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Abstract

• The following manuscript provides a brief introduction to a systematic approach for representative sampling from field to test portion
• Sampling from field to test portion is a single measurement process
• Error is introduced during each mass reduction stage
• Error propagates as the square root of the sum of squares, so the largest error components have a proportionately greater impact
• A representative sample must be correct (unbiased) and have sufficiently small imprecision
• The systematic approach for developing a sampling protocol is based on two key inputs: sample quality criteria (SQC) and material properties
• This approach requires knowledge of the total error in the measurement process (global estimation error or GEE), from primary sampling

through final measurement
• Error is estimated through quality control events
• If the GEE meets the requirements of the SQC, a confident inference can be made
• GOODSamples can be a valuable tool for the forage and feed communities to evaluate current practices and to develop new protocols
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1. Background and Introduction

The United States Food and Drug Administration (US FDA)
awarded a five-year cooperative agreement to the Association of
Public Health Laboratories (APHL), Association of Food and
Drug Officials (AFDO) and the Association of American Feed
Control Officials (AAFCO) to support the implementation of
The Food Safety Modernization Act (FSMA). One of the Spe-
cific Aims in the cooperative agreement is “Harmonized Poli-
cies and Procedures for Equivalency of Data”. A task under
this Aim is to establish a working group to develop harmo-
nized policies and procedures for sample collection, shipment,
analysis, storage and retention of food and feed materials. The
Sampling and Sample Handling Working Group effort is led by
AAFCO due to its history of recognition of sampling and sam-
ple preparation as critically important.

Currently, protocols for sample collection are at least as var-
ied as the number of organizations that collect samples. This
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wide variety of sample collection techniques does not lend it-
self to data equivalency among organizations. The goal of the
working group is to develop a common sampling strategy for
sampling food and feed. With this common sampling strategy,
data can be evaluated with respect to “fit for purpose” or, more
aptly, “fit for decision” criteria for any organization, project or
situation. The first audience for the resulting guidance docu-
ment is regulatory food and feed programs and their associated
laboratories, including management, inspectors, quality assur-
ance officers and laboratory personnel; however it is applicable
for all of the related or similar industries. The guidance docu-
ment has been titled Guidance on Obtaining Defensible Sam-
ples or GOODSamples [1, 2].

All of the concepts briefly introduced in this manuscript are
dealt with in greater detail in GOODSamples[1]and in much
greater detail in the resources listed at the end of this manuscript.
Please consult them to clarify concepts and provide additional
rationale. All of the concepts apply equally to primary sample
collection and to mass reduction stages carried out in the labora-
tory. Comments for primary sampling personnel and laboratory
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personnel are integrated throughout this manuscript.

2. Terminology

Sampling terminology is problematic! A key aspect of de-
veloping the sampling guidance document was to assess sam-
pling terms and come to an agreement on key terms and def-
initions so that communication could be constructive. Terms
were chosen to be consistent with theory of sampling (TOS),
ISO standards, and AOAC INTERNATIONAL documents. It
is strongly recommended that the terms in GOODSamples be
adopted. Key terms from GOODSamples follow [1].
topsep
• Decision Unit: Material from which sample is collected and

inference made.
• Global estimation error (GEE): Total errors in the entire mea-

surement process, from primary sampling through final mea-
surement.
• Increments: Individual portion of material collected by a sin-

gle operation of a sampling tool and combined with other
increments to form a primary sample.
• Inference: Estimating a concentration or characteristic about

a larger amount of material from data derived from a smaller
amount of material.
• Sample: A portion of a material selected from a larger quan-

tity of material. The word “sample” should only be used with
a modifier:
• Primary sample: The collection of one or more incre-

ments taken from a decision unit according to a sam-
pling protocol.
• Laboratory sample: The material received by the lab-

oratory.
• Analytical sample: Prepared from the laboratory sam-

ple and from which test portions are removed.
• Test portion: The quantity of material taken for mea-

surement.

3. Global Estimation Error

Sampling is a process of making inference from analytical
data through multiple mass reduction stages to a decision unit.
There are currently various scenarios for organizational respon-
sibility in the primary sample to test portion pathway. One or-
ganization may oversee the entire pathway. More commonly,
the sampling activities are carried out by a separate organiza-
tion from the laboratory activities. In either scenario, it must
be recognized that there must be an accounting for the overall
process from sampling through analysis. The laboratory itself
is involved in a smaller scale “sampling” processes each time
it selects a smaller mass from a larger mass (mass reduction).
This may happen several times as the material moves through
the laboratory workflow, with the final mass reduction stage be-
ing the selection of a test portion(s) for an analysis.

Both imprecision and bias errors are introduced in every
stage of the measurement process. Generally, only analytical

error is estimated while the larger error components associated
with primary sampling and with laboratory sample preparation
are unknown. Since error does not add directly, but propagates
as the square root of the sum of squares, it follows that errors
that are largest compared to others will have the greatest con-
tribution to global estimation error (GEE), and mitigating the
larger errors will have the most dramatic effect on lowering
GEE.

Eq.1:Global Estimation Error=
√

(a2 + b2 + c2 + ....... + n2)
where a, b, c, ., n are individual imprecision errors for each
sampling (mass reduction) stage and analysis.

4. What Is A Representative Sample?

A representative sample answers a question about a decision
unit with an acceptable level of confidence.
• Imprecision is controlled by collecting an appropriate mass

and number of increments to address heterogeneity
• Correctness (bias has been controlled to a negligible level)

is achieved when every element in the decision unit has the
same probability of being selected (equiprobable)
• Correctness is maintained when additional biases are not in-

troduced during sample preparation and sample handling
A representative sample must:

• be correct, and
• have a sufficiently small imprecision

5. Sample Quality Criteria (SQC)

The framework for systematic scientific sampling consists
of three components: Sample Quality Criteria (SQC), material
properties and the TOS. The first of these three components,
sample quality criteria (SQC) is a series of statements that clar-
ify technical and quality needs as illustrated in Figure 1. The
SQC answer the following questions:

1) What is the question to be answered?

a. What information is sought?

i. What is the analyte?
ii. What is the level of concern?

b. What type of data will be collected?

i. Is a characteristic of the decision unit being
evaluated?

ii. Is an analyte concentration in the decision unit
being sought?

c. How is the inference going to be made?

i. Direct inference (from a single result)?
ii. Probabilistic inference (from a single result)?

iii. Statistical inference e.g., average of multiple
results, confidence interval?

2) What is the decision unit?
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Figure 1: Sample quality criteria (SQC)

a. The choice of decision unit has a large impact on the
sampling protocol. The scale of information drives
the decision unit [3]. For example, bales from a
single alfalfa field are loaded onto 10 trucks, each
containing 100 bales. What information is desired?

i. The average value of the entire field? If so, all
10 truckloads comprise a single decision unit.

ii. The average value of each of the 10 trucks. If
so, each of the 10 trucks is a decision unit (10
decision units).

3) What is the desired confidence in the inference?

a. The greater confidence desired, the less GEE can be
tolerated.

b. The desired confidence is generally related to the
risk and consequences associated with an incorrect
decision.

6. Material Properties

The component of the framework for scientific sampling,
material properties, refers to the intrinsic properties of the ma-
terial that comprises the decision unit that must be considered
when developing sampling protocols. Material properties in-
clude element type and heterogeneity.

Elements are the individual components (e.g., particles or
fragments for solid materials, molecules for liquids, particles
and molecules for slurries) comprising the decision unit. They
can be either finite or infinite in nature. Finite element materi-
als are materials composed of elements that can be individually
identified and individually selected at random. Infinite element
materials are materials composed of elements that cannot be in-
dividually identified nor individually selected at random. See
Figure 2.

The second aspect of material properties that must be con-
sidered is the heterogeneity. Two types of heterogeneity ex-
ist: compositional heterogeneity and distributional heterogene-
ity. Compositional heterogeneity exists when the individual el-
ements that make up the decision unit exhibit differing concen-
trations of the analyte of interest (e.g., alfalfa stem vs. leaf
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Figure 2: Tomatoes representing a finite element material and flour representing an infinite element material.

tissue, corn vs. added mineral). Compositional heterogene-
ity always exists to some degree and cannot be altered without
comminution.

Distributional heterogeneity results from non-random dis-
tribution of elements within the decision unit (e.g., settling of
small, dense fines to the bottom of a container). Distributional
heterogeneity always exists to some degree and can be altered
with physical manipulation of the material (vibration, mixing,
etc.).

7. Theory Of Sampling (TOS)

The third component of framework for systemic scientific
sampling, the theory of sampling (TOS), is a systematic and
scientific process for designing sampling protocols that meet
the SQC. TOS provides techniques for mitigating and estimat-
ing error in sampling [4–6]. It is most commonly applied to
infinite element materials elements since they must be selected
in “groups” called increments. TOS describes the final sample
mass (combination of all increments), how many increments
need to be collected and dictates sample correctness.

Compositional heterogeneity results in an imprecision error,
Fundamental Sampling Error (FSE). FSE must be addressed
with every mass reduction stage from primary sampling through
selection of the test portion. FSE can be controlled to any level
by collecting sufficient mass and/or reducing particle size.

Equation 1 : FS E2 ∝ Cd3

ms

C = sampling constant, unique for each material
d = diameter of 95% percentile of largest particles (cm), and
ms = mass of the sample (g).

Because of the relationship of FSE to particle size, mass and
error, mass reduction must take the relationships into consider-
ation. Any type of mass reduction without considering these re-
lationships is unacceptable. The proper mass to collect is based
on the heterogeneity of the material, so it is inappropriate to

collect an identical mass as standard practice for all primary
sampling situations.

Distributional heterogeneity leads to an imprecision error,
Grouping and Segregation Error (GSE). GSE must also be ad-
dressed with every mass reduction stage from primary sam-
pling through selection of the test portion. GSE is controlled
to any level by collecting sufficient number of random incre-
ments. There is no simple calculation to determine the number
of increments to collect, but three approaches can be used to
reduce the GSE: reduce the FSE, increase the number of incre-
ments, and reduce the distributional heterogeneity of the mate-
rial. The proper number of increments to collect is based on the
heterogeneity of the material, so it is inappropriate to collect
an identical number of increments as standard practice for all
primary sampling situations. Mixing prior to sampling (such as
prior to taking a test portion in the laboratory) may be effec-
tive, but only if the material particles have a relatively uniform
shape, size and density. It is generally unacceptable to select a
single, non-random increment as a test portion.

Bias errors are also addressed in TOS as the notion or con-
dition of “correctness”. Sample correctness is achieved when
selection of elements at increment locations is equiprobable,
and it is controlled by proper use of a correctly designed sam-
pling tool. Once sample correctness is achieved with the pri-
mary sample, it must be maintained in subsequent mass reduc-
tion stages all the way to the test portion.

8. Tools

TOS mandates that sampling tools must be correctly de-
signed and used properly. The correct tool shape is related to
the dimensions of the decision unit. Tool shape and respective
dimension that are most commonly used for infinite element
materials are:
• Slices (cross stream cuts) for a one dimensional flowing stream
• Cylinders (similar to probe) for a two dimensional layer

Sampling tools should not only be correct, they should also:
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• Be simple and reliable
• Be easy to decontaminate
• Be inert to the sample/analyte
• Collect increments of equivalent size

9. Evidentiary And Analyte Integrity

The purpose of evidentiary integrity is (1) to be able to tie
a test result to a specific decision unit; (2) to demonstrate that
the sample has not been adulterated or compromised during any
step of the process from primary sample collection through gen-
eration of the analytical data; and (3) to assure that analyte in-
tegrity has been maintained. Analyte integrity is the assurance
that physical, chemical, biological and/or radiological charac-
teristics of interest in the decision unit have been maintained.
Considerations for analyte integrity include preservatives, con-
tainers, holding times, sampling techniques and packaging and
shipping procedures.

10. Laboratory Sampling And Preparation

As stated previously, all concepts apply equally for primary
sampling and laboratory sampling activities. There are three
important responsibilities for laboratories related to sampling:
• To respect the decision unit
• To ensure that analyte integrity is maintained during sample

preparation and storage
• To obtain representative test portion(s) of the laboratory sam-

ple
Comminution (e.g., grinding) is a technique frequently used

in laboratories to control FSE. A single type of particle size re-
duction equipment cannot handle all types of materials and it
is imperative that laboratories have adequate equipment to han-
dle the types of materials they will encounter. When evaluating
comminution equipment, it is critical to ensure that:
• it is of sufficient capacity to process the laboratory sample,
• it will reduce the particle size sufficiently to control FSE, and
• it will produce a uniform shape and size to control GSE
• it can be sufficiently cleaned between materials.

When selecting comminution (e.g., grinding) equipment,
consider the following:
• physical and chemical properties of the material,
• initial maximum particle size of the material,
• final desired particle size and the range of permissible particle

sizes,
• needed capacity and throughput,
• inertness to analyte of interest,
• complete sample recovery,
• ease of cleaning, disinfecting, and sterilization.

A common laboratory preparation practice is splitting of
samples for mass reduction. As with any form of mass reduc-
tion, minimum mass to control FSE must be a primary consid-
eration and sufficient mass must be available so that the final
reduced mass still has acceptable FSE. A second consideration
is choosing a technique that provides sufficient increments to

control the GSE (more increments results in lower GSE). Com-
mon splitting techniques used for this form of mass reduction
are: rotary splitting, fractional shoveling, stationary riffle split-
ting and coning and quartering [7]. Rotary splitting is by far the
most precise because it selects more increments than other tech-
niques followed by fractional shoveling, stationary riffle split-
ting and lastly, coning and quartering. A third consideration is
the correctness of the increment selection. Coning and quar-
tering is a very poor mass reduction method and is strongly
discouraged due to the large error it generates. The common
practice of arbitrarily splitting an unground laboratory sample
for the purpose of analytical efficiency without first reducing
particle size to control FSE is very questionable.

Finally, laboratories should be equally concerned with val-
idating sample preparation procedures as with validating ana-
lytical methods, especially given that the error associated with
sample preparation procedures is greater than error associated
with most analytical procedures [8]. AAFCO published Guide-
lines for Preparing Laboratory Samples in 2000 [9] is avail-
able for purchase at http:// www.aafco.org/Publications/QA-
QC-Guidelines-for-Feed-Laboratories. It was adopted and re-
published by ISO as ISO 6498:2012 [10] . The AAFCO doc-
ument is currently under revision to ensure compliance with
GOODSamples, and will be available in late 2016 free of
charge.

11. Quality Control

Quality control is a tool to assess data quality that is widely
implemented in laboratories but seldom implemented in sam-
pling or sample preparation. This absence of quality control
from sampling activities is a practice that needs immediate at-
tention. Quality control is used to estimate global estimation
error, to determine if a process is in control and to validate a
method or protocol.

Quality control checks for bias are blanks. Blanks can be
used to check for contamination from containers, the environ-
ment or carryover from tools and equipment.

Quality control checks to estimate imprecision are repli-
cates. Replicates can be implemented at multiple points to sort
out error contributions form various mass reduction stages (see
Figure 3). GEE can be estimated from data resulting from repli-
cated primary samples. Replicating test portions from the same
analytical sample provides an estimate of the imprecision asso-
ciated with selection of the test portion and the test (no infor-
mation about the preceding stages).

12. Inference

Inference is the process of estimating (or inferring) a con-
centration or characteristic about a decision unit based on a
sample(s) collected from that decision unit [11]. Inference is an
important aspect of the sampling process often overlooked and
misunderstood. Inference occurs at every stage of mass reduc-
tion in the primary sample to test portion pathway. Two forms
of inference are presented and discussed in GOODSamples: es-
timating the average analyte concentration in a decision unit
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Figure 3: Levels of replication using triplicates.

and estimating a percentage of decision units that have some
characteristic or concentration.

13. Data Quality Assessment

The final step in the scientific and systematic process is
data quality assessment. It includes review of documentation,
evaluation of quality control and estimation of the GEE. The
documentation should support the premise that the correct pro-
tocol(s) was followed. Evaluation of quality control blanks
should support the absence of contamination below a critical
level. Evaluation of quality control replicates should indicate
that they are within an acceptable range. The GEE should be
below 35%, and meet SQC. The proximity of the actual concen-
tration and GEE to the specification limit need to be examined
to determine if a defensible decision can be made.

14. Conclusion

A shortcoming of current practices is a lack of knowledge
of the error in the entire measurement system and in reported
data. In addition, there is no systematic process to ensure that
sampling protocols meet project objectives. GOODSamples ad-
dress both of these shortcomings. It not only provides a sys-
tematic process to develop sampling protocols to meet project
objectives, but it also provides a mechanism to evaluate exist-
ing protocols to determine if they meet the intended objectives.
GOODSamples also provides a system for estimating the er-
ror in the entire measurement system (GEE), which is critical

to data integrity. Implementing GOODSamples leads to equiva-
lency of data and defendable and cost effective decisions related
to feed nutrition and feed safety. GOODSamples is a valuable
tool for the forage and feed communities and addresses the lim-
itation of current practice.

The sampling principles described in this manuscript as ap-
plied to food and feed were recently published in the Journal
of AOAC INTERNATIONAL in a Special Guest Editor series
[12–24].

15. Highlights

• This manuscript provides a brief introduction to a systematic
approach for representative sampling from field to test por-
tion
• Sampling from field to test portion is a single measurement

process
• Error is introduced during each mass reduction stage
• Error propagates as the square root of the sum of squares, so

the largest error components have a proportionately greater
impact
• A representative sample must be correct (unbiased) and have

sufficiently small imprecision
• The systematic approach for developing a sampling protocol

is based on two key inputs: sample quality criteria (SQC) and
material properties
• This approach requires knowledge of the total error in the

measurement process (global estimation error or GEE), from
primary sampling through final measurement
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Figure 4: Overview of the GOODSamples approach for defensible decisions

• Error is estimated through quality control events
• If the GEE meets the requirements of the SQC, a confident

inference can be made
• GOODSamples can be a valuable tool for the forage and feed

communities to evaluate current practices and to develop new
protocols
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