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Step-by-Step Analytical
Methods Validation and
Protocol in the Quality System
Compliance Industry
BY GHULAM A. SHABIR

❖
Introduction
Methods Validation: Establishing documented evidence
that provides a high degree of assurance that a specific
method, and the ancillary instruments included in the
method, will consistently yield results that accurately reflect
the quality characteristics of the product tested.
Method validation is an important requirement for any
package of information submitted to international regulatory agencies in support of new product marketing or clinical trials applications. Analytical methods should be validated, including methods published in the relevant pharmacopoeia or other recognized standard references. The suitability of all test methods used should always be verified
under the actual conditions of use and should be well documented.
Methods should be validated to include consideration of
characteristics included in the International Conference on
1, 2
Harmonization (ICH) guidlines addressing the validation
of analytical methods. Analytical methods outside the scope
of the ICH guidance should always be validated.
ICH is concerned with harmonization of technical requirements for the registration of products among the three
major geographical markets of the European Community
(EC), Japan, and the United States (U.S.) of America. The
recent U.S. Food and Drug Administration (FDA) methods
3-5
validation guidance document, as well as the United States
6
Pharmacopoeia (USP), both refer to ICH guidelines.
The most widely applied typical validation characteristics for various types of tests are accuracy, precision (re4
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peatability and intermediate precision), specificity, detection limit, quantitation limit, linearity, range, and robustness
(Figure 1). In addition, methods validation information
should also include stability of analytical solutions and sys7
tem suitability.
Health Canada (HC) has also issued guidance on meth8
ods validation entitled Acceptable Methods Guidance. HC
has been an observer of ICH, and has adopted ICH guidelines subsequent to its reaching Step Four of the ICH
process. An acceptable method predates ICH, and HC
plans to revise this guidance to reflect current ICH terminology.
Figure 2 shows the data required for different types of
analysis for method validation. Where areas of the Acceptable Methods Guidance are superseded by ICH Guidelines
1
2
Q2A and Q2B, HC accepts the requirements of either the
ICH or Acceptable Methods Guidance; however, for
method validation, ICH acceptance criteria are preferred.
HC’s Acceptable Methods Guidance provides useful guidance on methods not covered by the ICH guidelines (e.g.,
dissolution, biological methods), and provides acceptance
criteria for validation parameters and system suitability tests
for all methods.
HC has also issued templates recommended as an approach for summarizing analytical methods and validation
data ICH terminology was used when developing these templates.
This paper suggests one technique of validating methods. There are numerous other ways to validate methods, all
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Figure
1
___________________________________________________________________________
ICH, USP, and FDA Methods Validation Characteristics Requirements for Various Types of Tests
Validation
Characteristics

Assay

Accuracy
Precision - Repeatability
Precision - Intermediate
Precision
Specificity
Detection limit
Quantitation limit
Linearity
Range
Robustness

Testing for Impurities
Quantitative
Yes
Yes
Yes*

Yes
Yes
Yes1
Yes
No
No
Yes
Yes
Yes

Yes
No
Yes
Yes
Yes
Yes

Identification

Limit
No
No
No

No
No
No

Yes
Yes
No
No
No
No

Yes
No
No
No
No
No
7

* In cases where reproducibility has been performed, intermediate precision is not needed.

Figure
2
____________________________________________________________________
Health Canada Methods Validation Parameter Requirements for Various Types of Tests
Identity
Tests

Validation
Parameters
Precision
(of the system)
Precision
(of the method)
Linearity
Accuracy
Range
Specificity
Detection Limit
Quantitation Limit
Ruggedness

Active Ingredients
Drug
Substance

Drug
Product

Impurities / Degradation
Products
Quantitative

Limit Tests

Physico-Chemical
Tests

No

Yes

Yes

Yes

1

Yes

No
No
No
No
Yes
1
No
1

1
Yes
Yes
1
1
No
No
Yes

Yes
Yes
Yes
Yes
Yes
No
No
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

1
No
1
No
Yes
Yes
No
Yes

Yes
Yes
Yes
Yes
*
*
*
Yes

* May be required depending upon the nature of the test.

equally acceptable when scientifically justified.

Prepare a Protocol
The first step in method validation is to prepare a protocol, preferably written, with the instructions in a clear stepby-step format, and approved prior to their initiation. This
approach is discussed in this paper. The suggested acceptance criteria may be modified depending on method used,

required accuracy, and required sensitivity. (Note: Most of
the acceptance criteria come from the characterization
study.) Furthermore, some tests may be omitted, and the
number of replicates may be reduced or increased based on
scientifically sound judgment.
A test method is considered validated when it meets the
acceptance criteria of a validation protocol. This paper is a
step-by-step practical guide for preparing protocols and per-
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forming test methods validation with reference to High
Performance Liquid Chromatography (HPLC) (use similar criteria for all other instrumental test method validation) in the quality system compliance industry.

Analytical Methods Validation Protocol
Approval Cover Page

Methods validation must have a written and approved
protocol prior to its initiation. A project controller will select a validation Cross-Functional Team (CFT) from various related departments and functional areas. The project
controller assigns responsibilities. The following tables illustrate one suggested way of documenting and preserving a record of the approvals granted at the various phases

Summary Information
Summary Information
Organization name
Site location
Department performing validation
Protocol title
Validation number
Equipment
Revision number

Project Controller
Project
Controller

Name

Signature

Date

Document Approval
Document Approval
Department /
Functional Area
Technical Reviewer
End Lab Management
Health & Safety
Quality Assurance
Documentation Control
(reviewed and archived by)

Name

Signature

Date

Revision History
Revision No.
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Date

Revision History
Description of change
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of the validation:

Writing a Test Method Validation Protocol
Analytical method validations should contain the following information in detail:
Purpose: This section provides a short description of
what is to be accomplished by the study.
Project scope: Identify the test methods and which products are within the scope of the validation.
Overview: This section contains the following: a general description of the test method, a summary of the characterization studies, identification of method type and validation approach, test method applications and validation
protocol, the intended use of each test method application,
and the analytical performance characteristics for each test
method application.
Resources: This section identifies the following: end
user laboratory where the method validation is to be performed; equipment to be used in the method validation;
software to be used in the method validation; materials to be
used in the method validation; special instructions on handling, stability, and storage for each material.
Appendices: This section contains references, signature, and a review worksheet for all personnel, their specific
tasks, and the documentation of their training. Listings of all
equipment and software necessary to perform the method
validation should be found here along with document and
materials worksheets used in the method validation and in
the test method procedure(s).
1. Analytical Performance Characteristics
Procedure
Before undertaking the task of methods validation, it is
necessary that the analytical system itself be adequately
designed, maintained, calibrated, and validated. All personnel who will perform the validation testing must be
properly trained. Method validation protocol must be
agreed upon by the CFT and approved before execution.
For each of the previously stated validation characteristics
(Figure 1), this document defines the test procedure, documentation, and acceptance criteria. Specific values are
taken from the ICH, U.S. FDA, USP, HC, and pertinent
literature as references. (See the References section at the
end of this article for further definitions and explanations.)
1.1. Specificity

1.1.1. Test procedure
The specificity of the assay method will be investigated
by injecting of the extracted placebo to demonstrate the
absence of interference with the elution of analyte.
1.1.2. Documentation
Print chromatograms.
1.1.3. Acceptance criteria
The excipient compounds must not interfere with the
analysis of the targeted analyte.
1.2. Linearity
1.2.1. Test procedure
Standard solutions will be prepared at six concentrations, typically 25, 50, 75, 100, 150, and 200% of target
concentration. Three individually prepared replicates at
each concentration will be analyzed. The method of
standard preparation and the number of injections will
be same as used in the final procedure.
1.2.2. Documentation
Record results on a datasheet. Calculate the mean, standard deviation, and Relative Standard Deviation (RSD)
for each concentration. Plot concentration (x-axis) versus mean response (y-axis) for each concentration. Calculate the regression equation and coefficient of determination (r2). Record these calculations on the
datasheet.
1.2.3. Acceptance criteria
The correlation coefficient for six concentration levels
will be ≥ 0.999 for the range of 80 to 120% of the target
concentration. The y-intercept must ≤ 2% of the target
concentration response. A plot of response factor versus
concentration must show all values within 2.5% of the
target level response factor, for concentrations between
9,10
80 and 120% of the target concentration. HC states
that the coefficient of determination for active ingredients should be ≥ 0.997, for impurities 0.98 and for biologics 0.95.8
1.3. Range
1.3.1. Test procedure
The data obtained during the linearity and accuracy
studies will be used to assess the range of the method.
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Linearity - Data Sheet
Concentration
(mg/ml)

Concentration as %
of Analyte Target

5 (e.g.)
10
15
20
30
40
Equation for regression line =

Range - Data Sheet
Record range:

1
2
3
Mean
SD
RSD%

Correlation coefficient (r2) =

Electronic file name:

Electronic file name:
Percent
of Nominal (mean of
three injections)

8

Amount of Standard
(mg)
Spiked

Recovery (%)

Found

75 (e.g.)
100
150

Repeatability - Data Sheet
Injection No.
Retention Time (min)
Replicate
Replicate
Replicate
Replicate
Replicate
Replicate
Replicate
Replicate
Replicate
Replicate
Mean
SD
RSD%

Peak Area
RSD (%)

25
50
75
100
150
200

Accuracy - Data Sheet
Sample

Electronic file name:
Peak Area (mean of
three Injections)

1
2
3
4
5
6
7
8
9
10
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Electronic file name:
Peak Area

Peak Height
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The precision data used for this assessment is the precision of the three replicate samples analyzed at each level
in the accuracy studies.
1.3.2. Documentation
Record the range on the datasheet.
1.3.3. Acceptance criteria
The acceptable range will be defined as the concentration interval over which linearity and accuracy are obtained per the above criteria, and in addition, that yields
9
a precision of ≤ 3% RSD.

Record the retention time, peak area, and peak height on
the datasheet. Calculate the mean, standard deviation,
and RSD.
1.5.3. Acceptance criteria
The FDA states that the typical RSD should be 1% for
drug substances and drug products, ± 2% for bulk drugs
and finished products. HC states that the RSD should be
1% for drug substances and 2% for drug products. For
minor components, it should be ± 5% but may reach
8
10% at the limit of quantitation.
1.6. Intermediate Precision

1.4. Accuracy
1.4.1. Test procedure
Spiked samples will be prepared at three concentrations
over the range of 50 to 150% of the target concentration.
Three individually prepared replicates at each concentration will be analyzed. When it is impossible or difficult to prepare known placebos, use a low concentration
of a known standard.
1.4.2. Documentation
For each sample, report the theoretical value, assay
value, and percent recovery. Calculate the mean, standard deviation, RSD, and percent recovery for all samples. Record results on the datasheet.
1.4.3. Acceptance criteria
The mean recovery will be within 90 to 110% of the theoretical value for non-regulated products. For the U.S.
pharmaceutical industry, 100 ± 2% is typical for an
assay of an active ingredient in a drug product over the
9
range of 80 to 120% of the target concentration. Lower
percent recoveries may be acceptable based on the needs
of the methods. HC states that the required accuracy is a
bias of ≤ 2% for dosage forms and ≤ 1% for drug sub8
stance.

1.6.1. Test procedure
Intermediate precision (within-laboratory variation) will
be demonstrated by two analysts, using two HPLC systems on different days and evaluating the relative percent purity data across the two HPLC systems at three
concentration levels (50%, 100%, 150%) that cover the
analyte assay method range 80 to 120%.
1.6.2. Documentation
Record the relative % purity (% area) of each concentration on the datasheet.
Calculate the mean, standard deviation, and RSD for the
operators and instruments.
1.6.3. Acceptance criteria
The assay results obtained by two operators using two
instruments on different days should have a statistical
9, 10
RSD ≤ 2%.
1.7. Limit of Detection
1.7.1. Test procedure
The lowest concentration of the standard solution will be
determined by sequentially diluting the sample. Six
replicates will be made from this sample solution.

1.5. Precision - Repeatability
1.5.1. Test procedure
One sample solution containing the target level of analyte will be prepared. Ten replicates will be made from
this sample solution according to the final method procedure.
1.5.2. Documentation

1.7.2. Documentation
Print the chromatogram and record the lowest detectable
concentration and RSD on the datasheet.
1.7.3. Acceptance criteria
2
The ICH references a signal-to-noise ratio of 3:1. HC recommends a signal-to-noise ratio of 3:1. Some analysts
calculate the standard deviation of the signal (or response)
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Intermediate Precision - Datasheet
Instrument 1
Sample
Operator 1, day 1
Operator 1, day 2
Operator 2, day 1
Operator 2, day 2
Mean (Instrument)
Mean (Operators)
RSD%
Instruments
Operators

S1
(50%)

S1 + S1

Electronic file name:
Relative % Purity (% area)
Instrument 2

S2
(100%)

S3
(150%)

S2 + S2

S3 + S3

S1
(50%)

S2
(100%)

S3
(150%)

Limit of Detection - Data Sheet
Electronic file name:
Record sample data results: (e.g., concentration, S/N ratio, RSD%)

Limit of Quantitation - Data Sheet
Electronic file name:
Record sample data results: (e.g., concentration, S/N ratio, RSD%)

of a number of blank samples and then multiply this number by two to estimate the signal at the limit of detection.

centration that gives an RSD of approximately 10% for
8
a minimum of six replicate determinations.

1.8. Limit of Quantitation
1.9. System Suitability
1.8.1. Test procedure
Establish the lowest concentration at which an analyte in
the sample matrix can be determined with the accuracy
and precision required for the method in question. This
value may be the lowest concentration in the standard
curve. Make six replicates from this solution.
1.8.2. Documentation
Print the chromatogram and record the lowest quantified
concentration and RSD on the datasheet. Provide data
that demonstrates the accuracy and precision required in
the acceptance criteria.
1.8.3. Acceptance criteria
The limit of quantitation for chromatographic methods
has been described as the concentration that gives a signal-to-noise ratio (a peak with height at least ten times as
2
high as the baseline noise level) of 10:1. HC states that
the quantitation limit is the best estimate of a low con10
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1.9.1. Test procedure
System suitability tests will be performed on both HPLC
systems to determine the accuracy and precision of the
system by injecting six injections of a solution containing analyte at 100% of test concentration. The following
parameters will be determined: plate count, tailing factors, resolution, and reproducibility (percent RSD of retention time, peak area, and height for six injections).
1.9.2. Documentation
Print the chromatogram and record the data on the
datasheet
1.9.3. Acceptance criteria
Retention factor (k): the peak of interest should be well
resolved from other peaks and the void volume; generally k should be ≥2.0. Resolution (Rs): Rs should be ≥2
between the peak of interest and the closest eluted peak,

Ghulam A. Shabir

System Suitability – Data Sheet
System Suitability
Parameter

Electronic file name:

Acceptance
Criteria

Results
HPLC 1

Injection precision for
retention time (min)
Injection precision for
peak area (n = 6)
Injection precision for
peak height
Resolution (Rs)
USP tailing factor (T)
Capacity factor (k)
Theoretical plates (N)
Robustness - Data Sheet
Explain / record sample data:

Criteria Met/
Not Met
HPLC 2

RSD ≤ 1%
RSD ≤ 1%
RSD ≤ 1%
Rs = ≥ 2.0
T = ≤ 2.0
K = ≥ 2.0
N = ≥ 2000
Electronic file name:

which is potentially interfering (impurity, excipient, and
degradation product). Reproducibility: RSD for peak
area, height, and retention time will be 1% for six injections. Tailing factor (T): T should be 2. Theoretical
3
plates (N): ≥2000.

temperature adjusted by ± 5˚C. If these changes are within
the limits that produce acceptable chromatography, they
9, 10
will be incorporated in the method procedure.

1.10. Robustness
As defined by the USP, robustness measures the capacity of an analytical method to remain unaffected by
small but deliberate variations in method parameters.
Robustness provides some indication of the reliability of
an analytical method during normal usage.
Parameters, which will be investigated, are percent organic content in the mobile phase or gradient ramp, pH
of the mobile phase, buffer concentration, temperature,
and injection volume. These parameters may be evaluated one factor at a time or simultaneously as part of a
factorial experiment.

2. Appendices
List all appendices associated with this protocol. Each
appendix needs to be labeled and paginated separately

The chromatography obtained for a sample containing
representative impurities, when using modified parameter(s), will be compared to the chromatography obtained
using the target parameters. The effects of the following
changes in chromatographic conditions will be determined: methanol content in mobile phase adjusted by ±
2%, mobile phase pH adjusted by ± 0.1 pH units, column

Article Acronym Listing
CFT:
EC:
FDA:
HC:
HPLC:
ICH:
RSD:
U.S.:
USP:

Cross-Functional Team
European Community
Food and Drug Administration
Health Canada
High Performance Liquid
Chromatography
International Conference on
Harmonization
Relative Standard Deviation
United States
United States Pharmacopoeia
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List of Appendices
Appendix
No.

Document Title

Total Pages

Appendix
1
______________________________________________________________________________
Method Validation Personnel Signature and Review Worksheet
Analyst Name

Dept.

Validation
Activity

Protocol
Reference

Analyst
Signature

Date

Comments:
Completed By:

Signature:

Date:

Appendix
2
______________________________________________________________________________
Equipment and Software Used in Method Validation Worksheet
Equipment
Name/Module #

Last
Calibration Date

Next
Calibration Date

Software
Name and Version

Comments:
Completed By:
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Signature:
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Date:

Validation
Reference
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Appendix
3
______________________________________________________________________________
Document and Materials Used in Method Validation Worksheet
Complete Pre-protocol Execution
Document
Name/Ref. No.

Edition/Version
Number

Material Name

Supplier/
Lot Number

Expiration
Date

Comments:
Completed By:

Signature:

Date:

Appendix
4
_____________________________________________________________________________
Analytical Test Method Procedure
This procedure should include the entire testing method and all procedures associated with it.
This appendix can appear in any format, but it should always be included in the documentation

from the body of the document. The following information must be found on every page of each appendix: validation protocol number; validation protocol title; appendix number (e.g., 1, 2, 3, … or A, B, C, …); and page
X of Y. ❏
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Validation of Analytical
Methods Used in
Cleaning Validation
BY HERBERT J. KAISER, PH.D. & BRUCE RITTS, M.S.

❖
The information used to establish a positive cleaning validation is based on the result of validated analytical measurements. There must be a high degree of confidence in
these results, as human safety depends on the lack of
residues remaining on equipment. This article will describe
various aspects regarding the validation of analytical methods used in cleaning validations. The validation elements
are explored from both a theoretical point of view and
through examples. References are provided to guide the
reader to more in-depth information.

A

n analytical method is one of the deciding factors in
establishing the cleanliness of pharmaceutical manufacturing equipment. It is, therefore, important that
there be a high level of confidence in the results obtained
using the method. This high level of confidence is established by testing and defining the usefulness of the analytical
method. A properly developed cleaning validation strategy
includes the analytical method validation, which defines the
method parameters necessary in providing a high level of
confidence in the cleaning results. The analytical method
validation study demonstrates to scientific staffs, manufacturing personnel, and regulatory agencies, that the method
performs as required, and that the results are reliable. There
are many articles available that address analytical method
validation within and outside of the pharmaceutical industry,
1,2,3,4,5,6,7,8
both domestically and worldwide.
Personnel other than analytical chemists may not understand the need for analytical method validation, let alone the
extent to which these methods need to be evaluated. They
may not understand that analytical method validation, as
well as cleaning validation, has an important impact on
9
everyday pharmaceutical manufacturing. As is the case

with cleaning validation, analytical methods may need to be
revalidated.10 This revalidation may arise from changes in instrumentation, analytes or manufacturing methods, or cleaning processes that affect the ability of the analytical method
to determine the correct analyte level.
Measuring cleanliness is a difficult task. Essentially, trace
residues on surfaces are the target analytes. The residue must
first be extracted from a surface, recovered from the extraction medium, and then suitably quantitated. Residue analysis
is quite different from analyzing bulk or formulated drug actives, as obtainable precisions and accuracies may be larger
than the analyst is accustomed. Sensitivity levels of the techniques employed need to be considered for linearity, precision, and accuracy. The first decision to be made is the decision as to which residue will be measured. This residue
could be the active drug, formulation excipients, or a component of the cleaner.11 In most cases, the residue being analyzed has the potential to be a combination of all of these.
The next step is to decide on the allowed residue limit,12 ,13
followed by the choice of whether to use a specific or nonspecific technique. It is only after these decisions have been
made, that the analytical technique can be selected.
Analytical method validation is the analysis of reproducibility of the method developed. There should not be any
surprises in a validation study. All of the parameters required
in a validation study need to be preliminarily evaluated during method development. Method development is the process
by which the analytical chemist obtains the initial information to establish the limits and goals that are listed in a validation protocol, e.g., precision of 5% between analysts, linearity, accuracy, repeatability, etc. Understanding the required
parameters during method development is a requirement for
successful analytical method validation.
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Regulations
The requirement for analytical method validation is
identified in the Good Manufacturing Practice (GMP) regulations (21 CFR 211). The United States Pharmacopoeia
(USP) provides a widely used standard for analytical
method validation, and is probably the most often used
reference regarding the subject.14 The Food and Drug Administration (FDA) submitted guidelines for analytical
15
method validation in 1995 that correlate with the recommendations of the International Conference on Harmo16
nization (ICH). The ICH then issued a document describing different approaches that can be used in analytical
17
method validation. The FDA has also issued a guide for
the validation of cleaning processes that state the need for
18
validated analytical methods in cleaning validations.
The ICH documents, along with the USP document, describe validation guidelines for methods used in different applications. The USP describes four different categories of
methods. Category I methods involve the quantitation of
major components of bulk drug substances or active ingredients in finished pharmaceutical products. Category II methods involve the determination of impurities in bulk drug substances, or degradation compounds in finished pharmaceutical products. These include quantitative and limit tests. Cat-

egory III methods are used for the evaluation of performance
characteristics, and Category IV methods are identification
tests. The ICH guidelines define the same categories as the
USP, except for USP Category III. Table 1 lists the ICH categories and required parameters.
What parameters apply to analytical methods used in
cleaning validations? The residues being determined are potential impurities. Therefore, the parameters that should be
evaluated are most closely associated with Category II requirements (quantitative analysis of residues). It could be argued that the most important parameters are the limits of
quantitation and detection, because these are the measures of
sensitivity of the analytical method.

Chromatographic versus
non-Chromatographic Methods
While various chromatographic methods, specifically
High Performance Liquid Chromatography (HPLC), may be
the more common methods used in analytical laboratories,
19,20
there are certainly other applicable methods. Some exam21
ples are Total Organic Carbon (TOC), capillary elec22
trophoresis , Atomic Absorption (AA), Inductively Coupled
Plasma (ICP), titrations, ultraviolet spectroscopy, near in23
24
frared, enzymatic, etc. These “other” methods also require

Table
1
__________________________________________________________________
ICH method parameters.

Parameter

Impurities

Identity

Quantitative

Assay
Limit

-

+

-

+

Repeatability

-

+

-

+

Intermediate

-

+

-

+

Specificity

+

+

+

+

LOD

-

-*

+

-

LOQ

-

+

-

-

Linearity

-

+

-

+

Range

-

+

-

+

Accuracy
Precision

* May be needed for some applications
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validation, and while the USP and ICH parameters may appear more suitable for
chromatographic methods, they are certainly applicable to non-chromatographic
25
methods. A good understanding of how to
adapt and measure the required parameters
using the specified analytical technique, is
all that is required. In fact, various methods
26
can be used to validate each other, i.e., a
mass spectroscopic technique could be
used to determine the specificity of another
technique.

Table
2
_____________________________________________
Data used for linearity evaluations
[Active X],
ppm

Response

Standard
Deviation

% RSD

0.10

613

72.5

11.80

0.40

900

100.0

11.00

0.70

998

33.3

3.33

1.1

1472

51.1

3.50

1.7

2398

53.0

2.21

2.5

3398

55.3

1.63

5.0

6800

100.0

1.50

Specificity is the ability of a method to
10.0
measure the analyte in the presence of
20.0
components, which may be expected to be
present. For cleaning validation methods,
30.0
the potential presence of drug actives, for40.0
mulation excipients, impurities, known
degradation products, and cleaner compo27
nents (if any) should be anticipated. Experiments must be
conducted that demonstrate the absence of interferences
when the analyte is in a typical matrix.
Co-elution of components in chromatographic methods
is typically the primary concern here. If HPLC with diode
array capabilities is utilized, peak purity can be evaluated by
examining the spectra across the peak. Most HPLC software programs will automatically calculate peak purity.
Poor peak purity may be an indication of the presence of excipients, degradants, or cleaning components within the
peak of interest.
Cleaning validation methods should be carefully evaluated for interferences. Studies should be conducted involving
the analyte in the presence of the cleaning agent. If the cleaning agent is being quantitated, the effect of the drug active
and formulation components should be evaluated. If the drug
active or a formulation component is being analyzed, it must
be shown that the cleaning process does not affect the analyte. This means that the effect of the cleaning process does
not change the analyte in such a manner that it is no longer
analyzable using the method being validated. One approach
is to perform a recovery study of the analyte, by exposing it
to the cleaning agent at use concentrations, time, and temperature. If suitable, recovery can be obtained, then the
method can be used. If not, the method must be modified, or
a new method developed.

13467

153.0

1.10

27133

208.0

0.77

40417

284.0

0.70

49500

500.0

1.00

Specificity

Linearity and Range
The linearity of a method is the ability of an assay to
elicit a direct and proportional response to changes in analyte
concentration. There are some detectors that produce, or
have the ability to produce, non-linear responses (e.g., gas
chromatography with flame photometric detectors and others, such as evaporative light scattering or mass spectrometers may have limited linear ranges when compared to flame
ionization or UV-visible detectors). However, specific ranges
could be found within the non-linear response that approach
near linearity. If a non-linear curve must be used, a suitable
number of points need to be utilized that will accurately describe the curve.
The range of a method is the interval between the upper
and lower concentrations of analyte for which the method has
been shown to have suitable precision, linearity, and accuracy.
ICH recommends a range of 80 to 120% of the test concentration for finished drug products, 70 to 130% of the test concentration for content uniformity, and up to 120% of the reporting level for impurities, ensuring that the detection and
quantitation limits are lower than the controlled level. For
cleaning validation analysis, the range will potentially be
much greater than what ICH recommends for drug actives
and impurities. Generally, the range will extend from the limit
of quantitation to perhaps 200% or greater for the amount of
allowable residue in the sample. The wide range is important
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Figure
1
________________________________________________________________________
Linear evaluation of all data points

in order to allow monitoring of the residue. If the low end of
the range was equal to the allowable residue limit, process
monitoring would not allow for early warning of potential
problems. Again, the key requirement for the range is that it
is suitable with regard to precision, linearity, and accuracy.
There are several methods described in industry literature
to determine the linearity and the range of a method.28, 29, 30
These methods range from simple observation to comprehensive statistical treatments. Statistical methods should be
used to verify observed results. The method of choice will
normally be dictated by a pharmaceutical company’s policies. The specifics should be described in the validation, protocol if not in Standard Operating Procedures (SOPs).
The linearity criteria are to be set prior to the validation.
For example, for an HPLC analysis, the criteria for linearity
may be that injections at each level must have an RSD < 3%,
and the regression analysis yield an R2 value of greater than
0.999 over the defined range. It should be noted that these requirements will vary greatly by method type and instrumen18
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tation in use. Acceptable %RSD values will also vary
greatly, depending on the level of analyte. This will be covered in detail later.
The linearity experiment should include a minimum of
five concentration levels. Each concentration level should be
analyzed minimally in duplicate. Three analysis for each
point are generally utilized, but more are preferred. The
%RSD is then calculated for each injected level. This data is
the base information set that will be utilized in establishing
the linearity and range of the method.
Two simple methods for determining linearity will be described here. Both methods involve preparing a series of solutions containing known concentrations of the analyte of interest. This series encompasses the range of results expected
from the analysis of actual samples. Usually, these solutions
are free of expected matrix components. For the following
examples, the pre-established (and somewhat arbitrary) criteria that was applied, is that all points must have a %RSD <
5 and R2 > 0.999. These solutions would then be analyzed by
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Figure
2
________________________________________________________________________
Linear evaluation less the first two data points

the method of choice. Table 2, (see prior page) presents the
data that will be used for both examples. These data are only
presented by way of example. A graph of the response versus the concentration shown earlier in Figure 1.
The first step would be to examine the %RSD values for
each point. The very low concentrations of 0.10 and 0.40
ppm produce a %RSD of 12 and 11, respectively. Since these
%RSDs are greater than the 5% RSD required, these data
would be eliminated from the curve. The rest of the data
meet the criteria. It should be noted that data cannot be arbitrarily eliminated. For example, if the 0.10 ppm data point
produced an acceptable %RSD, but the 0.40 ppm point did
not, the 0.40 ppm alone could not be eliminated. All data
below 0.40 ppm would have to be eliminated. There may
also be a need to investigate the discrepancy in RSD values.
Figure 2 shows the resulting graph after the lowest concentration levels have been eliminated. The R2 value has decreased, due to the shortening of the range. Since the lower
concentration levels have been eliminated, it is not surprising

that the y-intercept has also increased. The y-intercept value
is a good indication of bias. If the y-intercept is 0, no bias exists. Bias exists if the y-intercept deviates from 0. Statistical
significance testing of the regression can provide evidence of
bias. Examination of the y-intercept can be used to justify
single point calibration criteria. If there is no statistical evidence of bias, or the bias is judged to be small, then single
point calibration can be successfully used. In making this
evaluation of the statistical evidence, it is the P-value and the
upper and lower 95% confidence intervals for the y-intercept
that are important to examine. These are typically values obtained from automated regression analysis as is shown in
Figure 3 (see next page). If the P-value is large and 0 is included in the confidence interval, there is no evidence that
the y-intercept is anything other than 0.
Close examination of this calibration curve reveals that
the highest concentration point (40 ppm) may be deviating
from linearity. This concentration level is eliminated from the
data set as a result of the fact that the inclusion of this data
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Figure
3
________________________________________________________________________
Typical output from a regression

Figure
4
________________________________________________________________________
Linear evaluation less first two and the last data point. This produced quite acceptable results.
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Figure
5
_______________________________________________________________
Graphical representation of linearity evaluation (bottom) with an exploded view
(top) of questionable data area. The dashed lines represent 95 and 105% values of
the line of constant response. The line of constant response was calculated by
averaging the most similar five points.

point results in a failure to meet the regression acceptance criteria (R2 = 0.999). Figure 4 shows the resulting graph after
eliminating the lowest two concentration points, along with
the highest concentration point. The R2 value now equals
1.000. This meets the pre-established criteria, and the linearity experiment has been completed. Note that the y-intercept
has now also dramatically dropped. The use of a single point
calibration for future analysis may be justified after checking
for significance of the intercept. Based on the results of this

example analysis, the linearity of the method has been established for the range of 0.70 ppm up to 30 ppm.
The responses of analytes across a linear range should be
28
relatively constant. The plot of the quotients of the responses and their respective concentrations versus the concentrations is shown in Figure 5. A line of constant response
is drawn that will fit the more similar points. Two lines representing 95% and 105% of the constant response line are
then drawn. Points that lie above 105% or below 95% are
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considered to be outside of the linear range. As in the previous technique, the lowest two data points are obviously not
linear, and are eliminated from the data set. The highest concentration point is also outside of this range, and can be eliminated. The third lowest concentration is borderline acceptable, as is shown in the top graph of Figure 5. The inclusion
or elimination of this point is insignificant to the line. The
elimination of this point does not change the slope, and only
decreases the y-intercept from 48.232 to 46.439. The results
of this second technique are in close agreement with the first
technique for determining linearity.

Accuracy
The accuracy of measurements must be established. Accuracy is also referred to as “recovery” or “trueness.” Accuracy is a measurement of how close the analytical result is to
the actual value. This parameter is obtained through the evaluation of known analyte concentrations, or results from another accepted method. The result is typically expressed as a
percentage of the calculated concentration. The accuracy
needs to be determined across the analysis range. Table 4 presents example data for a recovery or accuracy experiment.
Recovery studies provide assurances that an analyte can
be analyzed in a matrix. The matrix can be a process sample
containing a variety of reactants, formulation, swab, rinse
sample, surface, body fluid, etc. The goal is to accurately define the amount of the analyte that can be recovered from a
sample. In some cases, this amount will need to be as close
to 100% as possible. In other cases, an acceptable recovery
31
may be as low as 50%.
In cleaning validation studies, both specific and nonspecific methods are commonly used. If a nonspecific method is
being used (i.e., TOC) then the total response is usually assumed to be that of the analyte. Sampling is sometimes done
32
by indirect methods (i.e., rinse solutions ), but direct methods (swabbing) are usually preferred. The choice is usually
dependent on the accessibility of the surfaces to be sampled
and the solubility of the residues.
When using analyte specific methods, i.e., HPLC, IMS
for rinse samples (indirect sampling) it is generally sufficient
to show that the presence of matrix components does not interfere with the determination of the analyte over the range
required. Matrix components can be defined as excipients
used in the formulation of a formulated drug, or impurities/solvents present in the bulk drug, depending on what is
being manufactured. If a cleaning agent is used, the components of the cleaning agent should be considered. One ap22
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Table
4
__________________________________
Recovery data
Theoretical
[Active X],
ppm
0.701
0.701
0.701
9.990
9.990
9.990
30.100
30.100
30.100
Average:
Standard Deviation:

Found
[Active X],
ppm
0.691
0.710
0.693
9.970
9.950
10.100
29.800
30.500
29.600

%
Recovered
98.6
101.0
98.9
99.8
99.6
101.0
99.0
101.0
98.3
99.7
1.17

proach for evaluating recovery is to spike solutions containing common or perhaps maximum possible levels of drug
impurities, drug excipients, and cleaning formulation components with the analyte of choice, and demonstrate that the
method results are close to the amounts calculated. The solvents used in these experiments should be representative of
those used in the final rinse of the equipment being cleaned.
Usually, these are aqueous-based solutions, but can be aqueous/solvent (such as alcohol) combinations or other solvents
used in the manufacturing process. Several solutions are prepared having the appropriate concentrations of impurities,
excipients, and cleaner components. The analyte is then
spiked into these solutions at various concentrations. These
concentrations should bracket the concentration that represents the allowable limit of the analyte. The range used is
typically 25 to 150% of the allowable limit of analyte, although values ranging from 10 to 500% of the allowable
limit have been used. Again, the stability of the analyte in
these solutions should be documented.
For swab samples, the chore becomes a little more tedious, as the ability of the swab to remove the analyte from
the surface being cleaned, ability of the sample preparation
procedure to remove the analyte from the swab, and the potential of interferences from impurities, formulation excipients, cleaning agents, and the swabbing material itself need
to be considered. Assuming that the analytical method is
thought to have sufficient accuracy, all of these parameters
can be studied as a whole. If poor results are obtained, then
separate testing of each step cannot only identify the step re-
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sponsible for the poor results, but also allow the testing of alternate solvents or swab materials that lead to improved recovery. Ideally, the accuracy of these different steps is considered during method development so that the analyst is not
surprised during the validation process. As mentioned before, there should not be any surprises during validation. If
there are, then sufficient method development was not done.
In a typical experiment, the surface area that is to be
swabbed during the cleaning validation is established. This
is usually based on the levels of analyte expected and/or the
sensitivity of the method. Coupons representing the composition and size of this surface(s) are obtained (e.g., 5x5 inch
sections of 304 stainless steel, 316 stainless steel, Teflon®,
Tygon®, or other product contact materials). Solutions of the
analyte and matrix components are prepared, and aliquots
evenly applied to the coupon surface. The coupon is allowed
to dry for a specified period (e.g., overnight). As an example,
assume that the active ingredient of a formulation or a
cleaner is the target analyte with an allowable limit in the
final prepared sample of 20 µg/mL. Solutions containing
1500, 1000, 250, and 0 µg/mL of the analyte, as well as appropriate amounts of cleaner components, formulation excipients, and/or impurities, are prepared. Since the solvents
are evaporated, the solvent composition of this solution is
usually less important than in rinse samples, but should be
similar to those used in the cleaning process. Typically, a 100
µL aliquot of each solution is applied as evenly as possible
to separate coupons. This can be accomplished by slowly
dragging the pipette tip across the coupon surface in a uniform row pattern. The residue is allowed to dry for several
hours, typically overnight. Care should be taken to ensure the
coupons dry on a flat surface, and are protected from contamination during the drying process. If the equipment being
cleaned is heated, then the coupons can be placed in an oven
to simulate the temperatures seen during the cleaning process.
Once dry, the analyte is recovered for analysis by rubbing a
swab uniformly across the surface of the coupon. Cotton and
synthetic swabs have been cited in industry literature. The
21
type of swab used will depend on the method of analysis.
Prior to swabbing the surface, the swab is usually dipped into
the solvent that will be used to extract the residue. The excess solvent is removed by squeezing the swab against the
inside of the vial containing the extraction solvent. The swab
is usually rubbed along the coupon surface side-to-side from
both a vertical and horizontal perspective. The swab is periodically rotated, so that both sides of the swab surface are
used. In some instances, a second swab can be used to pick
up any remaining analyte from the coupon surface. Often-

times, the second swab is dry and picks up excess solvent
and residue left by the first swab. Sometimes, the second
swab is wetted with the same extraction solvent to help pick
up stubborn residuals still dried to the coupon surface. Any
swabbing pattern can be used, as long as the same pattern is
used, both in the recovery study from the coupon and in the
actual sampling of the equipment. The important consideration is that it is done consistently each and every time. Insufficient training is often a source of errors. Appropriate diagrams should be placed in SOPs, accompanied by specific
training and qualification of the person(s) performing the
swabbing.
The analyte can then be extracted from the swab by placing the swab in the same extraction vial used to wet the swab.
This vial contains the appropriate amount of extraction solvent. Ideally, this solvent is appropriate for direct use in the
analysis. For TOC, ultra-pure water is used as the solvent.
With an HPLC method, water, mobile phase or a solvent
(weaker than the mobile phase) can be used. If a stronger solvent is used, dilution or other modifications may be necessary prior to analysis. In this example, 5mL of water or mobile phase would be used. Assuming 100% recovery, these
final solutions would represent 150, 100, 25, and 0% of the
allowable limit. It is common practice to cut the handle from
the swab (swabs are available that break upon bending), and
allow the portion of the swab that came in contact with the
coupon to be fully immersed in a minimum amount of extraction solvent. The swab is often allowed to sit immersed
for long periods or sonicated to produce the highest recoveries. Studies should be conducted to be certain that samples
are stable if long periods are expected between the sampling
time and the time of analysis. The extraction solvent can then
be filtered (if necessary) and analyzed. TOC samples are
generally not filtered. Results are expressed as % recovery,
by comparing the experimentally found results with the theoretical values. The 0 concentration (blank) experiment can
be used to determine whether any interferences are present
in the system. Ideally, a system is found where the blank has
no effect on the results. It is acceptable, however, for the
blank values to be subtracted from the other results to adjust
for possible interferences.
Acceptable levels of recovery for analytical methods
used in cleaning validation are a source of debate. The FDA’s
guideline on cleaning validation18 states that the % recovery
should be determined, and lists 50% and 90% recoveries as
examples. The recovery value should either be used in calculating the found value, or factored into the acceptance criteria, but not included as a factor in both. Acceptance crite-
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ria based on the results obtained with a particular designated
method, is a logical approach.
For example, the recovery for a specific sampling method
was determined to be 75%. The acceptable limit in an analytical sample had been previously calculated to be 5 ppm in
the analytical sample (independent of recovery). A sample is
analyzed and found to contain 4 ppm of the target analyte.
Utilizing the recovery value, the actual value for the sample
is 4 ppm / 0.75 = 5.33 ppm. This is above the acceptance criteria, and the sample fails. The recovery factor can be applied to the acceptance criteria: 5 ppm x 0.75 = 3.75 ppm.
This would then be the new limit per analytical sample.
Again, be certain not to apply the factor to both the analytical result and the limit criteria.
If the % recoveries are lower than desired, additional recovery experiments should be conducted in such a way that
the major source of the reduced recovery can be ascertained.
A common experiment is to spike the swab material with the
solutions that were used to prepare the coupons. If the spiking solution is different than the extraction solution, the swabs
are allowed to dry, and then placed directly into the extraction
solvent. If this experiment yields low recoveries, stronger extraction solvents or alternate swabbing materials can be tried.
If the recoveries are acceptable, the problem can be assumed
to arise from removing the residue from the coupon itself.
Again, alternate swabbing materials, stronger swabbing/extraction solvents, or a variation in the swabbing technique
(i.e., more swabs, wet/dry variations, more forceful swabbing) can be tried. A reexamination of the potential volatility
of the analyte should not be overlooked. This is especially
true if a heating or vacuum oven is used in the drying process.

Precision
Precision is a measurement of how
close a series of numbers are to each
other with no regard to the actual value
(accuracy). Precision is broken down
into three subgroups: repeatability, intermediate precision, and reproducibility. Precision is typically expressed as a
percentage of the relative standard deviation.
Repeatability refers to the precision
under the same operating conditions
over a short interval of time. For example, the same sample may be injected
six consecutive times and the results
24

evaluated for each injection with respect to one another. This
is a measurement of instrument precision, such as the injector and integrator performance. Table 5 presents example
data obtained for a repeatability experiment using six analysis. If an auto-injector is utilized, care must be taken to assure
that the septa are not damaged from repeated penetrations.
This may introduce errors into the precision experiments. It is
wise to limit the number of injections from a single vial. For
non-chromatographic methods that utilize a sampling device,
such as a cell, the repeatability can be measured by loading
the cell, scanning, emptying the cell, and repeating this procedure for up to six replicates. Concentration may not be the
only parameter measured for precision. The wavelength, retention time, etc. may be important parameters to characterize.
Intermediate precision evaluates intra-laboratory variations. For example, samples may be analyzed on different
days by various analysts using different equipment (or at least
a different column if a chromatographic method is being evaluated). Intermediate precision evaluates the precision between analysts and instruments. It has the potential to account
for often overlooked environmental conditions. Fluctuations
in lab temperature, or even humidity, may add (or subtract) to
the intermediate precision. Intermediate precision can be determined by having a second analyst repeat the accuracy
and/or repeatability study, performing three replicates at each
level being determined, or six replicates at the target value. If
duplicate equipment is available, the analyst should use a different piece of equipment (i.e., a second HPLC or TOC). If a
chromatographic method is employed, a second column,
preferably from a different lot or even a different supplier,
should be used. For swab studies, alternate sources or lots of
swabs may be included. Table 6 (see next
page) presents example data for an interTable
5
______________________
mediate precision experiment.
Repeatability data
Reproducibility evaluates the precision between laboratories. This is utilized
Result
Injection
when methods are transferred, or when
0.691
1
collaborative method standardizations
0.705
2
are being made. One such example is the
0.699
3
transfer of an analytical method from a
0.705
4
Research and Development (R&D) labo0.715
5
ratory to a quality control laboratory.
In most instances, since materials of
0.690
6
construction
and cleaning procedures are
Average: 0.701
generally site specific, validations of anaStandard Deviation: 0.00952
lytical methods used in cleaning valida%RSD: 1.36
tions will be concerned with repeatability
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Table
3
____________________________________________________________________________
Simplistic evaluation of precision as a function of analyte level

Injection 1
Injection 2
Injection 3
Average:
Standard Deviation:
%RSD:

Level 1
100
101
99
100
1.0
1.0

Level 2
75
76
74
75
1.0
1.3

Level 3
50
51
49
50
1.0
2.0

Level 4
25
26
24
25
1.0
4.0

Level 5
5
6
4
5
1.0
20

Table
6
and intermediate precision. If another facility
__________________________________________
within an organization does not have the exact
Intermediate precision data
same procedures and equipment, reproducibilSample
Analyst A Analyst B Combined
ity may be of concern. Including other facilities
in the validation or performing method transfer
Result
Result
after validation should be considered.
1
0.715
0.702
ICH guidelines recommend that a mini2
0.725
0.720
mum of nine determinations throughout the
3
0.730
0.699
range of interest or six determinations at the
4
0.715
0.691
test concentration be used to determine re5
0.709
0.698
peatability. The limits of quantitation are often6
times being approached during validation of
0.720
0.695
the analytical method. Repeating the accuracy
Average:
0.710
0.719
0.701
testing outlined above, so that three data points
Standard Deviation:
0.0128
0.00762
0.0101
are collected for each level, allows separate es%RSD:
1.80
1.06
1.44
timates of %RSD to be calculated at each of the
three levels. Additional data points at each
level are a benefit, and additional statistical testing can be
analysis of the same analyte.
used to determine if the different levels have different
%RSDs.
Limits of Detection and Quantitation
It is not uncommon for the accuracy and repeatability of
the method to change with the amount of analyte being deThe American Chemical Society (ACS) has extensively
termined. It is also common for the %RSD to be a function
addressed the concept of Limits Of Detection (LOD) and
34,35
of the accuracy. If there are significant changes in accuracy,
Limits Of Quantitation (LOQ). Figure 6 (see next page)
as the amount of analyte determined decreases, it is not unpresents a graphical representation of LOD and LOQ. The
usual to also see the repeatability of the method decrease
LOD of an individual analytical procedure is the lowest
31, 33
with decreasing amounts of analyte.
amount of analyte in a sample that can be detected, but not
A simple example of this is shown in Table 3. If five levnecessarily quantitated as an exact value. The LOQ of an inels of an analyte are determined, and in each case, the difdividual analytical procedure is the lowest amount of analyte
ferences in three injection values differ by only 1 ppm from
in a sample that can be quantitatively determined with suitthe average, the precision can vary significantly. In this case,
able precision and accuracy.
the repeatability ranged from 1% for a 100 ppm sample, up
In routine assays of bulk or formulated analytes, the LOD
to 20% for a 5 ppm sample. This is something that is also
and LOQ values are generally not of great concern. This is
often overlooked when establishing acceptance criteria for
because the levels of analytes are generally large, and the
trace levels of analyte. It is a rare case indeed that identical
methods are applied well above the LOQ value. In cleaning
precision will be obtained for both bulk analysis and trace
validation analysis, this is not the case, because the analysis
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Figure
6
___________________________________________________________________________
Graphical comparison of the limits of detection and quantitation relative to the signal from a blank.

are typically looking for trace residues, and the results are oftentimes “bumping” against these values. These values need
to be defined during the validation of the analytical methods
used for cleaning validation.
The traditional method is based on signal-to-noise ratio.
The majority of chromatographic and spectroscopic data
analysis software available today incorporate a means of
measuring the noise. The LOD would then be the concentration equivalent to three times the signal-to-noise ratio.
The LOQ would be the concentration equivalent to ten
times the signal-to-noise ratio. A common method for establishing LOD and LOQ is the same as that used for establishing the lower limit for the range of the method. The
LOQ is the concentration that meets a certain pre-established precision and satisfies the linearity requirement. In
the example used for the linearity and range experiment, the
LOQ was found to be 0.70 ppm. The LOD would then be
(3/10) x LOQ or 0.21 ppm.
There are numerous approaches to calculating the LOD
17,36,37,38
and LOQ values.
There is, however, no specific
method recommended in any regulatory document. The establishment of these values is up to the analyst. The method
26
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used for determining LOD and LOQ values needs to be written in an official document, such as the analytical method or
an SOP. Residue limits should not be based on LOD values,
since values measured below the LOQ have an inherently
high degree of uncertainty. Likewise, if a process is to be
monitored with alert and action limits in place, residue limits should not be based on the LOQ, if at all possible. A single approach or methodology of LOD and LOQ determination should never be blindly followed. The good judgment of
a well-trained, experienced analyst should be regarded as a
valuable asset. The discussion of several methodologies
found in the literature follows.
Figure 7 on the facing page, shows an example of one
such method for the determination of LOQ and LOD using
39
confidence intervals. Data are collected approaching the
LOD, plotted and fitted with a regression line. The upper
and lower 95% Confidence Intervals (CI) for the regression
are then plotted. This example shows the CIs to be linear,
but they typically are not. A line is then drawn horizontally
from the end of the upper CI to the lower CI parallel to the
x-axis. A line is then dropped vertically to the x-axis. The
intersection point on the x-axis is regarded as the LOD. The
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Figure
7
___________________________________________________________________________
Graphical determination of the limit of detection (LOD). A horizontal line is drawn from the lower
end of the upper 95% CI line to the lower 95% CI. A vertical line is then dropped from this point to
the x-axis. The point on the x-axis is the LOD.

LOQ is then 3.3 x LOD. For this example, the LOD was
found to be 0.33 ppm and the LOQ was 1.1 ppm.
Another approach makes use of the slope and standard
17,37
error of the regression line. Figure 8 provides an example
using the same data as Figure 7. The LOD and LOQ values
of 0.84 and 2.5 ppm, respectively, are defined by Equation 2
and Equation 1, where is the standard error of the regression, and S is the slope of the regression line.
All of the methods used here (See Equations 1 and 2) for
the LOD and LOQ calculations were based on the same set
of hypothetical data. These calculations produced different
results. The statistical significance of these differences can
be argued, but in actuality they are quite similar. In most realworld cases, the experimentally determined LOQ will be
higher than the values that are calculated.
The LOD value, being free of stringent precision requirements, will be primarily based on instrumental or technique
considerations, whereas LOQ values will not only be based on
the instrument or technique, but also on all of the steps and
manipulations included in the method. In addition, all of these
literature LOD and LOQ techniques assume that there is a
constant matrix that contributes to a constant noise level. In

Equation
1
_____________________________________
LOD calculation from linear fit

Equation
2
_____________________________________
LOQ calculation from linear fit

cleaning validations, where residues are being recovered from
the surfaces of manufacturing equipment, a constant matrix
cannot be assumed (this is one reason why residue limits
based on the LOD or LOQ of a method are not advisable).
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Figure
8
___________________________________________________________________________
Data plotted and fitted with a linear regression line. The slope and standard error obtained are
used in the calculations for LOD and LOQ.
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Ruggedness
All analytical methods that are used routinely by a variety of personnel should be rugged. That is, a method should
not be affected by small changes that may occur on a day-today basis. For example, a chromatographic method that ordinarily does not use a column heater should not be affected
by changes of temperature in a laboratory. If it is, then this
should be evaluated and defined.
There are no regulatory requirements for ruggedness and
ruggedness studies, and do not need to be included in a validation report. However, it is assumed by regulatory agencies
that the effects of changes to various parameters of the
method have been explored during method development,
that those parameters that do affect the method are controlled, and that these controls are included in the method.
Again, the ruggedness of a method is usually explored
during method development. Ruggedness can be explored
28
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through experimental designs or by simply varying parameters in a stepwise process. Examples of parameters that
could be studied are column temperature, injection size, flow
rates, buffer concentrations, pH, solvent concentrations, etc.

Summary
The output of an analytical method validation is an analytical method validation report. It is suggested (but not required) that the report follow the same format as other documents in the validation process. The similar formatting will
make it easier for both internal and external agencies to understand and follow. The report should contain all of the parameters studied, along with whether or not the pre-established criteria were met.
The validation of an analytical method is the last step in
the process prior to implementation. The various parameters
required in an analytical method validation are first explored
during method development, and then rigorously defined

Herbert J. Kaiser, Ph.D. & Bruce Ritts, M.S.

during the method validation process. These parameters are
dictated by various regulatory bodies around the world, and
necessitated by the need to understand the process. The validation of analytical methods should not only be understood
by the chemists who perform them, but also by the personnel involved in cleaning validation, as it is an integral part of
the process. It is important that all personnel involved in a
cleaning validation understand that changes in the overall
process may affect the method and lead to the necessity for
revalidation. Industry literature is full of information, resources, and examples that should be called upon and utilized. A chemist is only as good as her/his resources. ❏
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Good Analytical Method
Validation Practice
Deriving Acceptance Criteria for
the AMV Protocol: Part II
Stephan O. Krause, Ph.D.

Bayer HealthCare Corporation

❖

T

o avoid potential inspection
requires a certain expertise, since ac❝The scope of ceptance criteria should balance
observations for test method
validations by the regulatory
method performance expectations
this article
agencies, it has become critical for
with method requirements (from proprovides
more
pharmaceutical companies to derive
duct specifications) and AMV exereasonable acceptance criteria for detail on how to cution conditions (conducted by QC
the Analytical Method Validation
analysts under routine QC testing).
systematically In general, the time required to pre(AMV) protocol. Part I of Good Analytical Method Validation Practice
pare the AMV protocol should acderive
(GAMVP) (November 2002 issue,
count for about 50% of the total time
reasonable
acJournal of Validation Technology)
allocated to the complete (approved)
mostly emphasized ground rules for
validation. Less time spent on the proceptance
the AMV department to be compliant
tocol may result in time-consuming
criteria for
and efficient within the Quality Condiscrepancy reports, and validation
trol (QC) unit. The scope of this arti- AMVs, and how retesting when acceptance criteria
cle provides more detail on how to
failed during execution. Or, the acto
integrate
systematically derive reasonable acceptance criteria do not sufficiently
ceptance criteria for AMVs, and
those into the challenge the test system suitability,
how to integrate those into the AMV
so this validation failed to deprotocol. One specific example to de- AMV protocol.❞ monstrate that this method will yield
scribe the process of deriving AMV
accurate and reliable results under
acceptance criteria is provided. This example summa- normal testing conditions. In addition, invalid and porizes most aspects to be considered in order to gener- tential Out-Of-Specification (OOS) results may be obate an AMV protocol that can readily be executed,
tained when test system suitability is not properly deand lead to a solid AMV report.
monstrated. Management should keep in mind that a
For successful AMVs, available data and other suprigorous AMV program, employing reasonable accepporting information for the test method to be validated
tance criteria, may prevent discrepancy reports, OOS remust be carefully reviewed against current in-process sults, and potential product loss, since unsuitable test
or product specifications. This process takes time and
methods should not be used for routine QC testing.
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Selecting Assay Categories
When an AMV is generated to demonstrate test
system suitability to bring a routine testing procedure
into compliance, an assay category must be selected.
Guidelines published by the International Conference
on Harmonization (ICH), United States Pharmocopeia
(USP), and the Food and Drug Administration (FDA)
are similar in content and terminology used. Following
ICH guidelines is advisable when product is distributed worldwide. This article will only focus on following ICH guidelines. The FDA accepts these guidelines as long as those are consistently followed, as intended by the ICH. The ICH Q2A guidelines list four
assay categories:
• Category I: Identification Tests
• Category II: Quantitation of Impurities
• Category III: Qualitative Limit Test for Impurities
• Category IV: Quantitation of Active Ingredients
Once an assay category is appropriately chosen,
all validation parameters required for that category
must be included in the AMV protocol. All product
or in-process specifications can be classified within
five specification “codes.”
1. Match/No Match (Yes/ No)
2. No More Than (NMT; i.e., ≤ 1.0%)
3. Less Than (i.e., < 1%)
4. No Less Than (NLT; i.e., ≥ 85%)
5. Range (i.e., 80 – 120 units/mL)
Specification code no. 1 (Match/No Match) will
require validation as per ICH category I. Specification
code no. 2 (≤ 1.0%) will require ICH category II validation, because results are numerically reported
(quantitated). Code no. 3 requires ICH category III,
since results are reported as “less than” (< 1%). Codes
no. 4 and 5 (≥ 85% and 80 – 120 units/mL) require
validation per ICH category IV. The relevant required
validation parameters (i.e., Accuracy) for each product specification code and ICH category are listed in
Figure 1.
Three out of five specification codes (nos. 2, 4, and
5) require numerical (quantitative) results. Those are
graphically illustrated in Figure 2. In this figure, product specifications are related to ICH Q2B and method
32
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Figure 1

Required Validation Parameters
for ICH Assay Categories and
Specification Codes

Specification Code
ICH Category
Accuracy
Repeatability Precision
Intermediate Precision
Specificity
Linearity
Assay Range
Limit of Detection
Limit of Quantitation

Required Validation Parameters
for ICH Category (I – IV)
1
2
3 4 and 5
I
II
III
IV
No
No
No
Yes
No
No
No
No

Yes
Yes
Yes
Yes
Yes
Yes
No
Yes

No
No
No
Yes
No
No
Yes
No

Yes
Yes
Yes
Yes
Yes
Yes
No
No

capability expectations. All factors should be evaluated and integrated to derive acceptance criteria. Product specifications for qualitative assays are generally
“coded” as Match/No Match (or pass/fail, present/absent, etc.), and should be qualified or validated on a
case-by-case basis. Many microbiological assays have
abnormal (non-gaussian) data distributions (usually
well-described by Poisson statistics), and are more
difficult to generally classify for validation.

ICH Validation Parameters
When an AMV protocol is generated, the assay category must be selected first. Then, the scientific approach to demonstrate assay suitability for each required validation parameter must be described in detail in
the protocol. General guidance and considerations are
described for each validation parameter. These should
be followed when acceptance criteria are derived. Additional information can be found in the specific example
used in this article.
Accuracy is usually demonstrated by spiking an accepted reference standard into the product matrix. Percent recovery (observed/expected x 100%) should ideally be demonstrated over the entire assay range by
using multiple data points for each selected analyte
concentration. In practice, the demonstration of accuracy is mostly affected by how well systematic errors
can be controlled. When deriving acceptance criteria,
one must keep in mind that in addition to ideal accu-
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Figure 2

Numerical Product Specifications and Assay Range:
Quantitative Product Specifications
1c) Product Specification Code
Number 4
(Target: NLT 80%, Range: 80% +)
1b) Product Specification Code
Number 5
(Target: 60%, Range: 50-70%)

1a) Product Specification Code Number
2
(Target: NMT 20%,
Range: 0-20%)
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racy expectations (assuming expected equals true), potential systematic error (i.e., different response factor of
spiked reference material) must be evaluated and factored into the acceptance criteria, unless the AMV protocol permits ‘normalization,’ if required. To keep systematic error at a minimum, common scientific sense
should be used when describing spike sample preparation in the protocol (i.e., large volumes for spiked stock
solutions, only calibrated equipment).
Many quantitative assays have ranges for their
product specifications (code no. 5). The midpoint of
this range is the target concentration that was either set
historically from testing results, or as a manufacturing
process target. When deriving acceptance criteria, one
should consider that test system suitability must be
demonstrated for this target range, which is exactly
half of the specification range (target range = target
concentration ± 0.5 x specification range). During QC
routine testing, the test system must be capable to
readily meeting this target range, and must be demonstrated in the AMV. It must therefore be demonstrated
that the combined effects of lack of accuracy and reli-

ability (precision) within the assay range can routinely
be limited in order to support results within and outside product specifications (OOS). In other words, the
acceptance criteria for accuracy and precision, combined within the assay range, should not be wider than
half of the product specifications range, (at maximum)
because one would otherwise fail to demonstrate test
system suitability for this product. Intermediate precision should ideally be used here, since all routine testing samples could be tested by any trained operator on
any qualified instrument on any given day. Repeatability precision (less variability) simply would not reflect this overall assay variability. The derivation of acceptance criteria for the remaining quantitative assays
(code nos. 2 and 4) should also be dealt with in a similar matter.
Given what was mentioned above, there are several
ways to derive acceptance criteria for accuracy. One
way is: intermediate precision acceptance criteria
could be derived first from historical data (Analytical
Method Development [AMD] or QC testing). The
numerical limits for intermediate precision are then
A n a l y t i c a l M e t h o d s Va l i d a t i o n
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subtracted from the target range, and the remaining
difference will set the maximum permissible acceptance criteria range for accuracy. This is illustrated in
the AMV acceptance criteria example (Figure 6).
It may be more advisable not to use statistical approaches to demonstrate accuracy, such as t-statistics (comparing means of observed versus expected
percent recoveries of various spike concentrations).
The reason is that a potential systematic error is not
accounted for in the expected recovery (mean =
100%, variance = 0). The expected recovery will
then be compared to the observed recovery (mean
≠100%, variance ≠ 0), so that a statistical difference
(i.e., t-test at 95% confidence) is likely to occur, although this difference may not be significant when
compared to a numerical limit (percent or units). It
may therefore be more practical to give numerical
limits for accurate acceptance criteria.
Data generated for accuracy may be used to cover
required data for other validation parameters, such
as, repeatability precision, linearity, assay range, and
Limit of Quantitation (LOQ).
Repeatability Precision indicates how precise the
test results are under ideal conditions (same sample,
operator, instrument, and day). Repeatability precision should be demonstrated over the entire assay
range, just like accuracy and data generated for this
parameter may be used. This has the advantage that
fewer samples will have to be run. Even more important, when acceptance criteria are derived and connected, only one data set will be used, therefore, decreasing potential random error introduced by multiple sample preparations. The demonstration of repeatability precision is mostly affected by how well random errors in sample preparation can be controlled.
Random experimental errors can only be controlled to
some degree, since the Standard Operating Procedure
(SOP) and AMV protocol should be followed as written by operators routinely generating QC testing results.
When using AMD data, the actual generation conditions of this data must be evaluated and put into perspective to set AMV acceptance criteria. When using
QC routine testing data, data for the assay control can
be summarized and used as a worse-case scenario for
the AMV protocol. The Standard Deviation (SD) of
this historical data can be expressed as confidence limits (i.e., 95% confidence ≅ 2 x SD), units, or percent
34
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(coefficient of variation, CV = SD/Mean x 100%), and
should be used as the absolute limit for the AMV data,
since historical data (several operators, instruments,
days) should have less precision (greater CV) than
AMV data.
Intermediate Precision should be demonstrated by
generating a sufficiently large data set that includes replicate measurements of 100% product (analyte) concentration. This data should ideally be generated by
three operators on each of three days, on each of three
instruments. Different analyte concentrations to demonstrate intermediate precision over the entire assay
range could be used, but results must be converted to
percent recoveries before those can be compared. A
data matrix where the total amount of samples can be
limited, but differences among or between variability
factors, such as operators and days, can still be differentiated, is illustrated in Figure 3.
The complete data set should then be statistically
evaluated by an Analysis of Variance (ANOVA), where
results are grouped by each operator, day, and instrument, but analyzed in one large table. Acceptance criteria state no significant difference at 95% confidence
(p > 0.05) of data sets evaluated by ANOVA. It is advisable to include a numerical limit (or percentage) because the likelihood of observing statistical differences
increases with the precision of the test method. In addition, some differences among various instruments,
operator performances, and days (i.e., sample stability
or different sample preparations for each day) are normal. The overall intermediate precision allowed should
be relative to the expected accuracy, and must be within
the combined limits for accuracy and intermediate preFigure 3

Intermediate Precision
Sample Matrix
Sample
3x
3x
3x
3x
3x
3x
3x
3x
3x

100%
100%
100%
100%
100%
100%
100%
100%
100%

Conc.
Conc.
Conc.
Conc.
Conc.
Conc.
Conc.
Conc.
Conc.

Day
Operator Instrument
Number Number
Number
1
1
1
1
2
2
1
3
3
2
1
2
2
2
3
2
3
1
3
1
3
3
2
1
3
3
2
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cision. Additional F-tests and T-tests should be performed if overall p-value is less than 0.05 to evaluate
the differences among factors and within factors. More
detail will be provided in Part III of GAMVP: Data
Analysis and the AMV Report.
Specificity of an assay is usually ensured by demonstrating none or insignificant matrix and analyte
interference. The matrix may interfere with assay results by increasing the background signal (noise). Or,
matrix components may bind to the analyte of interest, therefore potentially decreasing the assay signal.
Spiking of the analyte of interest into the product (liquid), and comparing the net assay response increase
versus the same spike in a neutral liquid (i.e., water
or buffer), provides information on potential matrix
interference. Reasonable acceptance criteria are: No
observed statistical difference (t-test at 95% confidence) between assay responses of spiked samples of
product matrix, versus those of buffer matrix. If the
assay precision is relatively high, it is advisable to also
include a numerical limit, in case p < 0.05, which
should be similar to the limit stated under the validation parameter repeatability precision. This has the
advantage that in case a statistical difference is observed, a reasonably derived numerical limit should
be able to compensate for differences in sample preparation.
Other analytes potentially present in the product
matrix should be spiked in proportional concentrations into the product matrix (keeping final analyte
concentrations constant). Results of unspiked versus
spiked product should also be compared by a t-test,
and the acceptance criteria should be the same as
those for matrix interference.
Linearity of the assay response demonstrates proportionality of assay results to analyte concentration.
Data from accuracy may be used to evaluate this parameter. Linearity should be evaluated through a linear regression analysis, plotting individual results of
either analyte concentration versus assay results, or
observed versus expected results. The later approach
should ideally yield a linear regression line slope of
one (1). A slope smaller than one indicates a decreasing assay response with increasing analyte concentrations and vice versa. A y-intercept significantly greater or less than 0 with a slope of one, suggests a systematic error (i.e., sample preparation or spiked sample response factor ≠ 1). A correlation coefficient less

than one may reflect a lack of linearity, inaccuracy,
imprecision, or all of the above. ICH Q2B requires reporting the regression line y-intercept, slope, correlation coefficient, and the residual sum of squares. Only
acceptance criteria for the slope and the correlation
coefficient need to be reported for linearity. Deriving
these from accuracy and precision expectations is
rather complex, and may not be practical. Depending
on the sample preparation and the method capabilities
for accuracy and precision, reasonable acceptance criteria should be stated in the AMV protocol. Reasonable criteria are: r ≥ 0.98 (98% curve fit) and the 95%
confidence interval of the regression line slope should
contain 1.
The Assay Range of a method must bracket the
product specifications. By definition, the LOQ constitutes the lowest point of the assay range, and is the
lowest analyte concentration that can be quantitated
with accuracy and precision. In addition to the required accuracy and precision for all analyte concentration points within the assay range, the assay response
must also be linear, as indicated by the regression line
coefficient. Data for the assay range may be generated
in the AMV protocol under accuracy. Again, the advantages are a limited sample size to be run and evaluated, and the ability to evaluate this and other validation parameters from one set of prepared samples.
Acceptance criteria for assay range should therefore
be identical to those of accuracy, repeatability precision, and linearity.
Limit of Detection (LOD) of an analyte may be described as that concentration giving a signal significantly different from the blank or background signal.
ICH Q2B suggests three different approaches to determine the LOD. Other approaches may also be acceptable when these can be justified. Per ICH, the
LOD may be determined by visual inspection (A),
signal-to-noise ratio (B), or the SD of the response
and the slope (C).
Visual inspection should only be used for qualitative assays where no numerical results are reported.
The signal-to-noise approach (B) may be used whenever analyte-free product matrix is available. The analyte should then be spiked at low concentrations in
small increasing increments into the product matrix.
The LOD is then determined as the signal-to-noise
ratio that falls between 2:1 and 3:1. This is the simplest and most straightforward quantitative approach.
A n a l y t i c a l M e t h o d s Va l i d a t i o n
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Acceptance criteria derived for approach B should be
similar to those based on repeatability precision. Criteria could be, for a desired signal-to-noise ratio of
3:1, three times the SD of repeatability precision.
Approach C uses the following formula: LOD =
3.3 s/m , where s is the SD of the response, and m is
the slope of the calibration or spiked-product regression line. An estimate of the LOD is then obtained by
the principle of the method of standard additions. This
is graphically represented in Figure 4. If an assay simultaneously quantitates the active product and the
impurity, data generated in the accuracy section and
evaluated in linearity may be used to estimate the LOD
using the regression line approach. Sufficient low analyte (impurity) concentrations must be included in
the initial data set for accuracy to evaluate the LOD
from one sample preparation set. The LOD acceptance criteria for approach C should be identical to
those based on repeatability precision if the identical
data set was used. When linearity data is evaluated by
regression analysis, the LOD must not exceed the repeatability precision criteria when the predicted SD
regression line y-intercept is multiplied by 3.3, and divided by the regression line slope (slope ≅ 1).
For approach A, B, or C, and any other justified
approaches, the LOD acceptance criteria must be significantly lower than the product specifications and
Figure 4

Expected versus Observed
Spike Concentration
y = 1.033 x +1.15
r = 0.9994
(total n = 18)
SD on Y-intercept = 0.217%

Observed Analyte Concentration
(Percentages)

14
12
LOQ: 0%
Spike + 10
SD (3.15%)

10
8

LOD: 0%
Spike + 3.3
SD (1.84%)

6
4

LOD = 3.3 x 0.217% / 1.033 = 0.69%
LOQ = 10 x 0.217% / 1.033 = 2.1%

2
0

0

1

Analyte present
at 0% Spike
(1.15%)
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3 4 5 6
7 8
Expected (Spiked) Analyte
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the LOQ. Selecting and justifying a particular approach should be done with a knowledge of method
capabilities, in particular the level of precision. One
cannot expect to determine a relatively low LOD, as
the variance within low analyte concentrations is relatively high.
Limit of Quantitation (LOQ) is by definition the
lowest analyte concentration that can be quantitated
with accuracy and precision. Since the LOQ constitutes the beginning of the assay range, the assay range
criteria for linearity must be passed for the particular
analyte concentration determined to be the LOQ. The
determination of the LOQ involves the same approaches (A, B, and C) as those for LOD. The only
difference is the extension of the required signal-tonoise ratio to 10:1 (approach B), or the change in the
formula (approach C) to: LOQ = 10 s/m. The acceptance criteria for LOQ should therefore be set proportionally similar to those indicated for LOD. In addition, the LOQ acceptance criteria should contain the
same limits for accuracy, repeatability precision, and
linearity, as set for each of these validation parameters.
Two reasons of caution should be considered when
following ICH approach C. One, the determination of
particular analyte concentrations for LOD and LOQ
are independent of sample size, but sample size should
be ≥ 6. Individual results plotted for each analyte concentration tested (instead of averages) generally yield
higher SDs, and therefore higher LODs and LOQs.
Two, approach C only delivers acceptable LODs and
LOQs when the assay response is highly linear, precise, and accurate over the plotted concentration range.
In addition, the spiked sample preparation must be accurately performed to prevent further random deviations from the regression line. If any of these raised
issues may be a real concern, a different justified approach should be chosen.
Robustness should be addressed during method
development. The main reason is that a method and
its governing SOP are not to be changed for routine
testing and the validation of that SOP. The SOP controls operational limits within the overall system suitability criteria that are set during AMD. Deliberate
small changes to the test system should be done during development, because significant differences in
the AMV results may not be easily explained in the
AMV report.
System Suitability should be demonstrated by showing
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that a complete test system is capable of delivering accurate and reliable results over time when used under routine QC testing conditions. All materials to be tested or
used in testing should be stable in excess of the duration of the test procedure. Appropriate reference material (standards and/or controls) should be used to establish and control system suitability. Standards and controls
should have reasonable acceptance limits properly derived
from historical data. These limits should be regularly
monitored and adjusted to account for minor
changes, such as those potentially expected from
switching reagents.
Overall test system suitability is generally demonstrated by passing the acceptance criteria of all AMV
parameters evaluated. During the AMV execution, all
invalids, repeats, and OOS results generated should
be evaluated in the AMV report. More detail will be
provided in Part III of GAMVP.

AMV Acceptance Criteria Example
Once it has been decided that a test method must be
validated, as per standard practice instructions (see also
GAMVP, Part I, November 2002 issue, Journal of Validation Technology), a successful AMV approach should
be thoroughly planned. Provided below is an example
how to select the appropriate assay categories (therefore
the required validation parameters), develop and describe a validation strategy, and systematically derive
reasonable acceptance criteria for the AMV protocol.
Hypothetical Scenario
The formulation of a therapeutic protein will be
changed (minor) at a late stage of the purification process. Several final container test methods require complete revalidations (current method) or validations (new
method), while some will require only partial revalidations, depending on the formulation change impact on
each test method. It was decided that the purity test requires a complete revalidation. Quantitative Capillary
Zone Electrophoresis (CZE) is used to simultaneously
provide results for the active protein and the impurities
present in low, but reported concentrations. All protein
components present are quantitated as Relative Percent
Area (RPA) out of all components present (100%).
Final container product specifications are NLT 90% for
active protein, NMT 5% of protein impurity A, NMT
10% of protein impurity B.

Approach
The CZE test method must be validated for content/potency (major component) and for quantitation
of impurities. From the information listed in Figure 1,
the CZE test method must be validated simultaneously
for ICH category I and II. The required validation parameters are accuracy, repeatability precision, intermediate precision, specificity, linearity, assay range,
LOD, and LOQ.
The next step is to analyze product specifications,
and compare those to the historical assay performance.
In general, the historical assay performance can be
evaluated from AMD data, previous validation data,
historical product final container QC testing data, and
historical assay control data. Since we are revalidating
this CZE test procedure without having changed test
method system parameters besides our minor product
reformulation, there is no need to evaluate AMD and
previous validation data. Assuming that there were no
recent minor changes (i.e., change in reagent manufacturer) that could have shifted historical results for
the assay control (and product), historical QC data for
final containers of product, and the assay control of the
last several months (n ≥30) should be evaluated. Historical product results will contain lot-to-lot variation
due to an expected lack of complete product uniformity. These results are therefore expected to have a
greater variation than those of the assay control. The
historical QC testing data for the control and product
are listed in Figure 5.
Figure 5

Historical Testing Data for the
Assay Control and Product Over
the Last Six Months
Sample/Statistic

Percent
Percent
Percent
Purity
Impurity A Impurity B
Prod. Cont. Prod. Cont. Prod. Cont.

Sample
Product
Specifications
90%
5%
10%
n
90
90
90 90
90
Mean
(in percentages) 94.1 91.4 2.0 2.8
3.9
Standard Deviation
(in percentages) 1.32 1.14 0.43 0.31 0.55
CV
(in percentages) 1.41 1.25 28.6 11.1 13.8
KEY:
Prod. (Product)
Cont. (Control)
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The data of Figure 5 may then be used to generate the acceptance criteria for all required validation
parameters. Figure 6 lists each validation parameter
with the relevant AMV design, brief sample preparation, reported results, acceptance criteria, and a rationale for acceptance criteria for those areas.

The Validation Protocol
The AMV protocol may consist of sections listed
in Figure 7. In general, the protocol should have sufficient detail to be executed by the operators routinely
performing the test procedure to be validated. The
SOP (or draft version) must be followed as written,
unless specified and reasoned in the protocol. This is
important because the SOP, which includes sample
preparation and instructions as to how results are generated and reported, should be validated as a complete
test system.
Following a signature page and a list of content sections, reasons, and scope of the AMV, as well as previous or supporting validations, should be mentioned in
the introduction section. A brief description of the principle of the test methodology should be given in the
principle section. Materials, equipment, and instrumentation to be used must be described in detail, including Certificates of Analysis (CoA) for all reference
materials, instrument ID numbers, and all products or
in-process material to be tested. Historical assay performance should be summarized from analytical method
development data (new method) or routine testing results (revalidation), and integrated into the acceptance
criteria. The selected assay classification (i.e., category
IV assay validation to be used for the quantitation of
the main drug component) should be clearly given in
the beginning of the section on validation parameters
and design. The validation approach used to demonstrate system suitability for each validation parameter
should be described and justified, and reported results
and their acceptance criteria should be provided. In addition, detailed instructions for sample preparation,
AMV execution, and validation result generation should
be included. A section, data analysis, should indicate
which software (validated) should be used to statistically evaluate results versus acceptance criteria.
A table (validation execution matrix) should be included in the protocol, listing which validation parameter will be executed by which operator, on which day,
38
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and on which instrument. This table will demonstrate to
the reader of this document that the proposed validation
is well-planned, and should furthermore prevent execution deviations by the operators. A validation execution
matrix example is given in Figure 8.
A list of references to the governing Standard Practice (SP) and supporting documents ensures the reader
that all relevant procedures are followed, and that relevant supporting documents (CoA, product specifications, historical data, and supporting reports) were
consulted. All supporting documents should be attached (list of attachments) and filed with the protocol.
A final section, AMV matrix and acceptance criteria, in
which the reader can refer to a table where each validation parameter’s validation approach, reported results,
and acceptance criteria are summarized, will be helpful. Information can be copied from the validation
parameter section.

Significant Digits of Reported Results
Final container and in-process product specifications should report test results with the appropriate number of significant digits. AMVs should generate this number by consistently following a designated SP. Test results must be reported reflecting
the uncertainty in these results. This uncertainty can
be expressed by using the appropriate number of
significant digits based on assay precision. How
exactly this is to be done, depends on definitions
and instructions within the SP(s). One relatively
simple way of dealing with this issue is to use a
widely accepted SP, such as E 29-02, published by
the American Society for Testing and Materials
(ASTM E 29-02).1 This practice gives clear instructions on how to generate significant digits
from repeatability precision, which is required of
quantitative AMVs, as per ICH, USP, and FDA
guidelines. The reason that AMVs should deliver
the appropriate reported uncertainty for test results
lies mostly in the fact that by the time an AMV is
executed, at a minimum, a draft version of the SOP
is already in place on which QC operators have
been trained. Following this ASTM E 29-02 practice, in which the definition for repeatability precision matches those of ICH, USP, and FDA, provides the advantage of having reference to an accepted federal document.
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Figure 6

Summary of Overall AMV Design and Acceptance Criteria
Validation
Parameter
Pre-requirement (1)

Pre-requirement (2)

Accuracy

AMV Design

Identification and
purity of commercially purchased
protein impurity A
and B must be
determined using
complimentary
tests (other methods such as SDSPAGE, HLPC,
HPSEC, MS,
Western Blot).
Run in triplicates.
Potential response
factor differences
for protein impurity
A and B must be
determined. Differences in purity
and/or response
factors must be
‘normalized’ for
percent recovery
calculations. Run
in triplicates.
Percent recoveries
of commercially
purchased reference material for
protein impurity A
and B will be determined from increasing spike
concentrations by
using Relative
Percent Area
(RPA). RPAs for
each protein impurity and corresponding therapeutic protein will
be determined
using individual
response factors (if
required). All spike
concentrations will
be run in triplicates
by Operator 1 on
Day 1 using Instrument 1.
Percent Recovery
= (Observed
RPA/Expected
RPA) x 100%.

Sample
Preparation

Minimum
ICH Q2B
Requirements

Reported
Results

Acceptance
Criteria

Follow correN/A
sponding SOPs
for other tests.

Mean purity
(n=3) in %,
identification
(n=3): Yes/no

Identification
of commercially purchased proteins must
match impurity protein A
and B, respectively.

Follow SOP for
CZE. Ideally, protein impurity A
and B should be
tested individually at product
specification
concentration,
and final container product lot
(A) should be
tested at 100%.
Spike commercially purchased protein impurity A and B
each into reformulated final
container product (lot A) with
increasing concentrations (0.0,
0.5, 1.0, 2.0,
5.0, 10.0, 15.0,
20.0 %) keeping final protein
concentration
constant.

N/A

Mean area
counts for
None
each of impurity A and B.
Response factors.

Data: three replicates over three
concentrations
covering the
Assay Range.

Mean percent
recoveries
(n=3) for each
spiked concentration
(n=7) for impurity A, impurity
B, and the corresponding
percent recoveries for the
therapeutic
protein will be
tabulated.

Mean spike
recoveries for
impurity A and
impurity B for
each spike
concentration
(n=7) must fall
within
100±40% and
100+ -20%,
respectively.
Each corresponding
mean spike
recovery
(n=2x7) for
the therapeutic protein
must fall
within 98102%.

Rationale for
Acceptance
Criteria
We cannot expect
100% purity of commercial proteins. Less
than 100% purity can
be normalized for percent recovery calculations. Identification(s)
must match because
response factors for
impurity protein A and
B (Accuracy) can otherwise not be validated.
(Caution must be
exerted here because we are currently using the
CZE test (validated
for final product release testing).

The combination
(worst-case scenario) of assigned
limits for Intermediate Precision and
Accuracy must be
no greater than the
difference between
historical mean product results (n=3, see
Table 3) and their
corresponding product specifications
(n=3). A worst-case
limit of historically
recorded 2 SDs (of
assay control, see
Intermediate Precision) has been assigned to Intermediate Precision. This
limit is then subtracted from the
product specifications, and constitutes
the maximum value
for the acceptance
criteria for Accuracy.
An example for the
therapeutic protein
Continued
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Figure 6 (Continued)

Summary of Overall AMV Design and Acceptance Criteria
Validation
Parameter

AMV Design

Sample
Preparation

Minimum
ICH Q2B
Requirements

Reported
Results

Acceptance
Criteria

Accuracy

Repeatability
Precision

Data will be generated in Accuracy to demonstrate precision
over the entire
Assay Range.
In addition, Operator 1 on Day 1
using Instrument 1
will generate
n=15 data points
using one final
product container
lot. This extensive
data set for Repeatability Precision will be used
to generate the appropriate number
of significant digits
to be reported for
test results.

Intermediate
Precision

One unspiked final
product container
lot (A) will be
tested in triplicates
on each of three
days by each of
three operators on
each of three instruments. Intermediate Precision
will be determined
for each purity
and integrity characteristic by using
an Analysis of Variance (ANOVA).
Any statistical differences (at the
95% confidence
level) between
and within factors
(operators, days,
instruments) will

40

Follow SOP for
CZE and test
one final product container
lot (A) at 100%.

Data: Nine determinations over
Assay Range
(e.g., three replicates over three
concentrations).
six determinations at 100%
test concentration.

From Accuracy data: CVs
(in %), means
(n=3), SDs,
CIs (p=0.05)
for means, for
% therapeutic
protein, protein impurity A,
and protein
impurity B.
Report: Standard From Repeatability
Deviation (SD),
data:
Coefficient of
Variation (CV),
CV (in %),
Confidence Inter- mean (n=15),
val (CI).
SD, CI (p=0.05)
for mean, for
% therapeutic
protein, protein impurity
A, and protein
impurity B.

Mean CVs
(n=8) from Accuracy data
must be within
the following
limits (in
RPA): % therapeutic protein: NMT 2.5,
% impurity A:
NMT 22. %
impurity B:
NMT 13.
CVs (n=3)
from 15 data
points must
be within the
following limits
(in RPA): %
therapeutic
protein: NMT
1.3, % impurity A: NMT
11. % impurity
B: NMT 6.7.
Follow SOP for Data/Report: No Overall and
P-value of
specific require- individual PCZE and test
ANOVA must
one final prod- ments. Variations values of fac- be NLT 0.05. If
tors (opera(factors) to be
uct container
p < 0.05, addilot (A) at 100%. studied (in a ma- tors etc.) from tional F-tests
ANOVA. Over- and T-tests will
trix) are days,
all and factor be performed
operators, and
CV(s) and
equipment.
to isolate facSD(s) for %
tors with statistherapeutic
tically different
protein, promeans and/or
tein impurity
variations. An
A, and protein investigation
impurity B.
must demonstrate that each
different factor
mean (at
p=0.05) will not
affect assay
performance
and overall system suitability.
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Rationale for
Acceptance
Criteria
recovery is given
here: {[(94.1% 90.0%) - (2 x
1.14%)] / 90.0%} x
100% = 2.02%.
Therefore, percent
recovery = 100±2%.
CVs may differ over
the studied assay
range, and we have
very limited data
points (n=3) for
each test concentration. Therefore,
we must keep
mean CVs as wide
as possible to avoid
failing acceptance
criteria.
CVs from samples
at 100% test concentrations (n=15
data points) shall
be no greater than
those of the historical assay control
because these data
were generated
over six months by
different operators
on different instruments.
The means and precision variabilities
among and between
factors should not
be statistically different at 95% confidence. The likelihood of observing
statistical difference(s) increases
with assay precision,
and may not impact
system suitability. It
is therefore advisable to set an “escape clause” by
generating numerical limits for overall
CV (2 SDs of assay
control) and factor
CVs (1 SD of assay
control) from the
historical data. It is
Continued
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Figure 6 (Continued)

Summary of Overall AMV Design and Acceptance Criteria
Validation
Parameter

AMV Design

Intermediate
Precision

be investigated. (A
matrix for Intermediate Precision is
illustrated in Table
2 of this article)

Specificity

Matrix interference:
Matrix interference
will be evaluated by
comparing results
for each impurityspiked (A and B)
sample, spiked into
final product container (lot A), to
those of spiked
assay control, and
spiked current final
product (lot B). Percent recoveries will
be compared by
ANOVA and, if required, by t-tests to
evaluate potential
differences between product lot
(lot A), the assay
control, and current
final product (lot B).
One operator will
run all samples on
one day on one instrument. The following samples will
be prepared: Three
spiked sample preparations of each
impurity (n=2) for
each sample

Sample
Preparation

Minimum
ICH Q2B
Requirements

Matrix interfer- No specific reence: All sam- quirements.
ples (constant
final concentrations) will each
be spiked with
5% of protein
impurity A and
B.

Reported
Results

Individual and
mean (n=3)
RPAs and corresponding
percent recoveries for
spiked samples (n=6) will
be reported.
An ANOVA
table will be
presented.

Acceptance
Criteria
Overall CV
must comply
with the following limits: %
therapeutic
protein (in
RPA): NMT
2.5, % impurity A: NMT
22. % impurity
B: NMT 13.
Factor CVs
must comply
with the following limits: %
therapeutic protein (in RPA):
NMT 1.3, %
impurity A:
NMT 11.% impurity B: NMT
6.7.
No statistical
significant difference (at
95% confidence level)
shall be
obtained
(p > 0.05) in
ANOVA. If p <
0.05, additional
F-tests and ttests will be
performed to
isolate spiked
samples with
statistically different means
and/or variations. An investigation must
demonstrate
that each different factor
mean (at
p=0.05) will not
affect assay
performance
and overall
system suitability.
The difference(s) among
spiked

Rationale for
Acceptance
Criteria
more meaningful to
use the historical
assay control data
(see Table 3) here
because product
data includes normal variation among
different product lots.

The means and
precision variabilities among and between factors
should not be statistically different at
95% confidence.
Similar to Intermediate Precision,
the likelihood of observing statistical
difference(s) increases with assay
precision, and may
not impact system
suitability. In addition, we should account for potential
differences in results due to sample
preparations. It is
therefore advisable
to set an “escape
clause” by generating numerical limits
for difference limit
(1 SD of assay
control) from the
historical data. It is
more meaningful to
use the historical
assay control data
(see Table 3) here
Continued

A n a l y t i c a l M e t h o d s Va l i d a t i o n

41

Stephan O. Krause, Ph.D.

Figure 6 (Continued)

Summary of Overall AMV Design and Acceptance Criteria
Validation
Parameter

AMV Design

Sample
Preparation

Minimum
ICH Q2B
Requirements

Reported
Results

Specificity

(n=3). All samples
will be run three
times (total runs:
n=3x2x3x3=54).
Analyte interference: Analyte interference can be
inferred from the
matrix interference studies.

Linearity

Linearity will be
See Accuracy.
determined at the
low percentage
range (approx. 020 RPA) to cover a
potential impurity
range (NMT 5%
impurity A; NMT
10% impurity B),
and at the high
percentage range
(approx. 75 to 95
RPA) to cover the
product specifications for the therapeutic protein (NLT
90 %). Three regression lines will
then be generated,
one each for the
two low (impurity A
and B), and one for
the high (therapeutic protein) percentage ranges. Individual RPA results (n=3 for
each spiked concentration) for each
spiked concentration (0.0, 0.5, 1.0,
2.0, 5.0, 10.0,
15.0, 20.0%) will
be plotted against
actual spike concentrations (in
RPA) present.

Correlation coefficient(s), y-intercept(s), slope(s) of
regression line(s),
and Residual
Sum(s) of Squares
(RSS) should be
reported.
A plot of the data
(regression line)
to be provided.
NLT 5 concentrations to be
tested.

Regression
line slopes, intercepts, correlation coefficients, RSS for
each regression line.
Plots (n=3) of
the regression
lines of individual RPA results (n=3 for
each spiked
concentration)
for each
spiked concentration (0.0,
0.5, 1.0, 2.0,
5.0, 10.0, 15.0,
20.0%) versus
actual spike
concentrations
(in RPA) present will be
provided.

Assay Range

Assay Range will See Accuracy.
be determined at
the low percentage range (approx. 0-20 RPA) to

For therapeutic
protein:
80 to 120% of
test concentration.

Regression
line slopes, intercepts, correlation coefficients, RSS

Acceptance
Criteria

Rationale for
Acceptance
Criteria

matrices (lots A
and B, and
assay control)
for each spiked
impurity (n=2),
must be no
greater than the
following limits
(in RPA): NMT
1.3, % impurity
A: NMT 11. %
impurity B:
NMT 6.7.
Correlation coefficient ≥ 0.98
for each of
three regression lines.
All three CIs
(at 95% confidence) for each
regression line
slope must
contain 1.

because product
data includes normal variation among
different product
lots. A reason of
caution is how well
differences in sample preparation can
be controlled.

Correlation coefficients for
each of three
regression
lines. All three

All results generated
within the determined Assay Range
must be accurate
and precise. The

Because lack of
Accuracy, Repeatability Precision,
and differences in
sample preparation(s) may contribute to a decrease in regression line fit (lower
correlation coefficient), a generally
acceptable correlation coefficient (≥
0.98) should be
used here. The
confidence limits of
the slope should
contain 1 since otherwise assay response may not be
sufficiently proportional to support
quantitative results
over the entire
assay range.

Continued
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Figure 6 (Continued)

Summary of Overall AMV Design and Acceptance Criteria
Validation
Parameter
Assay Range

AMV Design

Sample
Preparation

For impurity A
and B:
From reporting
level to 120% of
specification

cover a potential
impurity range
(NMT 5% impurity
A; NMT 10% impurity B), and at
the high percentage range (approx. 75 to 95%)
to cover the product specifications
for the therapeutic
protein (NLT 90
%). For details,
see Linearity section.

Limit of Detec- The LOD will be
determined for
tion
each impurity (A
and B) concentration from data
generated in the
Accuracy section
and evaluated in
the Linearity section. For details,
refer to the Linearity section. Since
final product container lot (A) may
contain significant
levels of each of
impurity A and B
(> 1%), the LOD
will be determined
from the regression lines generated for impurity A
and B in the Linearity section as per
section VII.C.1 of
ICH Guidance to
Industry document
Q2B.
LOD = (3.3 x σ) / S
The slopes (S) will
be determined from
the linear regression data for each
impurity (A and B).
The standard deviation (σ) of the response will be determined from

Minimum
ICH Q2B
Requirements

See Accuracy
and Repeatability Precision.

Reported
Results

for each regression line
will be reported.
All coefficients
of variation
(CV) for RPA
for each spiked
concentration
will be reported.
An overall CV
for each of the
three spiked
samples series
(impurity A, B,
and therapeutic
protein) will be
reported.
Approach C (see All concentrations and resection LOD of
sults (in RPA)
this article):
LOD = (3.3 x σ) / will be tabuS, where σ = SD lated. The apof response and parent LODs
(in RPA) for
S = regression
each impurity
line slope.
(n=2) will be
reported.

Acceptance
Criteria

Rationale for
Acceptance
Criteria

regression line
slope CIs
(95% confidence) must
contain 1. All
acceptance
criteria for Accuracy, Repeatability
Precision, and
Linearity must
be passed.

assay response
within the Assay
Range must be linear. For further details, see sections
Accuracy, Repeatability Precision,
and Linearity.

The LODs for
impurity A and
B must be
NMT 0.4%
and 0.9%, respectively.

In general, this ICH
recommended approach to determine
LOD may yield relatively high values for
LOD (and LOQ) versus some alternative
approaches. The
level of Accuracy,
Repeatability Precision, and Linearity
in results generated
by this test system
will be reflected in
the LOD (and LOQ).
The LOD should be
less (33%) than the
LOQ, which in turn
must be significantly
less than the historical product impurity
means. See also
LOQ.

Continued
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Figure 6 (Continued)

Summary of Overall AMV Design and Acceptance Criteria
Validation
Parameter

AMV Design

Limit of Detec- the RPA results
for each impurity
tion
(A and B) in the
Repeatability Precision section.
Limit of Quan- The LOQ will be
determined for
titation
each impurity (A
and B) concentration from data generated in the Accuracy section,
and evaluated in
the Linearity section. For details, refer to the Linearity
section. Since final
product container
lot (A) may contain
significant levels
each of impurity A
and B (> 1%), the
LOQ will be determined from the regression lines generated for impurity
A and B in the
Linearity section,
as per section
VIII.C.1 of ICH
Guidance to Industry document Q2B.
LOQ = (10 x σ) / S
The slopes (S) will
be determined
from the linear regression data for
each impurity (A
and B). The standard deviation (σ)
of the response
will be determined
from the RPA results for each impurity (A and B) in
the Repeatability
Precision section.
System Suit- All current criteria
ability
for system suitability (per SOP)
must be satisfied
in order for each
test to be considered valid. Each
failing test will be
44

Sample
Preparation

Minimum
ICH Q2B
Requirements

Reported
Results

Acceptance
Criteria

See Accuracy
and Repeatability Precision.

Approach C (see
section LOQ of
this article):
LOQ = (10 x σ) /
S, where ( = SD
of response and
S = regression
line slope.

All concentrations and results (in RPA)
will be tabulated. The apparent LOQs
(in RPA) for
each impurity
(n=2) will be
reported.

The LOQs for
impurity A and
B must be
NMT 1.1%
and 2.8%, respectively.

The LOQ should be
significantly less
than the historical
mean impurity results (2.0% and
3.9% for impurity A
and B, respectively,
see Table 3). We
can determine the
LOQ (and therefore
the LOD) by subtracting 2SDs for
product impurity results from the historical mean impurity results (e.g., impurity A: 2.0% - 2 x
0.43% = 1.14%).
See also rationale
under LOD.

See all sections.

No specific requirements.

Number of valid and invalid
tests. Appropriate number
of significant
digits to be
used for final
result reporting.

As per SOP.
No acceptance
criteria for number of invalids
and appropriate number of
significant digits.

System suitability will
be demonstrated by
passing all acceptance criteria. System suitability criteria
of the SOP may
change, depending
on the number
Continued
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Figure 6 (Continued)

Summary of Overall AMV Design and Acceptance Criteria
Validation
Parameter
System Suitability

AMV Design

Sample
Preparation

Minimum
ICH Q2B
Requirements

Reported
Results

Acceptance
Criteria

repeated per SOP
until the current
criteria are met.
System suitability
will be evaluated
by listing invalid
tests. The appropriate number of
significant digits in
reported results
will be determined
following ASTM E29-02.

Rationale for
Acceptance
Criteria
of valids/invalids
generated.

Acceptance Criteria System
When acceptance criteria are determined for each
validation parameter, the fact that these are connected
may often be overlooked. Each quantitative test system has certain capabilities to yield accurate, precise,
and analyte-specific results over the desired assay
range. Since every test system has certain limits on its
capabilities, the acceptance criteria that ideally should
define these limits should be connected. Test perfor-

mance expectations should be reflected in an Acceptance Criteria System (ACS) where all acceptance criteria for the required validation parameters (as per
assay classification) are meaningful, and will focus on
permissible worst-case conditions.
Like most concepts, the ACS has several drawbacks.
One, it takes time and experience to evaluate and integrate all assay performance expectations into one system for all validation parameters, especially when validation data will be generated under QC routine testing

Figure 7

Suggested AMV Protocol Sections
Section
Number
N/A
N/A
1
2
3
4

Section
Number
Protocol Approval
List of Protocol Sections
Introduction
Principle
Materials, Equipment, and
Instrumentation
Historical Assay Performance

5

Validation Parameters and Design

6
7
8
9
10

Validation Execution Matrix
Data Analysis
List of References
List of Attachments
AMV Matrix and Acceptance
Criteria

Subsections
Protocol Title; Signatures with Job Titles
Table of Content; List of Figures (if applicable); List of Tables
N/A
N/A
Materials; Equipment; Instrumentation
Historical Data for Assay Control; Historical Data for Samples
(if available); Product Specifications
Test Method Description (summarizes SOP); Validation Pre-Requirements (if applicable); Validation Parameters
See Table 5
Calculation Samples; Statistical Software
N/A
N/A
Table with Column Headings: Validation Parameters, Validation
Approach, Sample Preparation, Reported Results, Acceptance
Criteria
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Figure 8

Validation Execution Matrix
Validation
Parameter
Accuracy
Repeatability
Int. Precision
Int. Precision
Int. Precision
Int. Precision
Int. Precision
Int. Precision
Int. Precision
Int. Precision
Int. Precision
Specificity
Specificity
Linearity
Assay Range
LOD
LOQ

Op.
Number
1
1
1
2
3
1
2
3
1
2
3
1
1
1
1
1
1

Day
Number
1
1
2
2
2
3
3
3
4
4
4
5
5
1
1
1
1

Ins.
Number
1
1
1
2
3
2
3
1
3
1
2
1
1
1
1
1
1

conditions. Two, systematic errors introduced during
sample preparation for spiking studies (initially, small
errors could also be magnified at the end of a dilution
series) to determine accuracy (percent recovery) may
not be accounted for when the ACS is solely developed
using historical data and method capabilities. Three,
when one validation parameter will fail its acceptance
criteria, in general, all validation parameters will fail,
leading to potential complete failure to demonstrate test
system suitability. On the other hand, the opposite must
then also be true, meaning that all criteria within the
complete ACS will be passed when one acceptance criterion will be passed.
Although ACS may only be a concept at this point,
and may not be applicable for all AMVs, the potential
advantages of a well-developed ACS should outweigh
the drawbacks, because the ACS is solid as a system,
and can easily be justified and defended. Each individual acceptance criterion is now meaningful, related
to all others, and reflects the test system performance
capabilities. The concept of ACS should be considered
for accuracy, precision (repeatability and intermediate), assay range, LOQ, and specificity. However, deriving acceptance criteria for the linearity parameter
will be difficult, since an estimation of the potential
46
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Run
Number
1
1
2
3
4
5
6
7
8
9
10
11
12
1
1
1
1

Sample
(Spike Conc.)
(3x): 5, 10, 20, 40, 60, 80, 100, 120%
As Accuracy
3x 100% Conc.
3x 100% Conc.
3x 100% Conc.
3x 100% Conc.
3x 100% Conc.
3x 100% Conc.
3x 100% Conc.
3x 100% Conc.
3x 100% Conc.
Matrix Interference
Analyte Interference
As Accuracy
As Accuracy
As Accuracy
As Accuracy

worst-case combination(s) of regression line slope, yintercept, and regression coefficient becomes very
complex.
With a well-developed ACS, the auditors can no
longer criticize acceptance criteria. Acceptance criteria are now derived as part of the ACS, which in turn,
demonstrates method capabilities in respect to product specifications, historical data, and method capabilities. Furthermore, the ACS is a dynamic system
that can be readily adapted as a unit to changes to the
system, or for other reasons for revalidation. With experience, it will become easier and faster to set up an
ACS, even for the AMV of a new test method.

Conclusion
Deriving reasonable acceptance criteria requires
experience and a deep understanding of the method
capabilities, product specifications, and historical
data. This article provides a detailed approach to derive these criteria, which can now be justified and
easily defended in an audit. The AMV can now accurately demonstrate that the test system is suitable
for its intended use. ❏

Stephan O. Krause, Ph.D.
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Good Analytical Method
Validation Practice
Setting Up for Compliance
and Efficiency: Part I
By Stephan O. Krause, Ph.D.
Bayer HealthCare Corporation

❖

I

n recent years, Analytical MeHow many validation resources a
thod Validation (AMV) has becompany decides to devote to the
❝Once the FDA
come an increasing concern and
AMV program is a business decision
focus of regulatory agencies. Agen- has audited AMVs like the purchase of insurance for the
cies expect companies to continushipped licensed product. Companies
and
found
general
ously modify test methods along the
can invest a minimum level of recompliance, the sources, and wait to be eventually hit
long path from drug development to
final release testing of the licensed
by the U.S. Food and Drug AdminAgency will
product. The level of detail and valistration (FDA) with 483 observaidity within test method qualification certainly be more tions and potential Warning Letters.
and validation documents increases
On the other hand, companies may
confident
and
along this path. Although directed
invest more resources into the AMV
trusting in
towards Quality Control (QC), deprogram and supporting departments,
partments of mid- to large-sized manand this would then pay off later in
the overall
ufacturers for biological and phartime when FD-483 observations and
testing results.❞ warning letters could be avoided.
maceutical products, most of the
suggestions presented here may also
Once the FDA has audited AMVs
be applied to other industries. The
and found general compliance, the
scope of this article is to illustrate a rigorous AMV
Agency will certainly be more confident and trusting in
program, that when consistently applied, should mainthe overall testing results. This impression may carry
tain compliance with regulatory agencies in the future. on for years to come, and will furthermore ensure prodThis article will provide recommendations on how to
uct safety to the patient.
incorporate compliance requirements into a practical
Efforts towards a compliant and efficient AMV
and efficient approach to produce analytical valida- program include the generation of a method validations.
tion master plan, which aligns the timelines of the
Good Analytical Method Validation Practice
regulatory and manufacturing units with validation
(GAMVP) ensures accurate and reliable test results, project completion. To be efficient, the AMV departand therefore the safety and quality of the product.
ment must be well-organized, and staffed with expe48
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rienced scientists who are sufficiently trained to consistently plan and execute validation projects. It is
important to realize that the continuously increasing
number of required validations must be counterbalanced also by an equivalent staffing increase of Quality Assurance (QA) personnel, delegated for protocol
and report review and approval. In order to cope with
increasing expectations, the AMV department must
be integrated effectively within the QC unit. However, the set-up of the AMV program starts with the
generation of the Standard Practice/Procedure (SP)
document, which governs the process of AMVs. The
SP clearly defines all required AMV procedures and
responsibilities.

The AMV Standard Practice/Procedure
Qualification versus Validation
Differences in the definitions for analytical method
qualifications versus validations among regulatory
agencies, and often even within a company’s functional units, have somehow lead to confusion for the
user. Unfortunately, there is currently no guidance
available why and when methods must be qualified or
validated, with the exception of non-compendial
methods used for release testing, which must be validated. It is important that these terms are clearly defined in the governing SP. This document should state
at which drug development or process stage methods
must be qualified or validated. Since regulatory agencies have still no harmonized classification for the terminology, it is not important how companies define
these terms, as long as these are well-defined in the SP,
and these definitions are understood and followed by
all users.
Method qualification is demonstrating test system
suitability. The method qualification report should contain an assessment of the accuracy and precision of
the test results, and the appropriate number of samples to be tested. Method qualifications should be performed for all compendial methods used. Pre-set acceptance criteria for system suitability (accuracy, precision, and sample size) should be used in the qualification protocol, but may be “wider” than those in the
validation protocol, since method qualification is not
intended to challenge a compendial or otherwise validated test method.
Method validation is also demonstrating test sys-

tem suitability, but requires a more rigorous approach.
When following regulatory expectations set forth in
the SP, a series of validation performance characteristics (see section on Validation Parameters) must be
strictly followed. All non-compendial test methods
must be validated in addition to those previously qualified, or validated methods, which have been automated or otherwise changed. Method validation must
challenge system suitability, and should therefore have
“tighter” pre-set acceptance criteria for each validation
parameter in the validation protocol. Suggested applications for test method qualifications and validations
Figure 1

Method Qualification
Method Qualification

Compendial
Method

Minor
Changes to
Compendial
Method

Minor
Changes to
Validated
Method

Requalification

Method Qualification = Demonstration of system suitability
Minor changes to (qualified) compendial or validated test system: Reagents, materials, measurements, equipment, etc.
Requalification of test system: Test system failure (i.e., invalid
tests >10%), or required per SP to be performed (i.e., routinely every two years)

are given in Figure 1 and Figure 2, respectively.
Test methods could also be defined as qualified
when developed by the Analytical Method Development (AMD) group. This definition would then
also correlate with the equipment and instrument terminology (qualification), and the AMD report could
then be used as the Performance Qualification (PQ)
for the relevant instrument(s) after the Design Qualification (DQ), Installation Qualification (IQ), and
Operation Qualification (OQ) are executed and approved.
All test method qualification and validation protocols should contain acceptance criteria for each studied validation parameter. Not only validation, but
also, qualification protocols should be generated with
clear expectations what criteria an instrument or
method must routinely produce. Qualifications may
A n a l y t i c a l M e t h o d s Va l i d a t i o n
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Figure 2

Method Validation
Method Qualification

Not a Compendial
Method

Analytical
Method Development

Minor
Changes to
Compendial
Method

Minor
Changes to
Validated
Method

Revalidation

Method Qualification = Performance characteristics as per ICH/USP/FDA guidances and SP
Major changes to (qualified) compendial or validated test system: Different procedures, data
analysis, standards, full automation
Requalification of test system: Test system failure (i.e., invalid tests >10%), or required per SP
to be performed (i.e., routinely every two years)

include “wider” acceptance criteria than validations
because, in general, less history of system suitability
and overall assay performance may be available.
Assigning Responsibilities
Recent trends of auditors that criticize companies
for the lack of assigned responsibility and accountability should be considered when these areas are defined in the SP. The method development reports
should be reviewed by the AMV department and approved by QA management. The AMV protocol and
report should be prepared by experienced AMV scientists, reviewed by the AMV manager, QC manager
or supervisor, and by the leading QC operator. Review by the leading QC operator ensures that all
technical details of the protocol are corresponding to
the Standard Operating Procedure (SOP), and are followed by the operator(s), and that all data and deviations are properly documented. QA management
must approve all documents required by the U.S.
Code of Federal Regulations (CFR) Title 21. The
AMV department is responsible for the timely completion (i.e., six months) of the validation, data, information integrity, and compiling and archiving of
the AMV package. Figure 3 illustrates the assigned
department responsibilities, interfaces, and the overall process flow of a new analytical test method.
AMV Documentation
Nothing demonstrates control and overall integrity more than serialized (in red) pages for the
50

Changes to
Product or
Matrix
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AMV protocols and reports. This is truly the ultimate document control, ensuring that acceptance
criteria and results cannot be changed during or after
the validations are performed. Although not currently expected from regulatory agencies, this cumbersome effort will be rewarded with an overall positive impression on the regulatory agency auditor
that AMVs are performed at the highest quality
level.
AMV protocols and reports should have unique
identification numbers, such as AMVP-02-001 for
Analytical Method Validation Protocol generated
chronologically as the first one in the year 2002
(AMVR-02-001 would be the corresponding report).
An addition to the protocol or report is defined as an
addendum, and should be denoted as such (i.e., AD =
Addendum, therefore: AMVP-02-001-AD). A correction or change to the protocol or report is defined as
an amendment, and should also be denoted as such
(i.e., AM = Amendment so AMVP-02-001-AM). All
identification numbers used for AMV documentation should be defined in the SP and correlate with
general company document numbering rules. Ideally, the numbering could start with the analytical
method development report (AMDR-02-001), but
this may not be practical, since the AMV and AMD
departments may report into different departments
(i.e., QC versus Research & Development [R&D]).
Validation data must be generated using only acceptable data recording means, such as validated
software applications and serial numbered laboratory
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notebooks. Validation data should be, if possible, realtime reviewed (same day) by the operator and the relevant QC supervisor. Only original data must be included in the AMV package for archiving. Recommended documents to be included in the AMV package are listed below:
• Original Validation Data
• SOP
• Change Request for SOP (if required)
• Certificates of Analysis (C of A)
• Other Relevant Reagent and Reference Information
• Relevant Sample Information
• In-process and/or Product Specifications
• Operator Training Records
• Instrument Calibration Records
• Instrument User Logs
• Historical Data
• Statistical Analysis
• Operator Notebook Copies (if used)
• Analytical Method Development Report
• Analytical Method Validation Protocol
• Analytical Method Validation Report
• Addenda and/or Amendments (if done)
Once all documents have been reviewed by the
AMV study originator, and are organized in a binder,
the AMV package should then be archived in a limited
access and secure location to avoid any losses of these
critical documents. Clearly, nothing indicates disorganization and incompetence more than lost validation
documents, which are a company’s proof for the validity of all test results. Auditors will use the SP to compare it to the actual AMV documents, and will search
for any lack of detail and clear guidance, and deviations or inconsistencies between the SP and AMV
documents. The SP, AMV protocol, and AMV report
should be well-structured, detailed documents that
should be concisely written, well-formatted, and without grammatical or spelling errors.
A limit should be set for the maximum time allowed between the approvals of the AMV protocol
and report (i.e., six months). Clearly, an exceeded
time limit suggests problems with either the protocol,
execution, actual results obtained (AMV is responsible), the lack of resources or subject matter expertise of delegated personnel from QA management.
In the worst case, an excessive time delay may indi-

cate problems with the method itself (AMD is responsible). The efficiency in AMV project completions is just as important as the overall quality, since
even a poorly executed AMV is still better than a nonexisting AMV.
Agency Guidance Documents
Depending on where the licensed product will be
sold, published guidance from the FDA, United States
Pharmacopoeia (USP), and/or International Conference on Harmonization (ICH) should be referred to
in the SP, and the minimum requirements in the relevant guidelines should be integrated. Management
should keep in mind that regulatory agencies will audit
the AMV department based upon current guidance
documents and the company’s governing SP. It is beyond the scope of this article to discuss regulatory
guidelines (Part II of this article will contain recommendations on how to integrate current guidelines into
the AMV protocol). The reader can readily find these
guidelines over the Internet (www.fda.gov/cber/guidelines.htm). Regulatory agencies will become more experienced in GAMVP, and may expect more solid and
stringent AMVs in the future. It may therefore be advisable, in order to achieve long-term compliance, to
deliver AMV packages now that can stand up to future
expectations.
Although listed in the ICH Q2B guidelines for
method validation and USP 25 <1225>, the robustness of a test method should be demonstrated and
documented during method development. The validation parameter ‘Ruggedness,’ in USP 25 <1225> is
equivalent to ICH Q2B’s ‘Reproducibility,’ in that
they describe overall precision among different laboratories. Both uses of terminology are different from
‘Robustness’ (deliberate changes to test conditions)
and ‘Inter-assay Precision’ or ‘Intermediate Precision’ (overall precision within one laboratory). Unfortunately, there is still some confusion among industry experts when and how exactly to apply which
terminology. Anyhow, ‘Robustness’ should be covered during development. This is clearly more economical, and makes more sense, since the validation
scientist must know the level of robustness before a
method is validated. A method should not be modified once the method development work is completed
(including robustness), and the development report is
approved. An unfinished method is unlikely to be roA n a l y t i c a l M e t h o d s Va l i d a t i o n
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bust enough to yield consistent test system suitability
over time, and may cause test system failures and potential cumbersome and expensive efforts to fix the
system. The function of the AMV department should
clearly be to qualify and validate, not to modify and
develop test methods.
Biological versus Biochemical/Chemical Methods
Biological assays are generally less quantitative
than biochemical or chemical assays. In addition, less
industry guidance on how to validate biological test
methods is currently available. Although Agency expectations may therefore be less stringent, this however, does not make the task of biological method validation easier or more economical. Due to this general
lack of experience by industry experts, the demonstration of test system suitability is often far from trivial.
The SP should differentiate between biological method qualifications (compendial) or validations (noncompendial), and biochemical or chemical methods
(generally more quantitative). Protocol acceptance criteria must be thoroughly determined to incorporate expected results from qualitative versus quantitative tests,
and normal versus non-normal (i.e., Poisson statistics)
result distributions. Commonly used validation guidance documents (FDA, USP, ICH) should only be used
with appropriate test methods. It may not be appropriate to incorporate the validation parameters, quantitation limit, linearity, and assay range when qualifying or
validating a microbiological test procedure.
Validation Parameters
Assay performance criteria, such as accuracy and
precision, are defined for chemical and biochemical
methods in current guidelines, and should be covered
according to assay classification (i.e., quantitative
test, limit test). The validation parameters below are
listed per ICH guidelines (Q2B):
• Specificity
• Linearity
• Assay Range
• Accuracy
• Repeatability Precision
• Intermediate Precision
• Reproducibility
• Limit of Detection
• Limit of Quantitation
52
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• Robustness (if not done during AMD)
• System Suitability
Attention to assay classifications should be paid
when one assay simultaneously tests for the main
product and impurities (i.e., an electrophoresis assay
may yield concentrations for the desired therapeutic
protein, and also for other proteins not completely separated during purification). The SP should state when
and how each validation parameter is to be executed.
Guidance should be given how to derive acceptance
criteria and use statistics (i.e., Analysis Of Variance
[ANOVA], t-tests) to express confidence in each validation parameter. In-process or product specifications,
historical data (assay development and/or routine testing), and guidelines set forth in the SP should be considered and integrated into each acceptance criterion.
Other factors, as listed under Figure 4, should also be
considered, since different methodologies and instruments may yield different assay performance expectations. More detail will be provided in Part II: Deriving
Acceptance Criteria for the AMV Protocol.
Acceptance Criteria and Statistics
The SP should state guidelines when and how descriptive statistics (i.e., mean, standard deviation) and
comparative statistics (i.e., F-test, T-test) are to be used
for AMVs, and how they are to be incorporated into
acceptance criteria. For example, when using assay
variability factors, such as multiple instruments, operators, and days to demonstrate intermediate assay precision (within one laboratory), it is recommended to
use, whenever possible, n=3 of each factor. To demonstrate that none of these factors contribute significantly
(at 95 % confidence) more than the remaining others,
an ANOVA should be used to evaluate intermediate
precision. If significant differences among factors are
observed, a series of F-tests and Student’s T-tests
should be used to isolate not only particular factors,
but also individual variability contributors, such as a
particular operator.
However, statistics should only be applied when the
conclusions are meaningful. Due to sample spiking and
other non-routine sample handling during the validation
execution, systematic errors may not be accounted for
with simple statistics, since those assume random data
distributions. Acceptance criteria should be derived
thoroughly, connected to product specifications, sample
size, and assay performance to clearly demonstrate test
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Figure 3

Process Flow for Development and Validation of a New Analytical Method
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system suitability (see also Figure 4 for more detail).
These criteria may therefore be more convincingly derived from numerical limits readily available (i.e., instrument specifications set by the manufacturer). The
SP should further include guidelines how the uncertainty of reported results (and therefore the number of
significant digits used) is to be determined in AMVs.
Whether to derive this uncertainty estimation from a
propagation of error analysis, overall assay precision
(intermediate precision), repeatability precision, or a
combination of precision and accuracy (using an acceptable reference standard) may, at least for now, not
be as important as the consistent implementation and
adherence to this procedure. It may, therefore, be advisable to keep instructions simple, so that these can be
consistently understood and followed by everyone involved. Management must realize that this procedure
does impact how final release results and product specifications are to be reported. The author will provide
more detail in Part II.
Requalifications and Revalidations
The SP should define when and to what extent test
systems are to be requalified or revalidated (depending also on the initial definition for qualification

versus validation). Figure 1 and Figure 2 provide applications for each of these two classifications. A
good practice would be to set timelines for test methods to be requalified or revalidated even when test
systems perform as expected, indicated by quarterly
or annual QC trend reports. The requalifications or
revalidations may then only be performed as partial
requalifications and revalidations by demonstrating
mainly accuracy and precision.
Whenever changes to the test system are required
(i.e., increase in invalid tests), a full requalification or
revalidation may be required. Once compendial
(USP) methods are modified or automated, these
methods should then be validated. Changes to the
product, product formulation, or product matrix are
considered major changes by the regulatory agencies
and require test method validations, since these
changes may impact test system suitability. It is, at
least partially, a business decision how these conditions are defined in the SP, since any additional AMV
projects will require more resources devoted from the
AMV, QC, and QA staff to complete these projects,
and may potentially interfere with a continuous production process. However, management should keep
in mind that the expectations of regulatory agencies
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are likely to be more demanding in the near future.

The AMV-AMD Interface
These two departments should be separate quality
units, since one department alone should not be allowed to control development and validation. This is
simply the same GMP principle, from a compliance
standpoint, that QC validations must be approved by
the QA department. Depending on the company size
and requirements for AMVs, the AMV-AMD interface could be defined in the SP. Although it may not
be necessary to include this in the SP, this interface
should be carefully analyzed from a compliance and
workflow (economical) point.
The AMV department should be involved in the
review and approval process for developed methods,
since they are expected to be the best scientific resource on which method can be validated, and will be
sufficiently robust to withstand years of problem-free
routine QC testing. Problematic assays should never
reach the AMV department, since those will be difficult, if not impossible, to validate, and would cause
many problems during routine QC testing. On the
other hand, the AMD scientists are the method experts, and should be involved in the generation of acceptance criteria and other technical aspects of the
validation protocol. Ultimately, the AMV department
is responsible for the integrity of all data generated
leading to the approved validations. A friendly and
professional work environment between these departments is critical for efficiency, workflow, compliance, and overall quality of final method validation packages, thus ensuring product quality and
safety to the patient.

The AMV-QA Interface
The QA department oversees and controls the AMV
department by their approval of all AMV documents.
Whenever the number of AMV projects increases, the
staffing of delegated personnel from QA management
should proportionally increase to avoid hold-ups of
AMV approvals. Although this may be logically concluded, companies often overlook this fact, and must
then consequently pay the price by having AMV projects not completed on time; therefore potentially operating out of compliance. The QA department should
clearly communicate their expectations for the AMV

program, since they have the final word on why, when,
and how things are to be completed.
In case that the AMV department is permitted to
run, according to the SP, with a relatively high level of
autonomy, the department should educate QA on the
principles of AMVs, as performed. In many companies, this may be more likely to be the case, since
AMV scientists may be more experienced in how to
practically plan and execute AMVs. The QA department will, and should always have, a certain level of
control, as it naturally is the department that assures
that activities are conducted with the uttermost adherence to compliance and integrity. For the AMV department to be efficient, it should establish and maintain a professional work atmosphere, staffed with
qualified personnel where documents are reviewed
timely, carefully, and objectively, since this is critical
for timely project completion and compliance.
The validation protocol should be executed by
trained QC operators who routinely perform this test
procedure in the appropriate QC laboratory, using only
qualified instruments and equipment. This ensures that
validation samples are tested blindly, and that validation results are directly comparable to future routine
testing results. Whenever validation projects lag behind manufacturing, or when revalidations are required
(new formulation, matrix change etc.), historical QC
assay performance must be integrated in the AMV
protocols.
The AMV department should also be integrated in
the analysis of timely (i.e., yearly) QC test method
evaluations to ensure that assays maintain suitability,
as demonstrated in the AMV report. This is important
because not all QC test methods may contain appropriate system suitability criteria (i.e., blanks, standards, controls, etc.). In addition, assay controls may
“drift” over time from the historical average towards
the control limits (i.e., ± 3 standard deviations), therefore not only potentially increasing the number of invalid results, but also indicating uncertainty in the
overall test system suitability. Whenever test system
suitability becomes uncertain (i.e., loss of accuracy
and/or precision), the overall test system must be reevaluated. Assay control drifts, for example, may be
caused by unstable control material, change in reagents, or testing equipment (i.e., chromatography
columns). In either case, overall test system suitability may be affected, and any required modifications to
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qualified or validated test methods should be supfinitions therein. The inspectors usually (but not alported by corresponding requalifications or revalidaways) proceed systematically, requesting documents
tions.
and clarifications, starting from general to specific
The SP should also state which procedure to folprocedures. The personnel presenting documents and
low in case validation samples are Out-of-Specifi- clarifications to the inspectors have an impact as to
cation (OOS). This is important
since OOS results for validation
“It is also important to realize
samples or routine samples may be
that different agencies
otherwise classified as (failing)
retesting.
communicate their inspection
Process and method validation
notes, and schedule their
project planning and execution
should be well-orchestrated, and be
audits among themselves.”
run chronologically parallel to ensure that at some point, the complete production and testing system is validated, and
where, and to which detail, the inspection is heading.
therefore compliant. The process to achieve overall This is why it is so important to have in place a solid
compliance is somehow analogous to the ‘chicken
SP that is consistently followed. The inspectors may
and egg’ paradox. Technically, the complete process
‘spot-check’ particular AMVs once they have familcannot be validated as run during large-scale proiarized themselves with the SP(s). At this time, a list
duction without validated test procedures for inof all in-process and final container assays (cusprocess and final container testing. At the same time,
tomized for each particular agency), and their qualifitest procedures cannot be validated for routine procation/validation status (as defined in the SP) should
duction samples when those are not produced under
be provided to the inspectors upon request.
final validated production conditions.
Commitments to the agencies should be conservative, since these will usually require additional resInspections by Regulatory Agencies
ources. Like the level of insurance invested through a
solid AMV program, it is again a delicate balance to
The category of the drug product (i.e., biological)
what degree companies should commit to complete
will determine which agency branch (i.e., Center for
AMVs, since an instant ‘pleasing’ of the inspectors
Biologics Evaluation and Research [CBER], Team
may not add any value to the AMV program and,
Biologics) will be responsible for conducting intherefore, not add to the safety of the patient. Potential
spections. The FDA usually sends a team of insevere penalties (i.e., consent decree) may be imspectors, which may include a local representative
pinged, and a loss of trust may substantiate if these
from the Agency, depending on the district and the
commitments are not completed by the committed
company being inspected. When an inspection will
dates. With a solid SP in hand, the defending company
take place, and by which team members, can be predelegate may not have to extensively commit to addicted to some degree. It is also important to realize
ditional AMV projects.
that different agencies communicate their inspection
Conclusions
notes, and schedule their audits among themselves.
Finally, inspection records should be provided to the
GAMVP is a continuous improvement process.
AMV department, so that it can anticipate follow-up
The industry must set new standards to cope with the
requests. Once the inspectors are on-site, and have
increasing requirements set forth by regulatory ageneventually devoted attention to QC laboratories, senior management should have organized and dele- cies which have, and will themselves, become more
gated AMV or QA personnel to defend AMVs at that educated and experienced. The AMV SP must ensure
time. Delegated personnel should be familiar with the that all test methods provide accurate and reliable results. The SP will be reviewed by auditors from regcontent of the AMV SP, and should understand all de56
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ulatory agencies. Auditors will identify any lack of
detail and guidance, and evident inconsistencies between the SP and AMV package. The SP will demonstrate to the auditors that the AMV department
can consistently control the quality of the validation
process. This document directs the number and detail
of qualifications and validations to be expected under
normal operating conditions. Management must anticipate the level of AMVs required for continuous
compliance. The validity and integrity of the test results must be properly demonstrated. Only then may
companies produce and sell their product. ❏
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Validating Immunoassays Using
the Fluorescence Polarization
Assay for the Diagnosis
of Brucellosis
An Example and as an Application to
ISO Standards 9000 and 17025
By David Gall
and Klaus Nielsen
Canadian Food Inspection Agency, Animal Disease Research Institute

❖

T

he statistical methods preplate). For the purposes of this mansented in this paper are readuscript, brucellosis will be used as
“For regulatory
ily available in standard epian example using the fluorescence
demiological texts. Unfortunately, agencies to accept polarization assay of a new test to be
many researchers, diagnosticians, and approve a new validated. A review of the literature
and laboratorians either are unaware
suggests that most of the current in
serological
test
or do not use these statistical techuse assays for the diagnosis of bruniques. Their use in validating imcellosis, which are often incorrectly
at national or
munoassays would greatly enhance
called gold standards, have not been
international
confidence in the acceptance of a
validated. Yet, new assays are often
levels,
they
must
new assay at national and internacompared to these current in use astional levels. For regulatory agen- be assured that a says resulting in misunderstanding
cies to accept and approve a new
or incorrect conclusions about the
new assay can
serological test at national or internew assay. This may result in non
national levels, they must be assured
distinguish true acceptance of a perfectly useful asthat a new assay can distinguish true
say, due to poor data or choice of
positive
from
positive from true negative samples
statistics. This can be avoided with
with minimum false positive and
better test design and the use of aptrue negative
false negative results, with more acpropriate statistical methods to comsamples…”
curacy than the currently used test.
pare and validate new tests with curThe best way to accomplish this is
rent in use tests. With access to comby using the various statistics (i.e., sensitivity, speciputers and software, it is now possible and easier to
ficity, confidence limits, sample size, and kappa that
use statistics such as Receiver Operating Characterare available from the authors in an Excel® 97 tem- istics (ROC).
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Thousands of samples can be measured, tabulated,
and analyzed. An example is the validation of the fluorescence polarization assay with a sensitivity (n =
1084), specificity (n = 23,754) of 99.4% (98.7 – 99.7
95% Confidence Limits [CL]), and 99.8% (99.8 –
99.9 95% CL), respectively. Meeting internationally
accepted criteria for validation and measurements of
uncertainty as defined in ISO standards 9000 and
17025 will increase the likelihood of acceptance by international and national regulatory agencies. Failure to
properly validate a new test may increase the opportunity for litigation.
What is validation? A review of scientific literature regarding general principles of validation is not
common, but papers discussing validation of specific procedures or tests are numerous.1-7 In the International Organization for Standardization (ISO)
standard 8402, validation is defined as “the confirmation by examination and the provision of objective evidence that the particular requirements for a
specific intended use are fulfilled.”8 This definition
is used in ISO standards 9000, 17025, and the earlier
reference manual on validation of test methods proposed by the European Cooperation for Accreditation of Laboratories.9 For serological assays,
Jacobson defined validation as an assay that consistently provided test results identifying animals as
positive or negative, and by inference, accurately determining the disease status of animals with statistical certainty.10 In other words, using objective evidence, confirm through examination that the test has
fulfilled its intended use.
The United States Animal Health Association
(USAHA) proposed criteria for evaluating experimental brucellosis tests for specificity and sensitivity.11
However, new tests would have been subjected to criteria more rigorous than official in use tests required by
the United States Department of Agriculture (USDA).
For the acceptance of new tests, the association recommended that new tests be more sensitive and/or specific
than current in use tests. If the sensitivity and/or specificity were comparable to the in use tests, then they
should be less costly, easier to conduct, and adaptable
to automation. Similarly, Wright et al., suggested
that a new test must be equal or superior concerning diagnostic performance.12 Nielsen et al., validated the
Fluorescence Polarization Assay (FPA) for detection of
antibodies to Brucella abortus using defined reference

positive and negative samples.13 Previous to the FPA,
the Indirect Enzyme Immunoassay (IELISA) and the
Competitive Enzyme Immunoassay (CELISA) were
similarly validated.14 The data were compared with the
current in use tests, thus meeting the ISO definition of
examination and objective evidence, the USAHA criteria for better sensitivity, specificity, cost, performance,
and adaptation to automation, and superior diagnostic
performance as suggested by Wright et al.12
Before validation of an assay can commence, a developed test must undergo various verification procedures designed to provide objective evidence that
specified requirements have been fulfilled.8 Optimization and standardization of an assay would be an essential part of this verification.14 Optimization of a
serological assay would include optimizing concentrations or dilutions of reagents, determining variation
between replicate samples (i.e., quality control and
test sera), determining variation in background activity, determining an initial cutoff and finally, determining initial test performance.14 Standardization would
include a standardized assay format, standardized
preparation of all reagents such as buffers, chemicals,
and biological reagents, and strict adherence to protocols and procedures between laboratories using the
same assay.14 Laboratories accredited using ISO 9000
and ISO 17025 standards are required to produce and
show compliance with approved technical and operating procedures, thus facilitating validation of serological assays and technology transfer.
Test performance can be objectively measured in
terms of repeatability and accuracy. Repeatability (a
form of precision) is the ability of an assay or procedure to produce consistent results in repeated tests.
Consistent results with quality control sera in a serological assay would be a good example of repeatability. Variation between replicate test samples and
quality control sera would result in poor repeatability. the accuracy of an assay is the ability to identify
positive and negative samples correctly. Noting that
assays can be repeatable without being accurate, but
not the reverse, is important.15 Using defined reference samples, the accuracy of an assay can be described as sensitivity and specificity.
Sensitivity is the ability of a test to produce a positive result when the sample is from a diseased animal. It is measured as a percentage of the population
with the disease that has a positive result.16 Similarly,
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specificity is the ability of a test to produce a negative result when the sample is from a healthy animal,
and being a percentage of the healthy population that
has produced a negative result. The underlying prevalence of a disease does not influence sensitivity or
specificity.16
Relative sensitivity and relative specificity should
not be confused with sensitivity and specificity. Relative sensitivity is the ability of a test to produce a positive result compared with another test or series of
tests producing a positive result. Relative specificity is
the ability of a test to produce a negative result relative to another test or series of tests. The other test(s)
sensitivities and specificities should approach 100% if
used to classify animals in the positive category or
negative category resulting in a close approximation
of the actual sensitivity and specificity.17, 18 If ascertaining the actual disease status is difficult or costly,
relative sensitivity and specificity may be used.18 In
comparing a new test that may be superior to another
test or series of tests, the resultant relative sensitivity
or specificity may be lower, resulting in false or
wrong conclusions.
A known number of reference positive and negative samples representative of the population under
study must be assembled for estimation of sensitivity and specificity. Reference positive and negative
samples can be defined in any way, if the definition
is explicit.19 In veterinary medicine, reference positive and negative samples are usually determined
using a “gold standard” which could be another test,
procedure or multiple tests or procedures.16 Ideally,
reference positive samples should be obtained from
individual animals of known disease status, or from
animals whose herd status was known through disease status.12 However, obtaining samples of known
disease status may not be possible, so the best available method, such as current in use tests, could be
used.16 For example, using immunologically based
tests to examine a new immunologically based test is
acceptable, but may introduce a bias against the new
test because the evaluation of the new test was limited to those animals selected by the other test may
not be measuring the same antibody population depending on the antigen used.10, 20 Similarly, a combination of other tests or procedures could be used to
define reference negative samples. Once assembled,
testing of the samples should be conducted blindly.
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How many samples are required when assembling
reference samples for validation? Failure to consider
sample size may affect sensitivity and specificity estimates. Often, more samples are required to demonstrate small differences in sensitivity or specificity.19
For example, 15,000 samples would be required to
distinguish between tests with specificity differences
of 0.1%.21 More important, sample size affects the
confidence limits for calculated values of sensitivities and specificities. Too few samples result in wide
confidence limits, negating any usefulness of the data
or resulting in the wrong conclusions about the new
test. The greater the sample size, the better the confidence limits for sensitivity and specificity. More data
and tighter confidence limits raise the confidence in
the test to distinguish between positive and negative,
especially near the cutoff. As well, larger size increases the probability of being representative of the
field population.
Associated with test performance is uncertainty
of measurement which describes dispersion or variation of data about a value. Examples of measures of
dispersion are range, standard deviation, and confidence intervals. Sensitivity and specificity estimates
are subject to sampling variation, and as such should
have CL which are a measure of uncertainty as mentioned in the ISO standard 17025.

Materials and Methods
Reference Samples
The FPA is an appropriate example of test validation.22 The defined positives (n = 1084) were samples selected from animals from which Brucella
abortus was isolated from various tissues or secretions (Gold Standard). The defined negatives (n =
23,754) were randomly selected Canadian samples
submitted for routine testing from animals with no
previous clinical or epidemiological evidence of
Brucellosis. Canada was officially declared free of
bovine brucellosis in 1985.
Statistical Data Analysis
Sensitivity, relative sensitivity, specificity, and
relative specificity are determined as indicated in
Figure 1 and Figure 2. A template in Excel® 97 is
available from the authors.
A simple formula for estimating the lower and
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Figure 1

Determination of Sensitivity and
Specificity (Accuracy)
Test/Disease
Status

Disease (+)

Disease (-)

New Test
Positive (+)

A
(true positives)a,e

B
(false positives)c

New Test
Negative (-)

C
(false negatives)d

D
(true negatives)b,f

a. True positives are those samples testing positive and
have the disease.
b. True negatives are those samples testing negative and
do not have the disease.
c. False positives are those samples testing positive and
do not have the disease.
d. False negatives are those samples testing negative and
have the disease.
e. Sensitivity (in percent) = (A / A+C) x 100
f. Specificity (in percent) = (D / B+D) x 100

Figure 2

Determination of the Relative Sensitivity or Specificity
New Test/
In Use Test(s)

In Use Test(s) (+) In Use Test(s) (-)

New Test
Positive (+)

A
(true positives)a,e

B
(false positives)c

New Test
Negative (-)

C
(false negatives)d

D
(true negatives)b,f

a. True positives are those samples testing positive and
classified postive.
b. True negatives are those samples testing negative and
are classified negative.
c. False positives are those samples testing positive and
are classified negative.
d. False negatives are those samples testing negative and
are classified positive.
e. Relative sensitivity (in percent) = (A / A+C) x 100
f. Relative specificity (in percent) = (D / B+D) x 100

upper confidence limits is presented in Figure 3.19, 23
A template in Excel 97 is available from the authors.
The formula is a normal approximation to calculate
95 percent confidence limits providing symmetrical
confidence limits about the point estimate. When the
point estimate approaches 100%, the confidence
limit often exceeds 100%. This formula may be used
when the sensitivity and specificity values are of

moderate size (0.3 ≤p ≤0.7).24 A better estimate of
confidence limits is the non symmetrical limits presented in Figure 4, especially if the sensitivity or
specificity value is near zero or 100%.24 A template in
Excel 97 is available from the authors for the non
symmetrical limits.
Frequently, results from known reference positive
and negative samples overlap, creating a certain
amount of uncertainty regarding the choice of a cutoff
and the resultant sensitivity and specificity as depicted
in Figure 5.25 The exact placement of the cutoff is subjective. An otherwise excellent assay’s chances for acceptance are reduced through a poor choice of cutoff.
An ROC curve, plotting sensitivity against specificity
results at various cutoff points (Figure 6), removes the
subjectivity inherent in frequency distributions shown
in Figure 5. This is the only measure available that is
uninfluenced by decision biases and prior probabilities
comparing different assays with a common easily understandable scale. 26 Figure 6 is also a graphic representation of the relationship between sensitivity and
specificity estimates that is easily determined using
ROC software.27 Each point on a ROC curve represents a two x two table of sensitivity and specificity estimates associated with a cutoff value from the lowest
to the highest value (Figure 6). Along the diagonal
line, a true positive response equals a false positive response and is often called the chance line. The greater
the curve above this chance line, the better the discrimination between the reference positive and negative samples. As well, the Area Under the ROC Curve
(AUC) is a good measure of detection, and is useful
when distribution assumptions cannot be made or do
not hold.25, 28 An AUC of 0.91 implies that a randomly
selected sample from the positive group will test
higher than a randomly selected sample from the negative group 91% of the time with 95% certainty.29 ROC
curve analysis can also compare the assay performance of two or more tests.30
Sample Size
A simple formula for determining sample size for
sensitivity or specificity is presented in Figure 7, and is
available from the authors in an Excel 97 template. 10, 31
This formula is useful for surveys when an estimate
for allowable error, sensitivity, or specificity is available, but could also be used to help a researcher in
determining an appropriate sample size for validating
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Figure 3

Figure 4

Calculation of Symmetrical 95%
Confidence Limits for
Sensitivity or Specificity

Calculation of Non Symmetrical
95% Confidence Limits for
Sensitivity or Specificity

Using the Fluorescence Polarization
Assay (FPA) as an Example

Using the Fluorescence Polarization
Assay (FPA) as an Example

L = 1.96 x

([pxq]/n)
PL =

2
(2np + C2∝-/21) -C
C∝2 /-2 (2 + 1/n) + 4p(nq + 1)
∝ /2

2(n + C2

∝ /2

)

L = the lower or upper 95% limit for p
p = the observed proportion (i.e., sensitivity or specificity value)

Pu =

q=1–p

(2np + C∝2 / + 1) +C∝2 / C∝2 +
(2 + 1/n) + 4p(nq - 1)
/
2

2

2(n + C2

∝ /2

n = total number of samples

Example: In a reference positive population of 1084 animals
infected with Brucella abortus, 1077 tested positive
on the FPA while seven tested negative. The sensitivity point estimate (p) was 1077/1084 or 99.4%.
p = 0.994, q = 0.006, n = 1084

2

)

PL = the lower 95% limit for p
Pu = the upper 95% for p
p = the observed proportion (i.e., sensitivity or specificity value)
q=1–p
n = total number of samples

L = 1.96 x

([0.994 x 0.006]/1084)

C∝/2 = 95% confidence limits for p of 1.96
2

Lower 95% for p: 0.994 - 0.005 = 0.989 or 98.9%
Upper 95% for p: 0.994 + 0.005 = 0.999 or 99.9%

a new test.31 The allowable error is a percentage error
expressed as a decimal allowed for the estimate of
sensitivity or specificity. Using the formula, the data
presented in Figure 8 are the estimates of the number
reference positive animals required for each sensitivity listed at the top of the figure. The allowable error
is listed on the left column of the table (i.e., the expected estimate for FPA sensitivity is within 1% of
the true level 95% of the time). In brackets, are the
calculated non symmetrical 95% confidence limits
using the formula presented in Figure 4 for the expected sensitivities or relative sensitivities. The limits
get wider as the sample size decreases. Similarly, the
formula can be used to estimate the sample size required for specificity or relative specificity as presented in Figure 9.10, 20, 32 Since specificity or relative
specificity is expected to be higher than sensitivity,
the range of specificity and allowable errors are different. Due to the greater sample size, the confidence
limits are narrow.
Results
The 95% CL presented in Figure 3 are calculated
using the template provided in Excel 97. The limits
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Example: In a reference positive population of 1084 animals
infected with Brucella abortus, 1077 tested positive
on the new test while seven tested negative. The
sensitivity point estimate (p) was 1077/1084 or
99.4%.
p = 0.994, q = 0.006, n = 1084
PL = 98.7%
Pu= 99.7%

are symmetrical and should only be used when either
sensitivity or specificity is of moderate value (between 30% and 70%). If 99% confidence limits are
required, 2.56 can be substituted for 1.96. From the
example for the FPA, the lower 99% for p (sensitivity
point estimate) would be 98.8% versus 98.9% for
95% CL, and the upper 99% for p would be 100%
versus 99.9% for 95% CL.
For the same data presented in Figure 3, the non
symmetrical limits presented in Figure 4 for p at
95%, CL is 98.7% for the lower limit, and 99.7% for
the upper limit. When the sensitivity or specificity
value approaches 0% or 100%, non symmetrical
confidence limits should be used.
Each point on a ROC curve represents a two by (x)
two table of true positive and false positive estimates
associated with a cutoff value from the lowest to the
highest value as presented by Figure 6 for the FPA.
The sensitivity and specificity for the optimal cutoff
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Figure 5

Figure 6

Frequency Distribution of Reference
Positive and Negative Samples

Relationship of Sensitivity
and Specificity Estimates

Exact placement of the cut off is subjective, affecting
the sensitivity and specifity of the assay.

Optimal Cutoff 90 mP
80

Reference Negatives

(a)

85

90

95

Reference Positives

100
(78.5)

Cutoff 1

TP
TN
FP
FN

Each point on a Receiver Operating Characteristics (ROC) curve
represents a 2 x 2 table of sensitivity and specificity estimates associated with a cut off value from
the lowest to the highest value for
the FPA. The enlarged view more
clearly shows the relationship of
sensitivity and specificity estimates.

95
(180.8)

90
85
80

Fluorescence Polarization Assay
(FPA)

(b)
Cutoff 2

(67.6) (71.5) (77.2)
TP

100
(78.5)
(180.8)
80

TN
(218.2)

60

values of 90 mP are 99.4% (98.7 - 99.7) and 99.8%
(99.8 - 99.9), respectively. If sensitivity were wanted
over specificity, then a lower cutoff value of 90 mP
could be chosen as illustrated in Figure 6, removing
any possibility of false negatives. The converse would
be true for specificity. For instance, the sensitivity and
specificity for cutoff value 67.6 mP are 100% (100 100) and 20% (20.3 - 21.3), respectively, while for
cutoff value 274 mP, the sensitivity and specificity are
20% (17.7 - 22.5) and 100% (100 - 100), respectively.
The numbers in brackets after each point estimate for
sensitivity and specificity are the 95% confidence intervals as determined by software.27 The AUC for the
FPA, as presented in Figure 6 and determined by software, was 0.999 (0.999 - 1.000) indicating that a randomly selected sample from the positive group will
test higher than a randomly selected sample from the
negative group 99.9% of the time with 95% certainty.
Using the data presented in Figure 8, the sample
size required for the FPA (expected sensitivity equals
99 ± 1%) was 396 samples giving confidence limits of

(260.1)

40

(274)

20

0

20

40
60
Specificity

80

Sensitivity

FP
FN

100 0

97.3% to 99.7%. The actual size of 1084 samples exceeded the number calculated, resulting in a sensitivity of 99.4% (98.7% to 99.7% CL). Similarly, the
sample size required with an allowable error of 0.1%
for a specificity of 99% was 39,600 with confidence
limits of 98.9% to 99.1% from Figure 9. The actual
sample size was 23,754, giving a specificity of 99.8%
with confidence limits of 99.8% to 99.9%.
As previously mentioned, sample size also affects
the confidence limits for sensitivities and specificities. For example, using the formula illustrated in
Figure 3, the range between the lower confidence
limit (98.8%) and the upper confidence limit (100%)
is 1.2% for a sample size of 600. Using the same
A n a l y t i c a l M e t h o d s Va l i d a t i o n
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Figure 7

Formula for Calculation of the
Number of Samples Required for
Expected Sensitivity or Specificity
The Allowed Error is a Percentage Error
Expressed as a Decimal for Each Estimate of Sensitivity or Specificity
n = ((4 x p x q)/L)2
Where:
n = the number of samples required
p = the expected proportion
q=1–p
L = the allowable error
The number 4 = approximate square of Z = 1.96
which provides a 95% confidence level
for 99% confidence level the number 6.6
(z = 2.56) should be substituted

ex. n = ((4 x .99 x .01)/.01)2
= 396

data, a sample size of 1084 results in a range of 1%
between the lower (98.9%) and upper confidence
limits (99.9%), resulting in a higher confidence in the
data. For a sample size of 10,000, the range is further
reduced to 0.4%. For the FPA, the range is very tight
for sensitivities and specificities, since the sample
sizes for the reference positive and reference negative
are large. To decrease the range of the confidence
limits from 1% to 0.4% required increasing the sample size approximately nine fold.
The flowchart presented in Figure 10 summarizes
the steps required to validate an assay such as the
FPA.

Conclusion
Not covered in this article is another statistic
known as “Kappa” used to determine agreement between tests. Kappa may be used when the disease status is unknown, and assembling known reference positive and negative samples is not possible. A kappa
value of 0 suggests no agreement beyond chance
while a kappa value of 1 reflects perfect agreement.
Generally, excellent agreement is greater than 0.7.16
The possibility exists, however, that agreement can
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occur by chance alone for two tests being compared
when both exceed 50% in sensitivity and specificity.10
As well, the kappa value is affected by the prevalence
of the disease in the population of interest. Two
poorly validated tests may have good agreement because they are measuring the same antibody or antigen. Consequently, kappa statistics should be used
cautiously. A template in Excel 97 is available from
the authors for determination of kappa.
The other statistical techniques presented in this
paper are available in standard epidemiological
texts.31 However, the use of these techniques for validating immunoassays is sparse. Both Martin and
Swets et al. have alluded to this.18, 33 Use of these statistical techniques would increase the likelihood of
successfully validating a new test, and acceptance by
regulatory agencies responsible for approving new
diagnostic assays. Most new assays or even current in
use assays for the serological diagnosis of brucellosis, such as the Rose Bengal Plate Test (RBPT) and
the Tube Agglutination Test (TAT), have not been or
are not validated.
Of the statistical techniques presented in this
paper, the formula for calculation of sample size is
the most important. Insufficient sample size could
result in wrong conclusions about a newly developed
assay or comparisons to other assays. At the very
minimum, 300 samples should be selected for estimates of sensitivity or specificity.10 Obtaining the desired number or sample type is not always possible
due to resource or logistical limitations, or prohibitive costs. Although the ideal number and type of
samples are not available, most assays can still be
validated if the sample definitions are clear. Conclusions can be drawn from ROC analysis of as few as
100 samples.19 The CLs for the resulting sensitivities
and specificities will, of course, be wider because of
fewer samples.
Another longer term approach to validation of an
assay is the banking of samples to obtain the number
and type of samples.20 This approach has the added
advantage of linking the past, present, and future producing more reliable validation data, and may be the
only method available for assays where collection of
samples is difficult, hazardous, or costly.
Other factors that can influence validation of an
assay are calibration and maintenance of equipment,
analyst proficiency, training and laboratory conditions.
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Figure 8

Expected Sensitivity or Relative Sensitivity
Number of reference positive samples required for the expected estimates for sensitivity or relative sensitivity of a new
test with an allowable error for sensitivity or relative sensitivity within a percentage of the true level 95% of the time.

Allowable
Error

85%a

90%

95%a

99%

1%b

5100c
(83.98 – 85.96%)d

3600
(88.96 – 90.95%)

1900
(93.90 – 95.92%)

396e
(97.27 – 99.68%)

2%

1275
(82.89 – 86.89%)

900
(87.81 – 91.84%)

475
(92.53 – 96.71%)

99
(93.71 – 99.95%)

5%

204
(79.18 – 89.46%)

144
(83.61 – 94.17%)

76
(86.71 – 98.44%)

16
(74.52 – 99.77%)

10%

51
(71.65 – 92.99%)

36
(74.34 – 96.98%)

19
(72.23 – 99.77%)

4
(38.75 – 98.09%)

a.
b.
c.
d.
e.

Estimates of sensitivity.
Allowable error for estimate of sensitivity or relative sensitivity within a chosen percentage of the true level 95% of time.
Estimate of number of reference positive samples required to achieve sensitivity.
Non symmetrical 95% confidence limits for each estimate of sensitivity or relative sensitivity.
Example from Figure 7.

Figure 9

Expected Specificity or Relative Specificity
Number of reference negative samples required for the expected estimates for specificity or relative specificity of a new
test with an allowable error for specificity or relative specificity within a percentage of the true level 95% of the time.

Allowable
Error

90%a

95%

97%a

98%a

99%

36,000,000
(89.99 – 90.01)

19,000,000
(94.99 – 95.01)

11,640,000
(96.99 – 97.01)

7,840,000
(97.99 – 98.01)

3,960,000
(98.99 – 99.01)

360,000
(89.90 – 90.10)

190,000
(94.90 – 95.10)

116,400
(96.90 – 97.10)

78,400
(97.90 – 98.10)

39,600
(98.90 – 99.09)

14,400
(89.50 – 90.48)

7,600
(94.48 – 95.47)

4,656
(96.46 – 97.46)

3,136
(97.43 – 98.45)

1,584
(98.34 – 99.41)

3,600c
(88.96 – 90.95)d

1,900
(93.90 – 95.92)

1,164
(95.81 – 97.87)

784
(96.68 – 98.82)

396
(97.27 – 99.68)

0.01%b

0.1%

0.5%

1%

a.
b.
c.
d.

Estimates of specificity.
Allowable error for estimate of specificity or relative specificity within a chosen percentage of the true level 95% of time.
Estimate of number of reference negative samples required to achieve specificity.
Non symmetrical 95% confidence limits for each specificity and allowable error.

Data produced from instrumentation that is not well
maintained or calibrated is suspect and will affect the
validation outcome. The estimates of sensitivity, specificity, and ROC analysis could be erroneous because

of poorly maintained and calibrated equipment. In the
wrong hands, a new test that performed well in the researcher’s laboratory fails because the analyst who
was evaluating the test was not properly trained reA n a l y t i c a l M e t h o d s Va l i d a t i o n
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Figure 10

Flowchart for Validating
an Immunoassay with
Statistical Confidence

Regardless of which definition is used, statistical
analysis of the data increases the scientific integrity
of the assay, therefore gain national and international acceptance. ❏

Assemble Reference Sera (Both -ve and +ve)

About the Author
Test Sera on New and Standard Assays

Input Data Into Database
Perform ROC Analysis Using Software to
Decide Cutoff, Sensitivity and Specificity
Make A Decision Regarding
Value of the New Test

garding the test, or does not have the suitable background for evaluating the test. As a result, the test does
not gain acceptance. The analyst may not be proficient
due to poor laboratory techniques such as mixing of
samples or pipetting of samples. This can be addressed
by using proficiency panels to assist the analyst in becoming proficient. Laboratory conditions can affect
the validation of assays, such as improper storage of
samples, which affects the quality of the samples and
the resultant data produced. The above factors are covered in ISO 9000 and ISO 17025 standards. Laboratories accredited through these standards are required to maintain records, thus improving the likelihood of proper validation.
Validation or validated assays elicit various interpretations and responses.34-36 In veterinary medicine, it is an assay that consistently provides results
that correctly identify samples as positive or negative.10 Validation to other researchers is a time-limited process, or an ongoing process of the assay performance. Validation is also defined as “the confirmation by examination and the provision of objective evidence that the particular requirements for a
specific intended use are fulfilled.” 8, 37, 38 The Food
and Drug Administration (FDA) defines the term as
“Establishing documented evidence which provides
a high degree of assurance that the specific process
will consistently produce a product meeting its predetermine specifications and quality attributes.” 39
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Article Acronym Listing
AUC:
CELISA:
CL:
FDA:
FPA:
IELISA:
ISO:

Area Under the ROC Curve
Competitive Enzyme Immunoassay
Confidence Limits
Food and Drug Administration
Fluorescence Polarization Assay
Indirect Enzyme Immunoassay
International Organization for Standardization

RBPT:
ROC:
TAT:
USAHA:
USDA:

Rose Bengal Plate Test
Receiver Operating Characteristics
Tube Agglutination Test
United States Animal Health Association
United States Department of Agriculture
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