, that is
required, e.g., absence of E. coli O157 in 99% of 100 ml packages
of apple juice,
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– the expected standard deviation of counts in samples taken from
the lot. (From these first two decisions, the microbiological sta-
tus of a lot that is just acceptable can be inferred),

– the statistical confidence required for the acceptance or rejec-
tion of a non-conforming lot (see Appendix 1),

– the required level of benefit derived from the application of an
MC compared to cost of testing or the potential consequences
of not applying and enforcing an MC.

It should be emphasised that statistical interpretation of test re-
sults can be misleading if the representativeness of the samples ta-
ken from the lot as a whole, or homogeneity of contamination
within a lot, cannot be assumed. Historical data relating to that
product and/or process are often relied upon when knowledge
about the distribution and variability of microorganisms in a spe-
cific lot of food is unknown. Several of the points mentioned above
will be further elaborated in the following sections.
3. Distribution of the pathogen of concern

The distribution of pathogens within the lot must be under-
stood if informed decisions are to be made concerning the applica-
bility of within-lot microbiological testing to verify compliance
with GHP/HACCP or to determine whether a food lot meets an
FSO or PO. Often, however, this is not known and, to enable com-
parison of the relative stringency of sampling plans, an assumed
distribution is used. Furthermore, the level and standard deviation
associated with a microbial population is often dynamic as a food
proceeds along the food chain. A pathogen may be present in the
raw material, but it may be partly or totally eliminated during pro-
cessing or preparation. It may be reintroduced as a result of subse-
quent contamination, or increase its concentration over time in
products that support its growth. This can influence the prevalence
and/or concentration in any specific lot. In an ‘‘ideal” situation,
microorganisms would be homogeneously distributed throughout
the lot, so that whatever sample is taken, it would have the same
level of contamination. Apart from liquid foods or after mixing pro-
cesses, this is usually not the case and, instead, the pathogens are
heterogeneously distributed. In many situations the frequency dis-
tribution of the contamination levels across samples can be de-
scribed as log-normal (Jarvis, 1989), i.e., having a normal
distribution when expressed as log CFU values, and characterised
by a mean log concentration and a standard deviation. Ideally, to
apply statistical interpretations of non-stratified sampling plans
(i.e. when there is no reason to assume systematic differences be-
tween different samples), samples should be taken at random if the
hazard is heterogeneously distributed in the lot. Random sampling
cannot always be assured, nor the distribution assumed always to
be log-normal. However, experience has indicated that in most in-
stances these assumptions are appropriate for certain microorgan-
isms or groups of microorganisms. For illustration purposes in this
paper a log-normal distribution of the pathogen of concern in a
food is assumed because it provides the basis for establishing a
mathematical relationship between FSOs, POs and microbiological
criteria.

4. Performance of microbiological criteria

The ‘operating characteristic’ (OC) curve is a graph that relates
the probability of accepting a lot, based on the number of units
tested, to the proportion of units, or aliquots in the lot that do ex-
ceed some specified acceptable level, i.e., the maximum tolerated
defect rate. The OC-curve depends on both the number of samples
tested, ‘n’, and the maximum number, ‘c’, of those samples that
may exceed the specified level.
While not the usual situation, if the distribution of a pathogen
in a lot of food is known, an OC-curve can be generated to charac-
terise the performance of an MC (see Appendix 1) and to translate
information about the proportion of units that are defective into an
estimate of the concentration of the contaminant in the lot. OC-
curves can be used to evaluate the influence that parameters of
the MC, i.e. number of samples (n), microbiological limit (m), num-
ber of samples in excess of ‘m’ that would lead to rejection of the
batch or lot, (c), and the mean and standard deviation of the under-
lying lot distribution, have on the efficacy of the microbiological
testing program. This information quantifies the confidence that
we can have that a ‘defective’ lot will be rejected. If one were able
to test every unit of food within the lot, the OC-curve would
change from 100% probability of acceptance to a 100% probability
of rejection exactly at the proportion of defective units that distin-
guishes an acceptable from a defective lot. At the other extreme,
taking a single sample, particularly if negative, has virtually no
ability to discriminate between conforming and non-confirming
lots. Increasing the number of samples (n) examined is one of the
primary means for increasing the ability of a sampling plan to dis-
criminate ‘acceptable’ from ‘defective’ lots.

Evaluation of the OC-curves for the proposed MC is a critical
step in ensuring that the MC is able to assess whether food lots sat-
isfy an FSO or PO. Thus, when an MC has to be set, a number of
decisions have to be made. These will be illustrated below.

5. Probabilities of accepting or rejecting lots

In the design of sampling plans it is necessary to define the
probability that a ‘‘defective” lot will be rejected.

The choice of this value has public health implications and is,
thus, a risk manager’s task. In the examples selected for illustration
purposes in Section 8 we have chosen a value of 95% probability of
rejection of defective lots. In the following text, the consumer’s ALS
is the mean log concentration level or the proportion defective that
would result in lots contaminated at this level being rejected 95%
of the time. This implies, however, that 5% of the non-conforming
batches contaminated at this level would be accepted. This is called
type II error (i.e., a lot was accepted when it should have been re-
jected), and is referred to as ‘‘the consumer’s risk”.

Of concern to food producers is the possibility that, under the
sampling plan, acceptable lots are rejected. If a producer operated
at the level of control required to just meet the consumer ALS,
there would be a substantial number of lots that would fail the
microbiological criterion despite the lot actually meeting the FSO
or PO. This is sometimes called ‘‘type I error”, and describes the
producer’s risk. Thus, the producers are interested in determining
the lot quality that would need to be achieved so that there is a
high probability (e.g., 95%) that lots would be accepted and adjust
their production processes accordingly. In this manuscript, it is as-
sumed that the producer is operating with a degree of control that
is greater than that needed to achieve the consumer’s ALS. Thus,
the producer’s ALS is the mean log concentration level or that pro-
portion defective that ensures that lots are accepted 95% of the
time. This percentage could be set at other levels depending on
the willingness of the producer to accept rejection of conforming
lots. Setting either the consumer’s ALS or the producer’s ALS, im-
plies the other. On the other hand, it is not possible to elaborate
statistically-based microbiological criteria unless either the con-
sumer’s, or producer’s, ALS is specified.
6. Nature of an FSO or PO in statistical terms

FSOs are maximum frequencies or levels of pathogens that are
considered tolerable at the moment of consumption; POs specify
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frequencies or levels of pathogens at any other point in the food
chain. Ideally, FSOs and POs for a given product/pathogen combi-
nation will be related mathematically in a manner revealed by,
for example, a risk assessment, or exposure assessment.

A PO for a ready-to-eat food that does not support growth of the
pathogen of concern may have the same value as the FSO. If a food
supports multiplication of the pathogen before consumption the
PO will usually be lower than the FSO. Analogously a PO may, in
principle, be higher than the FSO in pathways where the hazard le-
vel will be reduced after production and prior to consumption, e.g.,
such as due to cooking during preparation. In some instances the
PO may be only indirectly related to the FSO. For example, consider
the association between raw poultry and salmonellosis. This typi-
cally involves cross-contamination in the kitchen leading to the
transfer of Salmonella to ready-to-eat foods. In this instance the
PO would be the frequency of contaminated carcasses entering
the home (e.g., <15% of fresh poultry carcasses are contaminated
with Salmonella), and the FSO would be the frequency/levels of Sal-
monella-contaminated meals served in the home. This could then
be used to reflect the potential control points, i.e., reduce the fre-
quency of contaminated carcasses entering the home and reduce
the incidence of cross-contamination.

In principle, an FSO communicates the level of a hazard that is
unacceptable in any serving of a food at the moment of consump-
tion while a PO communicates a (related) limit at some other de-
fined point in the food chain. However, depending on the FSO or
PO value chosen, some servings will exceed the specified limits be-
cause of the expected distribution of contamination levels in the
food. It does not necessarily indicate, however, that the system is
out of control as long as the proportion of such units is within
the limits expected for the distribution (characterised by the stan-
dard deviation) around the mean contamination level required to
achieve the FSO/PO. Thus, to establish a sampling plan that allows
an MC to be specified to verify an FSO (or PO) the proportion of the
lot that may be above the nominally ‘acceptable’ level must be
specified. In examples given below this value is set at 1%, but other
values could have been chosen. This value means that provided
that no more than 1% of the lot exceeds the FSO (or PO) then the
food safety risk management system is operating as intended.
The FSO (or PO) is then understood as being the 99th percentile
of a cumulative frequency distribution of log concentrations.
Choosing this tolerance is a risk management decision, because it
clearly has an influence on the levels of the hazard that are consid-
ered acceptable. It also establishes the level of Type II error that
risk managers consider acceptable if the manufacturer produces
product that just achieves the consumer ALS. It is not possible to
elaborate an MC for FSO or PO confirmation purposes without
specifying this tolerance.
7. Relating the performance of attributes plans to concentration

Previous evaluation of the performance of ICMSF sampling
plans (Legan, Vandeven, Dahms, & Cole, 2001) did not consider
the possibility that, even if the concentration of the microorganism
of concern in the sample is homogenous, the sampling and enu-
meration method may over- or under-estimate the actual concen-
tration of microorganisms, particularly if involving enrichment. As
the concentration of microorganisms in the food sample increases,
there is less likelihood that the sample will produce a false nega-
tive. Conversely, as the true concentration decreases there is less
likelihood of obtaining a false-positive through sampling ‘chance’,
i.e., detecting a target cell even though the overall concentration
is below the level considered just acceptable. Therefore, in situa-
tions in which microbiological testing of samples involves enrich-
ment and presence/absence testing rather than enumeration, a
modification to the approach described by Legan et al. (2001) is
appropriate. In the modified method described in Appendix 2,
the overall probability of detecting a positive sample in a lot, char-
acterised by a log-normal distribution, is estimated as the total
probability of detecting a cell in any of the samples taken from that
batch, i.e., by integrating over all possible concentrations in the
batch. The probability of sampling any particular concentration
in the batch is given by the log-normal distribution and is com-
bined with the Poisson sampling process (and size of the analytical
unit) to calculate the probability that a cell will be present in the
sample taken and lead to a ‘‘positive” result after enrichment.
The choice of this Poisson-log-normal is based on the assumption
that at both lower and higher contamination levels the concentra-
tion of cells is log-normally distributed. This model is only one of
several models that could be used, and might not be generally
applicable.
8. Establishment of microbiological criteria intended to confirm
an FSO/PO

As explained above, to establish an MC to assess compliance
with the FSO/PO for a pathogenic microorganism, a series of
assumptions/decisions must be made.

1. An assumption must firstly be made regarding the distribution
of the pathogens in the lot of food. In the examples provided, we
assume that the pathogens of concern are log-normally distrib-
uted and that the standard deviation (s.d.) is known. In the
absence of available data, a log-normal distribution is often
assumed and a default value for the standard deviation applied.
For the purposes of the current examples, a standard devia-
tion = 0.2 log10 CFU g�1 is used to describe a food in which
microbes would be expected to be rather homogenously dis-
tributed within a batch (e.g., for liquid food with a high
degree of mixing). A standard deviation of 0.4 log10 CFU g�1 is
assumed for a food of intermediate homogeneity (e.g., ground
beef) and a standard deviation = 0.80 log10 CFU g�1 for an
inhomogenous food (e.g., solid food). It could be that in certain
cases even larger inhomogeneity could occur, e.g., if clumping
occurs (Wilson et al., 1935) or if the contamination is restricted
to surface contamination of a food.

2. The second requirement is to define the ‘‘maximum frequency
and/or concentration” of the hazard that will be used to specify
the FSO/PO, including what proportion (e.g., 95%, 99%, 99.9%,
etc.) of the distribution of possible concentrations must satisfy
the test limit so that the FSO/PO is met.

3. The third decision is to specify the level of confidence needed
that a non-conforming lot is detected and rejected (i.e. the con-
sumer’s ALS; examples below consider 95% or 99% confidence).
Alternatively, the probability of rejecting a conforming lot (i.e.,
the producer’s risk) may be considered.

4. The fourth decision is the analytical methodology that should
be employed.

The following examples illustrate the consequences of such
decisions on the number of samples and/or sample sizes and ana-
lytical methodology required to assess compliance with the FSO/
PO.

8.1. Salmonella in ice cream

Ice cream is a product that, when properly handled, does not
support microbial growth. Thus, the PO for ice cream can be the
same as the FSO. In the examples, three FSOs/POs are considered
(one Salmonella per 100 g, one per kg and one per 10 kg; see
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Table A2.1) and two possible standard deviations (0.4 and 0.8) are
selected to illustrate the calculations. The maximum mean concen-
trations that can be tolerated, corresponding to each assumption
about the standard deviation, are determined by subtracting a cer-
tain number of standard deviations from the hazard concentration
nominated as the FSO so that the required percentage of the lot
will have concentrations below the FSO/PO. The required number
of standard deviations is called the z score. For example, to deduce
a mean concentration in the lot such that 99% of the units are at or
below the target FSO requires that 2.33 standard deviations are
subtracted from the FSO. Determination of the number of samples
to be examined to assess compliance is illustrated for three analyt-
ical sample sizes (25 g, 100 g and 250 g)1. The number of analytical
units that need to be tested to have 95% confidence of rejection of
non-conforming batches (with non-conforming batches defined as
a lot with more than 1% of the units above the FSO) is shown in
Table A2.1.

Table A2.1 illustrates that with increasing stringency of the FSO/
PO, i.e., from 1 Salmonella/100 g to 1/10 kg, the number of samples
that need to be analysed for confirmation becomes unacceptable
for practical reasons. Table A2.1 also shows the changes in the
number of samples that must be tested to assess compliance when
the standard deviation (of the distribution of concentrations of Sal-
monella) increases from 0.4 to 0.8 log10 CFU g�1. A higher standard
deviation also means that the mean log concentration that must be
achieved so as not to exceed the FSO/PO must be decreased.

The effect of the size of the analytical unit on the number of
samples that must be analysed, using the modified method de-
scribed in Appendix 2, is demonstrable when one of the examples
from Table A2.1 is considered in more detail. For the example, let
us assume that the FSO/PO is set at one Salmonella per 100 g and
the concentration of Salmonella is described as having a mean
log10 concentration of �2.93 with a standard deviation of log10

0.4. If the analytical unit is 25 g, 69 samples need to be analysed
to determine compliance with the FSO/PO. If units of 100 g are ta-
ken, 19 samples need to be analysed and, in the case of 250 g ana-
lytical units, this number is reduced to nine. Clearly with an
increase in the size of the analytical units a reduction in number
of samples can be achieved, although the validity of enrichment
methods involving increased samples sizes (and potentially lower
concentrations of the hazard) should also be considered (Jarvis,
2007). In general, however, if the PO is set at a level lower than
one Salmonella per 100 g, testing may not be a practical option
for assessing compliance.

8.2. Listeria monocytogenes in cold-smoked salmon

If a product permits the growth of the pathogen of concern dur-
ing its shelf life, the PO will be lower than the FSO to take into ac-
count the growth that may be expected to occur between the point
to which the PO relates and the point of consumption. Using as an
example management of the risk from L. monocytogenes in cold-
smoked salmon, we illustrate here how one might derive a PO at
point of manufacture from a specified FSO. For the sake of the illus-
tration a number of (untested) simplifying assumptions have been
made. Thus, it is assumed that:

(i) the product has a shelf life of two weeks from point of man-
ufacture to point of consumption when stored at or below
4 �C,

(ii) the specified FSO is 3.3 log10 CFU g�1,
1 Note that the analytical sample size can be different from the unit size on which
the FSO is based.
(iii) that all the product is eaten on the last day of its shelf life,
and

(iv) that during this period a 0.6 log10 CFU g�1 increase in L. mon-
ocytogenes would occur.

The required PO would be 2.7 (3.3 � 0.6, the maximum increase
of L. monocytogenes during shelf life) log10 CFU g�1. To ensure that
the PO would be met by 99% of the food in the lot, the maximum
permitted level should be 2.33 � SD below the calculated PO value
of 2.7. Accordingly, the corresponding log-normally distributed
population with an s.d. of 0.4 log10 CFU g�1 should have a mean
concentration of 1.77 log10 CFU g�1 or less (2.7 � 2.33 � 0.4). Using
statistical calculations it can be established that in order to reject a
non-conforming lot with a 95% probability, requires that 10 sam-
ples (n) be tested: if any sample has P100 L. monocytogenes g�1

the lot does not conform.
To illustrate the effect of detection levels, three methods of

analysis for L. monocytogenes are considered:

� a plate count technique able to determine P100 L. mono-
cytogenes g�1,

� an 1/0.1/0.01 g three-tube MPN procedure with a lower limit of
detection of 0.3 L. monocytogenes g�1, and

� an enrichment technique that examines a single analytical unit
of 25 g.

In the example above, if the test used was presence/absence in
25 g, only one sample needs to be analysed to assure rejection (with
>95% probability) of the lot. This is because the sample size is large
relative to the required mean concentration that is commensurate
with an acceptable batch, i.e., 1.77 log10 CFU g�1. Thus, a 25 g sam-
ple from a batch with acceptable mean concentration would almost
certainly contain L. monocytogenes and return a positive result.
However, using this presence/absence test or using the lowest level
of detection with an MPN method has a substantial type I error; i.e.,
the risk of unnecessarily rejecting lots, as well as sometimes incor-
rectly accepting lots because sampling plans using only a single
sample have limited discriminatory ability unless the sampling in-
volves the compositing of randomly selected subsamples, e.g., a
25 g analytical unit consisting of the compositing of 25 1-g samples.

In Table A2.2 the key figures for the consumer’s ALS and the pro-
ducer’s ALS (number of samples required and mean concentrations)
for three distributions (s.d.’s of 0.2, 0.4 and 0.8) are presented, cal-
culated to meet three FSOs. These figures show, for instance, that as
the s.d. increases, the mean concentration needs to be reduced so as
not to exceed the FSO/PO. The figures for the producer’s ALS demon-
strate that the mean concentration of the pathogen in the lot should
be lower than that calculated to be required to satisfy the con-
sumer’s ALS. The numbers of samples that are required to be ana-
lysed show the same trends as discussed above. The figures also
show that at the lowest values of the FSO/PO the m value can no
longer be (realistically) set at 100 CFU g�1.

8.3. Salmonella in frozen poultry

In this example we illustrate the establishment of microbiologi-
cal criteria designed to satisfy POs. Frozen poultry will be cooked be-
fore consumption, thus the PO will differ from the FSO (and may be
higher than it). In Table A2.3 three POs were chosen to illustrate the
effect these levels have on the number of samples that need to be
analysed. The analytical unit in all three cases is the same, e.g., 5 g
of neck-skin (Notermans, Kampelmacher, & Van Schothorst, 1975).
If the PO is formulated as: ‘‘not more than 15% of chicken carcasses
in a lot may test positive for Salmonella” and the consumer’s ALS is
set at 95% probability, the analysis of 19 samples is sufficient to as-
sess compliance of the lot. If a 10% contamination level is chosen, 29
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samples are needed to assess compliance; if 5% is specified as the PO
then 59 samples must be tested. Thus, as illustrated in Table A2.3, to
produce lots that have a 95% probability of complying with these
consumer ALS requirements, i.e., that no more than 15%, no more
than 10% or no more than 5% of carcasses are contaminated with Sal-
monella, the producer needs to ensure that not more than 0.27%,
0.18% and 0.09%, respectively, of the carcasses are contaminated.
9. Developing microbiological criteria for pathogens when no
FSOs/POs have been established and when no historical data are
available

Ideally, verifying whether an FSO/PO is met is done at the site
where the food is produced. However, in practice this is not always
possible, or other circumstances require that control authorities
have to assess the safety of lots of food and have to undertake test-
ing themselves in the absence of historical data about contamina-
tion levels, and variation in contamination levels, in lots of that
product. For this purpose ICMSF (1986, 2002) developed a series
of ‘‘cases”, and proposed sampling plans. Although, these sampling
plans were not designed to assess compliance with an FSO/PO,
using the analytical approach presented here it is possible to ex-
plore the numerical limits that correspond to the ‘cases’, i.e.,
FSOs/POs that are implicit in the sampling schemes corresponding
to the ‘cases’. Appendix 3 illustrates how one can derive an FSO/PO
from a particular sampling plan.

Following the approach as set out in Appendix 2, the recom-
mended sampling plan for Salmonella in ice cream can be analysed.
In this example it is assumed that random sampling can be applied
and that the standard deviation (s.d.) is 0.8 log10 CFU g�1. The
product/hazard combination is best described by case 11 for which
no Salmonella should be detected in 10 samples of 25 g (i.e., c = 0,
n = 10, m = 0/25 g). When the probability of rejection (consumer’s
ALS) is set at 95%, lots with a mean log concentration of P�2.25,
which corresponds to P6 Salmonella per kg (or one per 179 g), will
be rejected with at least 95% probability. With this sampling plan it
would be possible to ensure, with 95% confidence, that a lot of food
in which P1% of servings have a concentration of Salmonella
P�0.39 log10 CFU g�1 (ca. 0.4 Salmonella g�1) would be rejected.
For a producer who wants to ensure that that this food meets
the MC with 95% probability (producer’s ALS: mean log count ac-
cepted with 95% probability), the mean log concentration would
need to be 6�4.4 log10 CFU g�1 of Salmonella (<4 CFU 100 kg�1).

It is important to note that the s.d. of 0.8 log units was based on
data from national surveillance programmes for Salmonella, E. coli
O157:H7 and some other pathogens in mainly raw products (Legan
et al., 2001). The mean and s.d. associated with these data reflect
the variability among a large number of different processors and
practices. Even a few lots with higher concentrations can have a
large effect on the s.d. value. Establishing an MC based on the stan-
dard deviation for all products of a certain category at a specified
point in the food chain may be unnecessarily stringent for ‘‘good”
producers, i.e. those that produce at a more consistent standard.
Lots from a single producer will typically have a smaller s.d. A pro-
ducer, who knows the s.d. of his /her products, could recalculate the
likelihood that their product would be rejected. This is an advan-
tage of using a PO based MC where the outcome (e.g., 95% confi-
dence that 99% of the servings do not contain PX log10 CFU g�1)
can be used by an individual manufacturer, in conjunction with
their within-lot s.d., to develop the appropriate MC for their prod-
ucts. Alternatively, national surveillance programmes should mea-
sure both the between-lot and within-lot variability for the food
category and use the s.d. associated with within-lot variability for
developing MC and that associated with between-lot variability
for conducting risk assessments and establishing the FSO/PO.
10. Practical aspects of these considerations

In this publication we have not discussed how to establish an
FSO because this was considered in ICMSF (2002). Instead, we have
demonstrated how, in certain cases, a PO can be derived from an
FSO and, in turn, be used to develop an MC based on the PO. We
have also demonstrated how articulating an MC could lead to an
implied PO. In Section 8 the examples presented showed how
the distribution of the numbers of the pathogen in a lot influences
the number of samples that must be examined to verify that a food
lot meets a prescribed PO. Moreover, it was shown that the level of
the PO greatly influences the practicality of using microbiological
testing for this purpose. The size of the analytical unit, the standard
deviation, the probability of acceptance and the statistical defini-
tion of the PO are other factors that determine the practicality of
testing lots for the presence of specified levels of pathogens for
confirmation purposes. Whether testing for pathogens across lots
may present better possibilities needs to be further explored. In
certain situations testing for indicator microorganisms may offer
an alternative (ICMSF, 2002).

When the practicality of testing and the interpretations of the
results are considered, a few observations can be made. Firstly,
the situation regarding fresh or raw foods may be different from
foods processed for safety. In the case of such processed foods
pathogens should, in principle, not be present or their presence
(due to survival or unavoidable recontamination and growth)
should be at levels that present a negligible risk to public health.
Unacceptable levels of recontamination should not occur, or should
be detected, and such incriminated batches should not be put on
the market. Microbiological testing should detect such lots when
no other means are available. However, while the distribution of
the pathogens in the lot is not known it is most likely that they
are not homogeneously distributed throughout a consignment.
Moreover, random sampling is often not possible for reasons of
accessibility of units in consignments on trucks, ships, etc. Conse-
quently, in these cases, the calculations and interpretations of
pathogen testing data have only limited validity: in simple terms
it can be argued that a positive finding (i.e., presence of a pathogen)
means something, while a negative one means very little. Even
when the necessary data are available to allow statistical interpre-
tation of the test results, the number of samples needed to obtain a
meaningful result may be too large to be practical, as was shown in
the Salmonella in ice cream example.

The situation may be different for foods that are not processed
for safety, that are raw or that may originate from polluted envi-
ronments. In these situations, testing may be useful because con-
tamination levels and/or frequencies would be expected to be
higher, and it is recommended to design sampling plans in a man-
ner, such as demonstrated in this paper, to determine whether the
POs set for such products are met.
11. Summary

FSOs and POs are targets to be met for pathogen/food product
combinations. To assess whether consignments of foods conform
to such targets, background information is needed. The best infor-
mation is obtained during inspection/audits of the site of process-
ing of the food. If information is available concerning the
distribution of the pathogen of concern in the food batch (i.e., a
log-normal distribution with a certain standard deviation) and if
samples can be randomly taken, statistical methods can be used
to specify microbiological criteria intended to verify achievement
of an FSO or PO. However, this requires that a number of risk man-
agement decisions be made as described in this paper. The exam-
ples presented also demonstrate that when foods have received
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treatments that greatly reduce microbiological levels, or that have
very low prevalence due to other reasons, testing may not be the
most effective means to verify microbiological status, and other
approaches should be considered. When information to develop
FSO/PO derived microbiological criteria is not available, the classi-
cal ‘‘ICMSF cases” and sampling schemes still offer a risk-based ap-
proach for examining lots for acceptance or rejection.
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Fig. A1.1. Probability density (frequency distribution) of a log-normal distribution
with mean = 1 log10 CFU g�1 and r = 0.2. The probability of acceptance when taking
one sample is 100% if m = 2 log10 CFU g�1.
Appendix 1

1.1. Relating an OC-curve to concentrations of pathogens

If bacteria are log-normally distributed in a product and if the
standard deviation of the distribution is known, an ‘‘operating char-
acteristic” curve (OC-curve) can be established. For example, for L.
monocytogenes the acceptable concentration in a lot could be set
at less than 100 CFU g�1 according to the ICMSF sampling scheme
(ICMSF, 1994): m = 100 CFU g�1 (= 2.0 log10 CFU g�1). If the average
concentration in the lot is 10 CFU g�1 (logN = 1 log10 CFU g�1) and
the standard deviation is 0.2 log10 CFU g�1, the expected distribu-
tion of concentrations of L. monocytogenes in samples taken from
the lot is as presented in Fig. A1.1. If one sample is taken, for exam-
ple a 1 g sample, and the total number of L. monocytogenes in the
sample enumerated by spreading the 1 g sample over multiple
selective agar plates, the probability of accepting the lot will be vir-
tually 100%. The probability of acceptance can be calculated in
Microsoft� Excel using the ‘‘Normdist” function, as shown:

Pðacceptance for 1 sampleÞ ¼ Normdistðx;l;r; cumulativeÞ ð1Þ

where x is the value for which the probability of occurrence is
wanted (in this case x = m in log10 CFU g�1), l is the mean log10 con-
centration of the distribution, either a theoretical value (l) or an
estimated value (m), r is the standard deviation of the log-normal
distribution, either a theoretical value (r) or an estimated value
(s), ‘cumulative’ is a logical value. If this is set to 1, ‘Normdist’ will
return the cumulative distribution. If this is set to 0, it returns the
probability mass function (frequency distribution).

If one sample is taken from the lot, the probability of acceptance
for a distribution with mean concentration 1 log10 CFU g�1 and
standard deviation 0.2 log10 CFU g�1 with a limit at 2 log10

CFU g�1 (m = 2) is then: P(acceptance) = Normdist(2,1,0.2,1) =
99.9999713%.

The same procedure (m = 2 log10 CFU g�1) can be used for other
mean log10 concentrations (e.g., 1.0,1.5,2.0,2.5) with the same
standard deviation of 0.2 log10 CFU g�1 to illustrate the effect of
mean microbial levels on the probabilities of acceptance (Fig. A1.2).

Once the probabilities of acceptance are determined for various
mean log concentrations, they can be plotted in a graph to obtain
an OC-curve as indicated in Fig. A1.3.The probability of acceptance
for more then one sample can be calculated as follows:

Pðacceptance for n samplesÞ ¼ Pðacceptance for1sampleÞn ð2Þ

For n = 10, the probability of acceptance for a mean log concentration
of 1.5 log10 CFU g�1 and standard deviation 0.2 log10 CFU g�1 is then:

Pðacceptance for 10 samplesÞ ¼ Normdistð2;1:5;0:2;1Þ10

¼ ð0:994Þ10 ¼ 94% ð3Þ

In the same way as indicated in Fig. A1.3, the probability of accep-
tance can be determined for n = 10 for various mean log concentra-
tions resulting in an OC-curve for n = 10, c = 0 and m = 100 CFU g�1.
From this OC-curve, the concentration at which the lot will be ac-
cepted with 95% probability (producer’s ALS) and the concentration
at which a lot will be rejected with 95% probability = consumer’s
ALS) can be determined. These concentrations are shown in



Fig. A1.2. Probability densities for log-normal distributions with mean = 1 -
log10 CFU g�1, 1.5 log10 CFU g�1, 2 log10 CFU g�1 and 2.5 log10 CFU g�1 and r = 0.2.
The probability of acceptance for each of these distributions is given for the limit
m = 2 log10 CFU g�1 when a single one g sample is taken (n = 1).

Fig. A1.3. The probability of acceptance for various mean log10 concentrations with
a standard deviation of 0.2 and a limit of m = 2 log10 CFU g�1; i.e., the OC-curve for
n = 1, c = 0 and m = 100 CFU g�1.
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Fig. A1.4 for r = 0.2. It can be seen by comparing Fig. A1.4 with
Fig. A1.3 that the more samples are taken, the steeper the OC-curve
becomes.
Fig. A1.4. The probability of acceptance for various mean log10 concentrations with a sta
c = 0 and m = 100 CFU g�1.
The OC-curve can be obtained for other standard deviations as
well. Two examples are given in Fig. A1.5 for r = 0.4 and
Fig. A1.6 for r = 0.8. It can be seen that the larger the standard
deviation, the flatter the OC-curve becomes.

Appendix 2

2.1. A modified approach for estimation of the number of ‘analytical
units’ that need to be tested to have 95% confidence of rejection of non-
conforming batches (for enrichment tests)

In previous publications (Legan et al., 2001; ICMSF, 2002) an ap-
proach (described in Appendix 1) was developed to determine the
number of analytical units and their size that, for a given distribu-
tion of microbial counts, must be tested to provide 95% confidence
that a batch with unacceptable levels will be rejected by attributes
sampling. In the following, a refinement of that approach is de-
scribed for 2-class attribute testing where a specified number of
analytical units are cultured via enrichment and then assessed
for presence/absence of the microorganism.

In either approach, a lot has the usual meaning, i.e. a grouping of
a product manufactured during a certain period of time or under
the same conditions, or a consignment of a food arriving at a bor-
der. A sample is taken from that lot to assess the concentration of
cells in that sample. A sample may comprise the entire analytical
unit, or the analytical unit may be an aliquot derived from the sam-
ple. In certain cases a sample is made up of a composite of various
mixed subsamples, in order to increase homogeneity in the sample,
but this does not of course change the underlying distribution in
the lot. It is assumed that the concentration in an aliquot of the
sample is representative of the concentration in the whole sample,
but that different samples can have different concentrations (it
should be realised that in very heterogeneous samples this might
not be correct). Also, in both approaches it is assumed that a log-
normal distribution characterises the microbiological status of
the lot but in this modified approach a further consideration, con-
cerning the likelihood of sampling a contaminant in an analytical
unit, is implemented.
2.2. Modified approach: Poisson-log-normal distribution

Microorganisms are discrete particles that are very small rela-
tive to the size of analytical units typically employed. Thus, even
if the microorganisms were completely evenly distributed in the
sample and were present at the level of one cell per sample unit,
one would not expect every sample to be positive for growth; some
samples selected at random would contain one or more cells and
ndard deviation of 0.2 and a limit of m = 2 log10 CFU g�1, i.e., the OC-curve for n = 10,



Fig. A1.5. The probability of acceptance for various mean log10 concentrations with a standard deviation of 0.4 and a limit of m = 2 log10 CFU g�1, i.e., the OC-curve for n = 10,
c = 0 and m = 100 CFU g�1.

Fig. A1.6. The probability of acceptance for various mean log10 concentrations with a standard deviation of 0.8 and a limit of m = 2 log10 CFU g�1, the OC-curve for n = 10, c = 0
and m = 100 CFU g�1.
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produce a positive result, while others would not. Moreover, if the
concentration of target cells was just less than the PO, even if the
cells were perfectly homogenously distributed in the sample, some
samples would produce a positive result leading to the inappropri-
ate rejection of the batch (in a sampling scheme that specifies
c = 0). Thus, it is necessary to consider the consequences of sam-
pling ‘coincidences’ (i.e. the detection of a cell in a set of samples
even when such detection is highly improbable based on the mean
concentration of the organism in the batch) on the interpretation
of the results of analytical methods, particularly when inferring
the concentration of cells in a sample. The probability of detecting
cells, by randomly sampling from a well-mixed system can be de-
scribed by a Poisson distribution:

Pdetection ¼ 1� exp�ðnumber of cells in sampleÞ

¼ 1� exp�ð½concentration of cells��sample size�Þ ð4Þ
For the Poisson distribution the variance is the same as the mean
and, consequently, the standard deviation is approximated by the
square root of the mean count. Thus, for a concentration of 100 cells
per analytical unit, we would expect 95% of test results to fall in the
range from 80 to 120 cells, i.e. within �2 standard deviations of the
mean.

In other words, we need to recognise that even if the concen-
tration of target cells in the sample is perfectly homogenous, our
sampling and enumeration method will sometimes over-estimate
the concentration and sometimes under-estimate it. We could
calculate the total effect of the probabilities of over- and un-
der-estimation of the concentration due to sampling coinci-
dences, i.e. samples that have a concentration greater than the
PO but that generate an estimate less than the target (i.e., a
false-negative), and those samples that have a concentration less
than the target that produce an estimate greater than the PO due
to sampling coincidences (i.e., a false-positive). Clearly, as the
true concentration in the sample increases, there is less likeli-
hood that the sample will produce a false negative and, con-
versely, as the true concentration in the sample decreases there
is less likelihood of obtaining a false-positive through sampling
coincidences.

As the target concentration of cells declines, our confidence in
the result of our test method also declines. From the above equa-
tions, it can be seen that when the target concentration is on average
one cell per analytical unit, our chance of detecting a cell in a single
sample is�63% only, while a sample that contains half that concen-
tration of cells has�40% probability of yielding a (false) positive re-
sult. To explain this further, if the concentration of organisms is on
average one cell per kilogram and we take samples of 100 g there
will be, on average, one cell in every tenth sample. Thus, there is a
probability that we will detect a positive even though, on average,
the amount of cells is smaller than one per sample unit. This arises
because, as noted earlier, cells are discrete units. Thus, calculating a



Table A2.1
Sampling plans derived from the modified approach for Salmonella in ice cream with
different distributions intended to test compliance with different FSOs/POs.

m Absence in (g) FSO/PO (g) Log mean (cfu g�1) ± s.d.a n (c = 0)b

25 1/100 �2.93 ± 0.4 69
100 19
250 9

25 – �3.86 ± 0.8 183
100 55
250 27

25 1/1000 �3.93 ± 0.4 671
100 170
250 69

25 – �4.86 ± 0.8 1631
100 427
250 183

25 1/10,000 �4.93 ± 0.4 6684
100 1673
250 671

25 – �5.86 ± 0.8 15,994
100 4027
250 1631

These figures are based on a ‘‘99%-point definition” of the PO and 95% probability of
rejection.

a The maximum mean log concentration of a lot with the stated standard devi-
ation that would permit the lot to meet the FSO. log(FSO) � z(0.01) s.d. =
log(FSO) � 2.326 s.d. (where z is the ‘standard score’ and indicates how many
standard deviations an observation is above or below the mean).

b Number of samples that would need to be tested to ensure 95% confidence that
a lot was not exceeding the stated FSO. P = Poisson-log-normal (log(1/m), logmean,
s.d.); Pn = 0.05; n log P = log 0.05. P(+) calculated with Eq. (6), P(�) = 1 � P(+), )
(P(�))n = 0.05, ) n log (P(�)) = log (0.05), ) n = log (0.05)/log (P(�)).

Table A2.2
Sampling plans derived from the approach of Legan et al. (2001) for L. monocytogenes in sm
FSOs and POs.

The lower limit of detection for three analytical
techniques used to examine the samples (see text)

FSO Log(cfu g�1) PO Log

100/g 2.3 1.7
0.3/g
Abs. in 25 g

100/g – –
0.3/g
Abs. in 25 g

100/g
0.3/g
Abs. in 25 g

100/g 3.3 2.7
0.3/g
Abs. in 25 g

100/g – –
0.3/g
Abs. in 25 g

100/g – –
0.3/g
Abs. in 25 g

100/g 4.3 3.7
0.3/g
Abs. in 25 g

100/g – –
0.3/g
Abs. in 25 g

100/g – –
0.3/g
Abs. in 25 g

a The maximum mean log concentration of a lot with the stated standard deviation t
b Number of samples that would need to be tested to ensure 95% confidence that a lo
c The maximum mean log concentration of a lot that would be accepted with 95% pr
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mean concentration of 0.1 cells per 100 g is somewhat misleading –
it is more helpful to think of any ‘fractional’ cell concentration as
being equivalent to one cell in a suitably large analytical unit, e.g.
when we say ‘‘0.1 cells per 100 g” we mean ‘‘one cell per kg”. We
can also express this as a proportion of positive analytical units
e.g. ‘‘one in 10 units of 100 g are positive”.

Our aim, however, is to determine by sampling whether the
mean log concentration in the lot is such that less than 1% of the
lot exceed the PO. While one approach is to test a sufficient num-
ber of samples to determine whether 1% of the lot exceed this limit,
equally we could base our sampling strategy on assessing the pro-
portion of samples that exceeded any other concentration on the
required distribution curve because we can determine the proba-
bility of detecting a cell in a sample of any concentration. Thus,
as long as the distribution of concentrations is known, it is possible
to calculate the overall probability of detecting a cell from any
sample drawn from a lot. This is because the overall probability
of obtaining a positive sample is the product of the probability of
that concentration occurring in the lot, and the probability of
detecting a cell in the sample based on the size of the analytical
unit and the concentration of cells in the sample. For example, if
on average the amount of cells in a sample is exactly one cell,
one would intuitively expect that the value in a sample would be
one. However, the probability for any single sample to be positive
is not equal to one, since there is only, on average, one cell in the
sample. Sometimes there will be really one organism in the sam-
ple, sometimes zero, and sometimes two, or even occasionally
more than two. The probability that there is no organism in a sam-
ple (although on average the expected number would be one
organism in a sample) is exp(�1) = 0.368. Therefore the probability
oked salmon with different distributions intended to test compliance with different

(cfu g�1) Mean log(cfu g�1) ± s.d.a n (c = 0)b Mean log(cfu g�1) ±
s.d.c accept

1.2 ± 0.2 4.6 � 104 1.1 ± 0.2
1 �0.8 ± 0.2
1 �1.7 ± 0.2

0.8 ± 0.4 2.9 � 103 0.35 ± 0.4
1 �1.1 ± 0.4
1 �2.1 ± 0.4

�0.2 ± 0.8 867 �1.1 ± 0.8
3 �2.2 ± 0.8
2 �3.0 ± 0.8

2.2 ± 0.2 2.0 1.6 ± 0.2
1 �0.8 ± 0.2
1 �1.7 ± 0.2

1.8 ± 0.4 10 1.0 ± 0.4
1 �1.1 ± 0.4
1 �2.1 ± 0.4

0.8 ± 0.8 40 �0.4 ± 0.8
1 �1.8 ± 0.8
1 �2.7 ± 0.8

3.2 ± 0.2 1 1.7 ± 0.2
1 �0.8 ± 0.2
1 �1.7 ± 0.2

2.8 ± 0.4 1 1.3 ± 0.4
1 �1.1 ± 0.4
1 �2.0 ± 0.4

1.8 ± 0.8 6 0.1 ± 0.8
1 �1.8 ± 0.8
1 �2.7 ± 0.8

hat would permit the lot to meet the FSO.
t was not exceeding the stated FSO.

obability given this number of samples.



Table A2.3
Sampling plans derived for Salmonella in poultry carcasses intended to test compli-
ance with different POs.

Proportion of
contaminated
carcasses tolerated
(PO) (%)

Number of samples (n)
required to reject defective
lots with 95% probability
(c = 0)a

Proportion of
contaminated carcasses
accepted with 95%
probabilityb (%)

15 19 0.27
10 29 0.18

5 59 0.09
1 298 0.02

This could also be calculated with the negative binomial distribution:
NEGBINOMIAL(0;19;1 � 0.15 = 0.05); NEGBINOMIAL(0;19;1 � 0.0027 = 0.95).

a (1 � P)n = 0.05, ) n log (1 � P) = log (0.05), ) n = log (0.05)/log (1 � P).
b (1 � P)n = 0.95, ) log (1 � P) = log (0.95)/n, ) 1 � P = 0.951/n, ) P = 1 � 0.951/n.
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that a sample will be positive (one or more organisms in the sam-
ple) is one minus the probability of no organism in the sample:
1 � 0.368 = 0.632 (since P(0) = 0.368). Alternatively the probability
of a positive sample can be calculated as the sum of the individual
probabilities, i.e., the Poisson probabilities for 1, 2, 3, 4, etc. cells
per sample are 0.368, 0.184, 0.0613, 0.0153, etc. respectively, so
the probability of obtaining 1 or more cells/sample is given by
0.368 + 0.184 + 0.0613 + 0.0153 + � � � = 0.632.
Fig. A3.1. (a) Probability of acceptance as a function of mean log10 CFU g�1 (assuming s.d
in a lot rejected with 95% probability (assuming s.d. = 0.4), for sampling plan of n = 10, c =
(assuming s.d. = 0.4), for sampling plan of n = 10, c = 0, m = 100 CFU g�1.
The above concept can be used to estimate the overall probabil-
ity of detecting a positive sample in a lot characterised by a known,
or assumed, distribution, i.e. by integrating, over all possible con-
centrations in the batch, the overall probability of detecting a cell
in any of the samples taken. The probability of sampling any par-
ticular concentration in the batch is given by the log-normal distri-
bution and is combined with the Poisson sampling process (and
sampling size) to calculate the probability that a cell is present in
the sample taken and leads to detection of a ‘positive’. This can
be expressed mathematically as

pðþÞ ¼
Z 1

�1
Pnormalðlog C;l;rÞ � ð1� Poissonð0; C

� samplesizeÞÞd log C ð5Þ

Note that the concentration C for the Poisson distribution is 10logC.
Since Poisson(0,x) = exp(�x), this results in:

pðþÞ ¼
Z 1

�1
Pnormalðlog C;l;rÞ � ð1� expð�C � samplesizeÞÞd log C

ð6Þ
Returning to the example of line 3 from Table A2.1 the above leads
to:
. = 0.4), for sampling plan of n = 10, c = 0, m = 100 CFU g�1. (b) Distribution of counts
0, m = 100 CFU g�1. (c) Distribution of counts in a lot accepted with 95% probability



Fig. A3.2. (a) Probability of acceptance as a function of mean log10 CFU g�1

(assuming s.d. = 0.2), for sampling plan of n = 10, c = 0, m = 100 CFU g�1. (b)
Distribution of counts in a lot rejected with 95% probability (assuming s.d. = 0.2),
for sampling plan of n = 10, c = 0, m = 100 CFU g�1. (c) Distribution of counts in a lot
accepted with 95% probability (assuming s.d. = 0.2), for sampling plan of n = 10,
c = 0, m = 100 CFU g�1.

Fig. A3.3. (a) Probability of acceptance as a function of mean log10 CFU g�1

(assuming s.d. = 0.8), for sampling plan of n = 10, c = 0, m = 100 CFU g�1. (b)
Distribution of counts in a lot rejected with 95% probability (assuming s.d. = 0.8),
for sampling plan of n = 10, c = 0, m = 100 CFU g�1. (c) Distribution of counts in a lot
accepted with 95% probability (assuming s.d. = 0.8), for sampling plan of n = 10,
c = 0, m = 100 CFU g�1.
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pðþÞ ¼
Z 1

�1
Pnormalðlog C;�2:931;0:4Þ � ð1� expð�C � 250ÞÞd log C

ð7Þ

Calculating this integral results in p = 0.3068, i.e., the probability of
acceptance of the batch based on a single sample is: 1 � 0.3068 =
0.6932. This is well below the required 95% confidence, so that more
(negative) samples are required to achieve 95% confidence that the
lot meets the PO.

If we take eight samples, the probability that all eight are
acceptable (i.e. that no sample contains a cell) is (0.6932)8 =
0.0533, and with nine samples that probability is (0.6932)9 =
0.0369. Thus, to reject with 95% certainty a batch that has greater
than the desired log mean concentration (and with the specified
standard deviation), requires nine negative samples, (n = 9,c = 0)
given this calculation scheme.

This approach differs from earlier analyses (e.g., Legan et al.,
2001) because it specifically considers the likelihood of any con-
centration of cells within the limiting distribution generating a ‘po-
sitive’ result, rather than basing the sampling scheme on a specific
concentration only. In other words, in this approach if a sample
contains on average 0.1 cells, it can result in a positive outcome
(i.e. with a probability of 10%). Therefore, samples are more often
predicted to be positive and, consequently, fewer samples are
needed to assure rejection at a specified level of confidence.

Appendix 3

3.1. FSOs/POs based on sampling plans using the original ICMSF
approach

For the purposes of this Appendix, it is assumed that an FSO/
PO is interpreted as the 99% or 99.5%-point of the exposure dis-
tribution that is accepted, i.e., that up to 1% or 0.5%, respec-
tively, of units with concentrations exceeding this limit can be
tolerated. As an example, a sampling plan for L. monocytogenes
with n = 10, c = 0, m = 100 CFU g�1 (or m = 2 in log10-units) is
used.

If log-normal distributions can be used to describe the frequen-
cies of concentrations and experience shows that assumption of a
standard deviation = 0.4 log10-units can be justified, the situation
as depicted in Fig. A3.1a applies. The Figure shows the OC-curve
for this sampling plan and shows which mean log-concentrations
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are rejected and those that are accepted with 95% probability (con-
sumer’s and producer’s ALS). Lots with mean log10-concentrations
of 1.74 log10 CFU g�1 will be rejected with a 95% probability (con-
sumers ALS) and lots with mean log10-concentrations of
0.97 log10 CFU g�1 (producers ALS) will be accepted with a 95%
probability. This is shown in more detail in Fig. A3.1.

Using the log10-concentration distribution in Fig. A3.1b, which
has a mean value corresponding to the consumer’s ALS (1.74),
the 99% or 99.5%-point (i.e. the FSO/PO value) can be determined.
Application of this sampling scheme for this distribution of L. mon-
ocytogenes in a lot would mean that the FSO/PO would need to be
set at 2.67 log10 CFU g�1 to ensure that 99% of units from the lot did
not exceed the FSO/PO, or 2.77 log10 CFU g�1 to ensure that 99.5%
of units were below the FSO/PO.

If experience showed that an s.d. of 0.2 log10 units was more
appropriate to describe the distribution, the situation would be
as depicted in Fig. A3.2. In that case lots with mean log-concentra-
tions at 1.87 will be rejected with 95% probability when the
same sampling plan is applied (consumer’s ALS). The producer’s
ALS, has a mean concentration of 1.49 log10 CFU g�1. The 99%-point
reflecting the FSO/PO is at 2.34 and the 99.5%-point is at
2.39 log10 CFU g�1 as depicted in the second graph.

Experience may also show that an s.d. of 0.8 log10 CFU g�1 is
more appropriate to describe the distribution, as depicted in
Fig. A3.3. In this case, lots with mean log-concentrations at 1.48
will be rejected with a 95% probability, and those with a mean
log-concentration of �0.054 log10 CFU g�1 accepted with a 95%
probability. The 99%-point would be at 3.34 and the 99.5%-point
would be at 3.54 log10 CFU g�1.

These examples show the implied PO/FSO given a certain sam-
pling plan and a given standard deviation. For a specified PO/FSO
the procedure would be the other way around, to calculate the
microbiological criterion based on the PO/FSO and the standard
deviation.
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