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Preface

"This handbook has been long in the making. Since the original decision to write

it in 1995, much has changed in analytical science and progress made towards
harmonisation of procedures and practices. However, the need remains for
practising aualytical chemists to adopt a formalism for analytical method
development and validation embracing the necessary and sufficient statistical
tools. The proactive role of the statistician/chemometrician in providing
effective and efficient tools has long becn recognised by the Analytical Methods
Committee (AMC) of the Analyticul Division of the Royal Society of
Chemistry.

Analytical practitioners should be cver mindful of Sir R.A. Fisher’s stricture
that ‘to call in the statistician aiter the experiment has been done may be no
more than asking him to perform a post-mortem examination: he may be able to
say what the cxperiment died of’

As the title suggests, the intent is to provide a best practice approach which
will meet the basic needs of the bench practitioner and at the same time provide
links to more exacting and specialist publications. In this endeavour the author
has enjoyed the support and active participation of the Chairmen and members
of the AMC and of the Analytical Division throughout its long gestation.
Particular thanks are due to past chairmen of AMC, Dr Roger Wood, Mr Colin
Watson and Dr Neil Crosby for their enthusiasm and guidance. In addition, [
am indebted to Dr Crosby for much of the material concerning the history of
the AMC.

From the outset, Mr lan Craig of Pedigree Petfoods Ltd and Dr Peter Brawn
of Unilever Rescurch, Colworth Labaratory have devoted considerable time
and effort in scoping and shuping the handbook und, in particular, for
generating and providing material on sumpling and nomenclature. Without
their unflagging support the project may well have foundered. On the statistical
side, my thanks are due to- Professor Jim Miller, President of the Analytical
Division, who has been kind enough to read the manuscript thereby saving me
from statistical errors and obscurities, and Professor Mike Thompson for
providing the data set for the [UPAC collaborative trial example calculation.
1 thank Dr Dai Beavan of Kodak Ltd for allowing me access to some of their
data sets for use as examples. Many other members of the AMC and the
Analytical Division huve kindly given me support and input including Professor
Arnold Fogg, Professor Stan Greenfield, Dr Dianna Jones, Dr Bob McDowali,
Dr Gerry Newman, Mr Braxton Reynolds, Dr Diana Simpson, Mr John Wilson
and Mr Gareth Wright. 1 am grateful to Professor J.D.R. Thomas and Dr
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vi Preface
David Westwood for their efforts in helping me ensure consistency and clarity
within the handbook.

The help of Ms Nicola Best of LIC in Burlington House has bcen invaluable
and my thanks are due also to Dr Bob Andrews and Dr Sue Askey of RSC
publishing. My thanks are due to Paul Nash for producing the subject index.
Finally, I wish to thank my wife and family for their forbearance during the
preparation of this handbook and acknowledge financial support provided by
The Analytical Mcthods Trust.
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Valid Analytical Methods and Procedures

1 Introduction

1.1 Historical perspective

The development of standard methods of analysis has been a prime objective of
the Aualyticat Division of the Royal Society of Chemistry and its precursors,
the Society of Public Analysts and the Society for Analytical Chemistry, since
the earliest of days and the results of this work have been recorded in the pages
of The Analyst since its inception in 1876. An ‘Analytical Investigation Scheme’
wus proposed by A. Chaston Chapman in 1902. This later evolved into the
Standing Committce on Uniformity of Analytical Methods and was charged
with developing standard chemiculs and securing comparative analyses of these
standard materials.

In 1935, the Committee was renamed the Analytical Methods Committee
(AMC) but the main analytical work was carried out by sub-committees
composed of analysts with speciafised knowledge of the particular application
area. The earliest topics selected for study were milk products, essential oils,
soap and the determination of metals in food colourants. Later applications
included the determination of {luorine, crude fibre, total solids in tomato
products, trade effluents and trace elements, and vitamins in animal feeding
stuffs. These later topics led to the publication of standard methods in a separate
booklet. All standard and recommended methods were collated and published
in a volume entitled Bibliograply of Stundard, Tentative and Recommended or
Recogrived Methads of Analysis in 1951, This bibliography was expanded to
include full details of the . 3thod under the title Officiai,” Standurdised and
Recommended Methods of Analysis in 1976 with a second edition in 1983 and a
third edition in 1994.

The work of the AMC has continued largely unchanged over the years with
new sub-committees being formed as required and existing ones being dis-
banded as their work was completed. In 1995, the Council of the Analytical
Division set in place a strategic review of the AMC in view of the changing need
for approved analytical methods and the need to develop future direction for
the AMC as it moves into the next millennium.

The aim of the AMC was reaffirmed to be participation in national and
international cfforts to cstablish a comprehensive framework for the appro-
priate quality in chemical measurements, which is to be realised by achieving
five objectives:
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2 Valid Analytical Methods and Procedures

e The development, revision and promulgation of validated, standardised
and official methods of analysis.

e The development and establishment of suitable performance criteria for
methods and analytical instrumentation/systems.
The use and development of appropriate statistical procedures.
The identification and promulgation of best analytical practices including
sampling, equipment, instrumentation and materials.

e The generation of validated compositional data of natural products for
interpretative purposes.

1.2 Overview of the handbook

The objective for any analytical procedure is to enablc consistent and rcliable
data of the appropriate quality to be generatcd by laboratories. Such procedures
should be sufficiently well-defined and robust to ensure the best use of resources
and to minimise the possibility of expensive large-scaie collaborative trials
yielding unsatisfactory results through lack of application of best practices. As
part of achieving the objectives of the AMC it was felt that such a handbook
would enable a consistency of approach to the work: of the sub-committces.
Recently, major developments in statistical methods have been made parti-
cularly in the areas of collaborative studies and method validation and
robustness testing. In addition, analytical method development and validation
have assumed a new importance. However, this handbook is not intended to be
a list of statistical procedures but rather a framework of approachcs and an
indication of where dctailed statistical mcthods may be found. Whilst it is
recognised that much of the information required is available in the scientific
literature, it is scattered and not in a readily accessible format. In addition,
many of the requirements are written in the language of the statistician and it

was felt that a clear concise collation was needed which has been specifically .

written for the practising analytical chemist. This garnering of existing informa-
tion is intended to provide an indication of current best practices in these areas.
Where examples are given the intent is to illustrate important points of principie
and best practice.

This handbook will be brief and pragmatic where possible. Inevitably, this
will lead to contentious selections in parts. Consistency of a disciplined
approach, however, is deemed more expedient than always espousing total
scientific rigour.

1.3 Purpose and scope

The AMC identified the following four main objectives that this handbook
should try to satisfy:

e Provision of a unified and disciplined framework that covers all aspects of
the validation process from sample and method selection to full
collaborative trial. '

3

Introduction

e Compilation of a selected‘bibliogmphy of more deFailed and specialist
works to be used when appropriate and incorporating the work of the
Statistical Sub-committee.

e Guidance in the use of the selected statistical procedures for the
comparison of methods where circumstances and resources do not
permit the meeting of the requirements of the [UPAC protgcol. o

o lllustration, by way of worked examples, of the main statistical
procedures for the caiculation, display and reporting of the results.

Analytical chemists are by nature innovators and seek-crs ofimprgvement. in
the development area these qualities are iavaluabie in 9pt|m|S|ng methpd
performance. Alas far too often, this desire for continuous improvement spl.lls
over into the interpretation of methods for quality control. Here we require
consistency of application and rigorous control of processes and procedu-res.
These aspects are anathema for many practitioners of the ‘art of chemical
analysis’. o
Whilst this may be sustainable (albeit undesirable) for some applications
within a single laboratory, discipline becomes a necessity wl.1en methods have to
be transferred reliably between laboratories in an organisation. When. the scope
of operation encompasses different organisations, national boundane;, etc., a
uniformity of approach is essential if comparable results ace to be obtained.
This discipline does not come easily, as it requires a control framework. The
framework may be considered irksome and unnecessary by some analytical
chemists, particularly those from a research environment. 1t is hoped to
persuade those who doubt its necessity that the successful deployment of a
method and its wide application rely heavily on such an approach and that flair
and technical excellence alone are insufficient. )
The foundations for the confidence in an analytical result require that
e the sample is representative and hoinogeneous; .
o the method selected is based upon sound scientific principles and has been
shown to be robust and reliable for the sample type under test;
the instrumentation used has been qualified and calibrated; .
a person who is both competent and adequately trained has carried out
the analysis; . '

e the integrity of the calculation used to arrive at the result is correct and
statistically sound. : :

This guide is concerned with establishing a contrgl framework for the
development and validation of laboratory-based analytical methods. Many of
thesc methods will be employed in generating data that could have profound
legal or commercial impacts. The validity of analytical results should be
established beyond reasonable doubt. o )

Validation of an analytical method is not a single event..lt is a journey with a
defined itinerary and stopping places as well asa final dcstmagop. . '

The goal is a method that satisfies the original intent. A disciplined route 1s
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4 Valid Analytical Methods and Procedures

Specified as Established by
Method selection | USER REQUIREMENTS| Confirmation of suitabilty for use
& scope of &3 SPECIFICATION wiih ail sampla matrices
applcabidy + In housa

+ willin organisations

Performancea Assessment i an

measures & expert oryties)

aces ctenta using slandand reference
materials

Allowable variabilky of key ) .

analytical (aciors Experimentally designed trial

within deveiopment Bborsiory

Figure 1 ISO 'V’ model adapted for analytical method validation

required which maps out the validation journey, more frequently calied the
validation process.

The ISO ‘V’ model for system development life cycle in computer software
validation is a structured description of such a process. In this instance, the
basic ‘V’ model has been adapted for analytical method validation and is shown
in Figure 1.

Like all models, there are underlying assumptions. The main ones for
analytical method validation include the areas of equipment qualification and
the integrity of the calibration model chosen. If the raw analytical data are
produced by equipment that has not been calibrated or not shown to perform
reliubly under the conditions of use, measurement integrity may be severely
compromised. Equally, if the calibration model and its associated calculation
methods chosen do not adequately describe the data generated then it
is inappropriate to use it. These two areas are considered in some detail in
Chapter 8. '

Each layer of the ISO 'V’ model is dependent upon the layer below and
represents stages in the process. Broadly speaking, the boxes in the left-hand
puction of the *V' model represent the aims and objectives of the validation. The
boxes in the right-hand portion of the 'V’ model contain the processes and
procedures that must be carried out successfully and be properly documented to
demonstrate that these specified aims and objectives have been met. At the
fulcrum of the model is the development process itself.

At each level of the model there is a horizontal correspondence between the
two boxes. Verification of the matching of these pairs provides a method of
closing the loop at each level.

For example, at the highest level, conformance to the user requirements
specification may be verified through data generated in house, through limited
laboratory trials or through use of the full JUPAC harmonised protocol. What
is critical here is the confirmation of the original user requirements under
appropriate performance conditions (Figure 2). -~

Introduction
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6 Valid Analytical Methods and Procedures

One useful approach to visualising these relationships is to list bullct points
for each of the pairs in the manner shown below. In this way key areas are
identified although there are not corresponding relationships between indivi-
dual bullet points. Individual elements of the model are covered more fully in
Chapter 7 where method validation is considered as a whole.

Specified as Established by
e Method applicability e Sclectivity/specificity
e Analytes to be quantified e Linearity
e Ranges or limits specified e Accuracy
o Methodology to be used e Repeatability
e Sampling considerations ¢ Within-laboratory repeatability
e Matrices to be covered ¢ Reproducibiiity
elc. e Recovery
e Robustness
ete.

Chapter 8 outlines basic aspects of data evaluation and manipulation. The
important topic of linear calibration models is covered in some detail.

Recommended procedures for comparing methods and for taking a single
method through to a full IUPAC collaborative trial with the harmonised
protocol are covered in Chapter 9. Chapter 10 is a bibliography of recom-

mended books and papers that should be consulted for more details in specific

areas.

2 Nomenclathre: Terms and Parameters

2.1 Introduction

To avoid confusion, the terms and parameters used in the validation of
methods, for example, as used in Figure 3, must be clearly and unambiguously
defined. This glossary contains the recommended definitions and corresponding
descriptions and is based on the various standards and publications summarised
in the Bibliography.' This is not exhaustive and it is recommended that the
IUPAC ‘Orange Book’? be consulted if required.

2.2 Terms
2.2.1 Analyte

Component or group of components of which the presence/absence or mass
fraction/concentration is to be determined in the test sample.

Nomenclature: Terms and Parameters 7

Test Solution ).
RN (1 TR 3‘

Alternative routes

.

TR Ll T

Measurement and/or
chemical operations

Test Result

AT E

L
= e
R o 3

Figure 3 Flow-chart of sample nomenclature

2.2.2 Analysis

The method used in the detection, identification and/or determination of the
analyte in a sample.

2.2.3 Laboratory sample

The sample or sub-sample(s) of the bulk of the material under consideration
sent to or received by the laboratory.

2.2.4 Test sample

A representative quantity of material, obtained from the laboratory sample
which is representative for the composition of the laboratory sample.
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8 Valid Analytical Methods and Procedures
2.2.5 Test portion

The representative quantity of material of proper size for the measurement of
the concentration or other property of interest, removed from the test sample,
weighed and used in a single determination.

2.2.6 Observed value

The result of a single performance of the analysis procedure/method, starting
with one test portion and ending with one observed value or test result. Note
that the observed value may be the average of several measured values on the
test portion (2.2.5) viu the test solution (2.2.8) or aliquots (2.2.9).

2.2.7 Test result

The result of a complete test (frequently a combination of observed values).

2.2.8 Test sol;ztion

The solution resulting from dissolving the test portion and treating it according
to the analytical procedure. The test solution may be used directly to determine
the presence/absence or the mass fraction or mass concentration of the analyte
without attributable sampling error. Alternatively, an aliquot (2.2.9) may be
used.

2.2.9 Aliguot

A known volume fraction of the test solution (2.2.8) used directly to determine
the presence/absence or the mass fraction/concentration of the analyte without
attributable sampling crror.

2.2.10 Detection

The determination of the presence of the analyte as a chemical entity.

2.2.11 Determination (quantification)

The determination of the absolute quantity of the analyte (mass, volume, mole)
or the relative amount of the analyte (mass fraction, mass concentration) in the

test sample.

Nomenclature: Terms and Parameters 9
2.2.12 Content mass fraction

The fraction of the analyte in the test sumple. The mass fraction is a dimension-
less number. However, the mass fraction is usually reported as a quotient of two
mass-unils or mass-volume.

Value Mass fruction ( Sf units) Non S{ units
10~2 % (m/m or m/v)

107> mgg~',mgmL ', gkg~', gL~

10°

10?3

10—: ngg” ' ugmL™' mgkg~' mg L™ ppm, parts per million
107

1078

IO—TD ngg~'.ngmL ™' pgkg ™ pg L' ppb, parts per billion
{0~

10-"

10-"2 PE’.g_l.Pg mL_',ngkg".ng L-! ppt, parts per trillion

2.2.13 Mass concentration

The concentration expressed as the mass of the analyte in the test solution
divided by the volume of the test solution. The term mass [raction should be
used if the amount of the analyte is related to the mass of the sample.

2.1.14 Muatrix

All components of the test saumple excluding the analyte.

2.3 Parameters
2.3.1 Standard deviation(s)

A mcasure of the spread in the observed values as a result of random errors
(2.3.12). These observed valucs all have the same expected vajue. The equation
to be used is . .

' 2
] " . 1 L R 1 n
5= /:—l—;(x.--f\’)z= 1 ;ﬁ-;(;n) : (1)

in which x; = individual measured value, X = mean measured value,
n = number of mcasurements.

Equation (1) applies to the calculation of 5, (2.3.7), s&_ (2.3.8) and 54 (2.3.9)
under the measurement conditions specified therein.
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10 Valid Analytical Methods and Procedures
2.3.2 Relative standard deviation(s) ( RSD)

The standard deviation(s) expressed as a percentage of the mean value. The
relative standard deviation is defined as:

RSD = > 100% @
X

2.3.3 Detection limit

The calculated amount of the analyte in the sample, which according to the
calibration line, corresponds to a signal equal to three times the standard
deviation of 20 representative blank samples. A blank sample is a sample which
does not contain the analyte.

If the recovery (2.3.21) of the analyte is less than 100%, ideally the detection
limit should be corrected for the average recovery. However, this is a con-
tentious issue and needs to be considered carefully for each method.

2.3.4 Limit of quantification

The minimum content of the analytc in the test portion- that can be quantita-
tively determined with a reasonable statistical confidence when applying the
analytical procedure. - -

e Report the limit of quantification either in absolute quantities of the
analyte (mass, volume or mole) relative amount of the analyte (mass
fraction (2.2.12) or mass concentration; (2.2.13)].

e The amount of test portion (for example in grams) ..iust be reported as
used in the determination.

The limit of quantification is numericaily equivalent to six times the standard
deviation of the measured unit when applying the analytical procedure to 20
representative blank samples. For recoveries less than 100% the limit of
quantification must be corrected for the average recovery of the analyte.

2.3.5 Sensitivity

The change of the measured signal as a result of one unit change in the content

of the analyte.
The change is calculated from the slope of the calibration line of the analyte.

2.3.6 Rounding off

The process of achieving agreement between an observed value and the
repeatability (2.3.7) of the analytical procedure. The maximum rounding off

interval is equal to the largest decimal unit determined to be smaller than haif .

Nomenclature: Terms and Parameters 11

the value of the standard deviation of the repeatability (2.3.7). See Section 8.3.1
for more details. '

2.3.7 Repeatability (r)

The expected maximum difference between two results obtained by repeated
application of the analytical procedure to an identical test sample under
identicai conditions. -

The measure for repeatability (r) is the standard deviation (s,). For serizs of
mecasurements of a sufficient size (usually not less than 6), the repeatability is
defined as

r = 2.8 x s, (confidence level 95%) 3)

Repeatability should be obtained by the same operator with the same equip-
ment in the same laboratory at the same time or within a short interval using the
same method.

2.3.8 Within-laboratory reproducibility (R,,)

The expected maximum difference between two results obtained by repeated
application of the analytical procedure to an identical test sample under
different conditions but in the same laboratory. The measure for the within-
laboratory reproducibility (R,) is the standard deviation (sz_).

For series of measurements of sufficient size (usually not less than 6), the
within-laboratory reproducibility is defined as

R., = 2.8 x sg_(confidence level 95%) N ()]

Within-laboratory reproducibility should be obtained by one or several opera-
tors with the same equipment in the same laboratory at different days using the
same method.

2.3.9 Reproducibility (R)

"~ The expected maximal difference between two results obtained by repeated

application of the analytical procedure to an identical test sample in different
laboratories. The measure for the reproducibility (R) is the standard deviation
(58)- ’

For series of measurements of sufficient size (usually not less than 6) the
reproducibility is defined as

R = 2.8 x sz (confidence lcvel 95%) %)

Between-laboratory reproducibility should be obtained by different operators


andresfe
Rectangle

andresfe
Rectangle


12 Valid Analytical Methods und Procedures

with different instrumentation in different faboratories on different days using
the same method.

For a given method, the most important factors in the determination of
repeatability and reproducibility are Laboratory, Time, Analyst and Instru-
mentation.

Experimental condition to determine Factors to vary or control

Repeatabitity Same L, T, A,

Within-laboratory reproducibility Same L; different T; [ and A may be different
Between-laboratory reproducibiiity Different L, T, A, [ S

Ifit is not possibie to involve additional laboratories for the determination of
the between-laboratory reproducibility, then the within-laboratory reproduci-
bility may be used to get an estimate of the between-laboratory reproducibility.
The reproducibility of the method may be dependent upon the mass fraction of
the analyte in the test sample. It is therefore recommended, when studying the
reproducibility, to investigate whether a relation exists between concentration
and reproducibility. The measurement series should be greater than 8.

2.3.10 Trueness

The closeness of agreement between the average value obtained from a large
series of test results and an accepted reference value. The measure of trueness is
usually expressed in terms of bias.

2.3.11 Systematic error or bias

The difference between the average observed value, obtained from a large series
of observed values (n >8), and the true value (2.3.13) (Figure 4).

2.3.12 Random error

The difference between a single observed value and the average vlue of a large
number of observed values (at least 8), obtained by applying the same analytical
procedure to the same homogeneous test sample.

2.3.13 True value

The value that describes the content and is completely defined by the circum-
stances under which the content has been determined.

2.3.14 Precision

A measure of the agreement between observed values obtained by repeated
application of the same analytical procedure under documented conditions
(2.3.7-2.3.9).

Nomenclature: Terms and Parameters i3
Measured value
Precision
Average value/\ /\ FAWAN
U v v Vv
Bias Accuracy
True vaive

Accuracy = measured value - rue value

based on one

analytical rasult

Figure 4 Accuracy, precision and bias

2.3.15 Accuracy

A measure of the agreement between a single analytical result and the true

" value.

2.3.16 Ruggedness

Ruggedness of an analytical method is the insensibility of the method for
variztions in the circumstance and the method variables during execution. It is
important to note that statistically significant deviations are not always
relevant. The purpose for which the measurement is made is a more important
criterion for deciding on the ruggedness and the statistical method employed is
merely a tool.

2.3.17 Noise

A phenomenon defined as fast changes in the intensity and frequency of a
measured signal irrespective of the presence or absence of the analyte. The speed
of change is significantly different from the normally expected detector
response. A measure of noise is the measured difference between the highest
and lowest value of the measured signal with no analyte present, observed in a
refatively short time-span, as compared to the time-span necessary for measure-
ment of the analyte. :

2.3.18 Selectivity

A measure of the discriminating power of a given analytical procedure in
differentiating between the analyte and other components in the test sample.
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14 Valid Analvtical Methods and Procedures
2.3.19 Significant figures

Values which contain the information consistent with either the repeatability or
reproducibility of the analytical procedure. Significant values are obtained by
using the described method for rounding off (Section 8.3.1).

2.3.20 Specificity (see also Selectivity)

The property of the analytical procedure to measure only that which is intendcd
to be measured. The method should not respond to any other property of the
analyte or other materials present.

2.3.21 Rccm'cry

The fraction of the analyte determined in a blank test sumple or tcst portion,
after spiking with a known quantity of the analyte under predefined conditions.

Recovery is expressed as a percentage.

e The part of the analytical procedure in which rccovery is involved should
be reported.

e The critical stages/phases relating to instability, inhomogeneity, chemical
conversions, difficult extractions, etc. shouid be reported.

e Recovery must not be based on an internal standard unless work is
undertaken to demonstrate identical behaviour under the conditions of
test.

2.3.22 Scope

The collection of matrices and analyte(s) to which the analytical procedure is
applicable.

2.3.23 Range

The content mass fraction interval to which the analytical procedure is
applicable.

2.3.24 Drift

The phenomenon observed as a continuous (increasing or decreasing) change
(slowly in timc) of the measured signal in the absence of the analyte.

Samples and Sampling A [}
3 Samples and Sampling

3.1 Introduction

The importance of sampling in method validation and, in particular, inter-
comparison of methods cannot be overemphasised. If the test portion is not
represcntative of the original material, it will not be possible to relate the
analytical result measured to that in the original material, no matter how good
the analytical method is nor how carsfully the analysis is performed. It is
essential that the laboratory sample is taken from a homogeneous bulk sample
as a collaborator who reports an outlying value may claim receipt of a defective
laboratory sample. It is important to understand that sampling is always an
crror generating process and that although the reported result may be depen-
dent upon the analytical method, it will afivays be dependent upon the sampling
process.

The essential question in the inter-comparison of analytical methods is, *If the
same sample (or a sct of identical aliquots of a sample) is analysed by the same
method in different laboratories, are the results obtained the same within the
limits of experimentat error?". It is apparent, therefore, that the sclection of an
appropriate sample or samples is critical to this question and that the sampiing
stage should be carried out by a skiiled sampler with an understanding of the
overall context of the analysis and trial. ' -

Any evaluation procedure must cover the range of sample types for which the
method under investigation is suitable, and details of its applicability in terms of
sample matrix and concentration range must be made clear. Similarly, any
restrictions in the applicability of the technique should be documented in the.
method.

For more dctails, the works listed in the Bibliography should be consulted. In
particuiar, Crosby and Patel's General Principles of Good Sampling Practi..®
and Prichard® provide readily digestible guidance to current best practices in
this area. ’

3.2 What is a sample?

The Commission on Analytical Nomenclature of the Analytical Chemistry
Division of the International Union of Pure and Applied Chemistry has pointed
out that confusion and ambiguity can arise around the use of the term ‘sample’
and reccommends that its use is confined to its statistical concept. When being
used to describe the material under analysis, the term should be qualified by the
use of ‘laboratory sample’ or ‘test sample’, for example.

One of the best treatments of sampling terminology is given in recommenda-
tions published by IUPAC?® which describes the terms used in the sampling of
bulk or packaged goods. In this example, the sampling procedure reduces the
original consignment through lots or batches, increments, primary or gross
samples, composite or aggregate samples, subsamples ot secondary samples to a
laboratory sample. The laboratory sample, if heterogeneous, may be further
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prepared to produce the test samiple. Arrival ateither a laboratory sample or test
sample is deemed to e the end of the sampling procedure.

Once received into the laboratory the laboratory samples or test samples will
be recorded and then be subjected to analytical operations, beginning with the
measuring out of a test portion and proceeding through various operations to
the final measurement and reporting of results/findings.

The IUPAC nomenclature for the sampling process is illustrated in Figure 5.
This links with the sampling nomenclature diagram on Page 8 (Figure 3).

The problems associated with sampling in many areas of chemical testing
have been addressed and methods have been validated and published (see ref. 3
for more details). Where specific methods are not available, the analytical
chemist should rely upon experience or adapt methods from similar apptica-
tions. When in doubt, the material of interest and any samples taken from it
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Figure 5 IUPAC sumpling process
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should always be treated as heterogeneous. It is important when documenting a
sampling procedure to ensure that all of the terms are clearly defined, so that the
procedure wiil be ciear to other users. The use of sampling plans may be
appropriate and guidance is available for procedures based upon attributes or
variables.®

3.3 Honiogeneity and concentration ranges

Extreme care must be taken to ensure that the bulk sample from which the
laboratory or test samples are taken is stable and homogeneous—this is
particularly important if ‘spiked’ samples are provided.

The homogeneity should be established by testing a representative number of
laboratory samples taken at random using either the proposed method of
analysis or other appropriate tests such as UV absorption, refractive index, etc.
The penalty for inhomogeneity is an increased variance in analytical results that
is not due to intrinsic method variability.

For quantitative analysis the working range for a method is determined by
examining samples with different analyte concentrations and determining the
concentration range for which acceptable accuracy and precision can be
achieved. The working range is generally more extensive than the linear range,
which is determined by the analysis of a number of samples of varying analyte
concentrations and calculating the regression from the results (see Section 8.2
for more details). For a comprehensive study, which has been designed to
evaluate the method fully, samples possessing low, medium and high concentra-
tion levels of the analyte to be determined must be prepared. The only exception
to this would be when the level of the analyte always falls within a narrow range
of concentrations.

4 Method Selection

4.1 ‘Fitness for purpose’

I“ar too often, method selection is carried out by deciding to apply the technique
that is most popular or familiar. If a laboratory has expertise in a particular
technique then it is tempting to let that expertise be the overriding factor in
miethod selection. Rarely is there a structured and considered approach to
method selection. Whilst it is often possible to make inappropriate methods
work within a single laboratory, the impact on the reliable transfer between
laboratories can be very large. In the past, the transferability of methods has not
been given the prominence it deserves. However, within the current climate of
harmonisation and interchangeability, the technical requirements of method
transfer and method performance have been addressed in some detail and are
covered in Chapter 9. There are two areas which have received less attention and
agreement, namely the inter-comparison of different methods for the same
analytes in-house or within a few laboratories and the methods for describing
and writing analytical methods. The former topic is the subject of Section 9.3.
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The latter is discussed in Section 7.2. No method is ‘fit for purpose’ unless there
are clear and unambiguous written instructions for carrying out the prescribed
testing in accordance with the conditions laid down in the original method
development cycle.

The literature contains examples of collaborative trials that only prove that
the method was not fit for its intended purpose! The full [UPAC harmonised
protocol is by its very nature an extensive and expensive exercise. From an
economic perspective such trials should only be undertaken when there is good
and well-documented evidence that it is likely that the method under evaluation
is sufficiently robust. Investment of time and intellectual effort in method
selection and the other aspects of the user requirements specification will pay
great dividends. Prevention is better and nearly always cheaper than cure.

4.2 Sources and strategies

Once the User Requirements Specification has been drawn up and the method
pecformance criteria set, the method development process can begin. Quite
often there are existing methods available within the literature or within trade
and industry. On many occasions it is tempting to ignore the difficulties of a
comprehensive literature search to save time. However, as a minimum, key
word scarches through the primary literature and abstracting journals such as
Analytical Abstracts and Chemical Abstracts should be undertaken. For
standard or statutory methods, it is essential to scan international standards
from Europe and the USA as well as local sources and those deriving from
statutory publications. Once existing methods have been identified, it is good
practice to compare them ohjectively. One way to do this is to list the
performance criteria and relevant sections of the User Requirements Specifica-
tion and tabulate the corresponding data.

An existing method may have a sufficiently good fit that adaptation is likely
to jead to a suitable method. This relies upon professional knowledge and
experience.

For methods that are likely to be widely uscd, other aspects of suitability need
to be considered. .

Some areas for consideration are listed below.

e Can the method be written down sufficiently clearly and conciscly to allow
ease of transfer?

e Can all the critical method parameters be identified and controlied? This
is particularly important where automated systems are involved.

e Is the equipment readily available to all the likely participants? This

assumes a special importance for internationally distributed methods and
may involve questions of maintenance and support.

e Are all the reagents and solvents readily available in the appropriate
quality?

e Do the staff have the requisite skills and training to carry out the
procedure? )
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e Are Health and Safety or environmental considerations likely to cause
problems?

e Are standards and reference materials readily available to ensure that
equipment and systems are properly calibrated and qualified?

4.3 Sampling considerations

In the enthusiasm for a particular technique or method, it is sometimes the case
that the appropriateness of sample size is overlooked. Even though the sampling
process outlined in Chapter 3 has been followed, it is essential that the size of the
test sample and its relationship to the sizes of the test portion and the test
solution are considered. These factors need to be considered during method
selection,

For example, is a 2 g test sample from a 1000 kg consignment or bulk batch
adequate for the purpose? It may be under appropriate circumstances. If not,
how much material needs to be taken? Recent draft guidance to the pharma-
ccutical industry from the FDA’ recommends that for blend uniformity sample
sizes no more than three times the weight of an individual dose should be taken.

Equally, consideration needs to be given to sample presentation. Is it more
appropriate to test non-destructively to gain physical and chemical information
or by solution/extraction processes to separate the analyte(s) of interest?

The most important aspect here is that these questions have been asked and
documented answers given as part of the User Requirements Specification.

It is essential to remember that whilst any test rcsult may be method-
dependent it is always sample-dependent.

4.4 Matrix cffects

As far as is practically possible, the selection and preparation of samples must
take into account all possible variations in the matrix of the material to be
analysed. The apnlicability of the method should be studied using various
samples ranging from pure standards to mixtures with complex matrices as
these may contain substances that interfere to a greater or lesser extent with the
quantitative determination of an analyte or the accurate measurement of a
parameter. Matrix effects can both reduce and enhance analytical signals and
may also act as a barrier to recovery of the analyte from a sample. E

Where matrix interferences exist, the method should ideally be validated
using a matched matrix certified reference material. If such a material is not
available it may be acceptable to use a sample spiked with a known amount of
the standard material.

The measurement of the recoveries of analyte added to matrices of interest is
used to measure the bias of a method (systematic error) although care must be
taken when evaluating the results of recovery experiments as it is possible to
obtain 100% recovery of the added standard without fully extracting the
analyte which may be bound in the sample matrix. '

The whole question of recovery adjustment is a vexed one. In theory, one
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should always carry out this correction. However, the best analytical practice is
to consider the question for each application and sample matrix combination
and make and document the decision. For more detailed information, the
recently published ‘Harmonised Guidelines for the Use of Recovery Informa-
tion in Analytical Measurements'® should be consulted.

5 Equipment Calibration and Qualification

Analytical practitioners place great faith in the readings and outputs from’their
instruments. When unexpected or out of specification results occur, the initial
suspicion often falls on the sample, the preparation technique or the analytical
standard employed. Rarely is the equipment questioned. Indeed, the whole
underpinning of method validation assumes that the analytical equipment used
to acquire the experimental data is operating correctly and reliably.

Some industries that are highly regulated, such as the pharmaceutical sector,
have placed great emphasis on method validation in, for example, HpLC®
However, until recently, there has been little direct requirement for assuring that
the analytical instruments are working properly. ‘

The major regulatory guidelines for Good Manufacturing Practice (GMP)
and Good Laboratory Practice (GLP) are similarly vague. ‘Fitness for purpose’
is the phrase that is commonly used, but what does this mean in practice?
Primarily, the Pharmacopoeias““2 and the Australian Regulatory Authority"
have been sufficiently worried by instrumental factors to give written require-
ments for instrument performance. Whilst these guidelines are not consistent at
least they are attempling to ensure consistent calibration practices between
laboratories.

In contrast, the ISO Guide 25 approach (updated in 1999 to ISO Guide
17025), as expanded in ref. 14 heavily focuses on good analytical practices and
adequate calibration of instruments with nationally or internacionally traceable
standards wherever possible.

5.1 Qualification approaches

Equipment qualification is an essential part of quality assuring the anatytical
data on which our knowledge of the sample rests. The importance of this ‘data
to information iceberg’ is illustrated in Figure 6. There are several approaches
commonly employed.

5.1.1 The ‘bottom up’ approach

The ‘bottom up’ approach ensures the quality of the end result by building up
from the foundations rather like a Lego model..In testing terms this is illustrated
in Figure 7. These Lego bricks are equivalent to the individual modules in any

measurement system. Each brick is qualified or confirmed as suitable for use ’

before the next layer is built. In this way, integrity is assured all the way o the
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‘Fitness for Purpose’ Knowledge:

Derived from combining Vaiid information
sources

Valid Information:
Derived from Good Data from
Validatad Software

Good Data:
Desived from refevant samples

using validated methods developed /. -
on qualified equipment

Figure 7 The ‘bottom up’ approuch

top-most layer. If firm foundations are not built, the information generated will
{:;)/t lsland scrutiny. By following this approach quality is built in from the lowest

Cl. ‘

The role of the instrument in providing the integrity of data is fundamental to
the end 'resuu. If the analytical practitioner cannot have faith in the reliability of
the basic analytical signal within predetermined limits then the informal)lfon
generated will be worse than useless. Reliability of the data quality shouid be

linked to performunce standards for both modules and systems as well as having
a regular maintenance programme.

3.1.2 The ‘top down’ approach
An alternative and increasingly applied approach, particularly from the

regulatory bodies, is from the other direction, i.e. ‘to *. Thi i
3 , i.e. 'top down'. This a h
known as the 4Qs model, DQ, IQ, OQ und PQ which are: pRroach 8
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Design Qualification
Installation Qualification
Operational Qualification and
Performance Qualification

A detailed discussion of this approach may be found in refs. 15-19 and
references therein. By way of example, however, the approach will be illustrated
with respect to a typical analytical instrument. ’

Design Qualification, DQ, is about specifying what the instrument or

instrument system has to do. This would include documenting technical
requirements, environmental conditions, sample and samplc presentation
requirements, data acquisition and presentation needs, operability factors and
any Health & Safety issues. In addition a cost-benefit analysis would normally
be performed.

The Instrumental Criteria Sub-committee of the Analytical Methods Com-
mittee has been active for many years in producing Guidclines for the
Evaluation of Analytical Instrumentation. Since 1984, they have produced
reports on atomic absorption, ICP, X-ray spectrometers, GLC, HPLC, ICP-
MS, molecular fluorescence, UV-Vis=NIR, IR and CE. These are excellent
source documents to facilitate the equipment quaiification process. A current
listing of these publications is given in Section 10.2.

Having chosen the analytical instrument or system, Installation Qualifica-

tion, 1Q, should be carried out to ensure that the equipment works the way the -

vendor or manufacturer specifies it should. 1Q should be performed in
accordance with a written test protocol with acceptance criteria with certifica-
tion from the installation engineer, who is suitably qualified. Full written
records of all testing carried out should be maintained as well as ensuring that

adequate documentation and manuals have been supplied. The latter should

include any Health & Safety information from vendor or manufacturer.

Cuace satisficd that the instrument is operating in accordance with its own

specification, the end user should ensure that it is ‘fit for purpose’ for the
applications intended. This step is called Operational Qualification, OQ. This
process would include writing the Standard Operating Procedure (SOP) and
training stafl in its use. Further testing may be required to ensure that the
instrument performance is in accordance with National and Corporate stan-
dards if not carried out in 1Q. Frequently, instruments are used with accessories
or sub-systems, e.g. sipper systems or other sample presentation devices.
Challenge the analytical system with known standards and record what you

did. It is necessary to ensure that they work in the way intended and that

documented evidence is available to support their use.

Calibration procedures and test methods and frequencies need to be defined
usually as part of an SOP. If you intend to transfer data from the instrument to
a software package, ensure that data integrity is preserved during transfer.
Don't assume that the transfer protocols on ‘standard’ interfaces always work
as intended. It is good practice to ensure that the data have not been truncated

or distorted during transfer.
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At this point in the process, the equipment/system is able to be put into
routine use. The final Q in the model, Performance Qualification, PQ, is about.
on-going compliance. Elements of PQ include a regular service programme,
performance monitoring with warning and action limits (as defined in 0Q). All
of these elements need to be documented and individuat log books for systems
are useful for this purpose. PQ data should be subject to regular peer review. All
instrument systems should be subject to a simple change procedure which may
well be connected to the equipment log system.

5.1.3 Holistic approach

Furman er al.,!” discussing the validation of computerised liquid chromato-
graphic systems, present the concept of modular and holistic qualification.
Modular qualification involves the individual components of a system such as
pump, autosampler, column heater and detector of an HPLC. The authors
make the point that:

‘calibration of each module may be useful for trouble shooting purposes, such
tests alone cannot guarantee the accuracy and precision of analytical results’.

Therefore the authors introduced the concept of holistic validation where the
whole chromatographic system was also qualified to evaluate the performance
of the system. The concept of holistic qualification is important as some
laboratories operate with a policy of moduiar equipment purchase. Here they
select components with the best or optimum performance from any manufac-,
turer. Furthermore, some of these laboratories may swap components when
they malfunction. Thus, over time the composition of a system may change.
Therefc 2, to assure themselves and any regulatory bodies that the system
continues to function correctly, holistic qualification is vital. N

Most laboratory systems require maintenance and inclusion preventative
maintenance programmes. Therefore any holistic testing should form part of
Performance Qualification to ensure on-going compliance.

5.2 A convergence of ideas

Much in the way of harmonisation of procedures and practices in analytical
chemistry has been going on outside these activities. Many of these initiatives
are now coming to fruition. CITAC {Co-operation on International Trace-
ability in Analytical Chemistry) have produced an International Guide to
Quality in Analytical Chemistry'® which attempts to harmonise the following
regulatory codes of practice-for the analytical laboratory: ISO Guide 25 (revised
in December 1999 to ISO Guide 17025), ISO 900! and 9002 and GLP. A VAM
Instrumentation Working Group has published Guidance on Equipment Quali-
fication of Analytical Instruments: High Performance Liquid Chromatography
(HPLC)."®
If there is one compelling reason for equipment qualification, it lies within th
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need to transfer methods between laboratories. Why are so many of our
collaborative trials a failure? One answer lies in the fact that the key analytical
variables are not always identified and controlled through specification and/or
procedural practice. These may lie within the method but more often are due to
the operating parameters of the equipment or system. If, for example, tempera-
ture is a key factor, how can it be specified if there is no assurance that
instrument A's temperature readout is operating within known accuracy and
precision limits? Furthermore, if a laboratory is transferring a method involving
an HPLC gradient separation and there is no equipment specification at the
level of the pump, there may be problems in the technology transfer. Considera-
tion needs to be given to the effects of choosing high pressure versus low
pressure solvent mixing and differences in dead volume between the pump and
column which can affect the gradient formation. These factors are likely to
affect the quality of the separation achieved. Without specification there can be
no reliable control. Another reason may be that the overall analytical process
capability is affected by one or more instrumental factors. Methods developed
on unqualified equipment or systems may well lack the robustness and
reliability needed.

Calibration is often confused with qualification. As pointed out by Parriott®®
with reference to HPLC methods:

“The term calibration implies that adjustments can be made to bring a system -

into a state of proper function. Such adjustments generally cannot be
performed by chromatographers and are best left to trained service engineers
who work for, or support, the instrument manufacturers.’

Calibration is, therefore, inextricably linked to equipment qualification and
preventative maintenance. Whenever calibration involves adjustments of the
type described above, it is important to document the activity and where
appropriate re-qualify the instrument conce. ned.

6 The Method Development Process

The overall process from concept to validated method is illustrated on Page 4
(Figure 1). Once an appropriate analytical principie has been seiected and the
method performance criteria defined, the actual method development process
can begin. Usually, this phase is carried out using pure materials and limited
samples that are known, or assumed, to be homogeneous.

The purpose of this process is to confirm the viability of the method chosen ‘

and show that the procedure is sufficiently analytically robust to allow a
prefiminary validation to be carried out. The AOAC collaborative study
guidelines?' explicitly state

‘Do not conduct collaborative study with an unoptimized method. An
unsuccessful study wastes a tremendous amount of collaborators’ time and

The-Method Development Process
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creates ill will. This applics especially to methods formulated by committees
and have not been tried in practice.’

The key factors that need to be established at this stage include:

o applicability of the analytical principle(s) over the concentration range
required;

optimisation of cxperimental conditions;

selection of the calibration function;

sclection of reference materials and standards;

evaluation of matrix effects and interferences;

recovery experiments;

robustness of the procedure to changes in key parameters;

generation of initial accuracy and precision data.

As is indicated in Figure 8, this process is likely to be an itcrative one.
However, it is essential that good written records are kept during this phase so
that, in the event of problems at subsequent levels, investigations may be more
readily carricd out. Alas, far too often the excusc of ‘analytical creativity’ is
cited for lack of such records. The most important outcome from this initial
evaluation should be an assessment of robustness {or ruggedness) of the
developed procedure. The AOAC Guide,? Use of statistics to develop and
evaluate analytical methods is an excellent source for a discussion of statistical
procedures [or both inter- and intra-laboratory studics.

Recently, the topic of method development for both routine and non-routinc
analyses has been the subject of two EURACHEM documents; The Fitness for
Purpose of Analytical Methods™ and Quality Assurance for Research and
Development and Non-routine Analysis*® as part of the VAM (Valid Analytical
Measurements) programme. These guides provide information and a bibliogra-
phy for ISO publications.

6.1 Mapping the analytical process and determining the key factors

The identification of the key factors involved is crucial in planning the
development process (Figure 9). Consideration needs to be given to each of the
analytical issues and the outcome documented. A well-written laboratory
notebook is essential in recording such information in a timely manner. Efforts
expended here will greatly facilitate the writing of the finalised analytical
method. For example, the basic assumptions regarding recovery and sclectivity
issues may have a profound effect on the detailed description of the sample
workup procedure. The other areas which are often under-specified are assuring
the integrity of data transfer and transformation.

If spreadsheets are to be used it is prudent to ensurc that any macros and
procedures are correct and that the in-built statistical functionality is appro-
priate! [tis very easy to sclect the s, function instead of 5, . Remember that s,
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Figure 9 Mapping the analytical process

refers to the entire population and s,_ to a sample from a population. This
applics also to hand-held calculators.

A procedure for determining which factors are important is to use Sandel’s
Venn diagram approach.?’ An adapted form is shown in Figure 10. Werni-
mont?? has devcloped this idea for intra-laboratory studies. Note, however, that
each of the three factors may be affected by external events.

The purpose of the development process is to determine the contributory
yariances to each of these three areas in order to minimise or control them. The
instrument performance needs to be assured and this has been discussed in
Chapter 5. Even if we assume initially that the operator contribution is small, we
need to confirm that during this phase. Trust but verify!

6.2 Simple experimental design

A simpic example, focusing on the analytical procedure, will illustrate the type
of experimental design used to investigate three key factors in an HPLC
method. Detailed discussion of experimental designs for robustness testing can
be found in Morgan?® and Hendriks et al.¥’ Riley and Rosanske®® provide an
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Figure 10 Sandel’s Venn diagram for method development

overview from a USA pharmaceutical perspective. For those wishing to go
deeply into the subject, Deming and Morgan,”® Montgomery® and Box and
Hunter®! are more detailed sources.

Consider an HPLC method for the separation of [l priority pollutant
phenols using an isocratic system. The aqueous mobile phase contains acetic
acid, methanol and citric acid. From preliminary studies, it was established that
the mobile phase composition was critical to ensure maximum resolution and to
minimise tailing. The overall response factor, CRF, was measured by summing
the individual resolutions between pairs of peaks. Hence, the CRF will increase
as analytical performance improves.

The data for this example are taken from ref. 26 in the bibliography. Many
experimental designs are available but a simple full factorial is taken by way of
example. A full factorial design is where all combinations of the factors are
experimentally explored. This is usually limited from prectical consideration to
low values. To simplify the matter further no replication was used.

The design chosen is a full factorial 2° with two levels of each of the three
factors, acetic acid concentration, methanol concentration and citric acid
concentration. The low (—) and high (+) levels of each are shown in Table 1.

Table 1 Mobile phase factors for the two level full factorial 2* design

Fuctor Low (—) High (+)
Acetic acid concentration (mol dm ™) A 0.004 0.010
Methanol (%6 v/v) M : 70 80

Citric acid concentration (g L™") C 2 6
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Table 2 Experimental design matrix for the two level full
Sactorial 2 design

Run no, A M C
1 0.004 70 2
2 0.010 70 2
3 0.004 80 2
4 0.010 80 2
b 0.004 70 6
6 0.010 70 6
7 0.004 30 6
g 0.010 80 6

These extreme levels were established during the preliminary method develop-
ment work.

A full factorial 2% design allows the study of three main factors and their
interactions to be carried out in eight experiments or runs. The first requirement
is to set out the experimental design matrix. This is shown in Table 2. ‘A’ is
the molar concentration of the acetic acid, ‘M’ is the methanol concentration,
%v/v, and ‘C’ is the citric acid concentration, g L~' All combinations are
covered in eight experimental runs. Note that this is not the order in which they
are performed. These should be carried out in a random sequence. There will be
a value of the CRF (or each run.

This design matrix for the main effects may be expressed also in the high/low
or +/— notation. The values for the CRF have been added to this and are
shown in Table 3.

This design matrix shows only the main effects, i.e., A, M and C. However,
the 2° design allows their two-factor interactions, AM, AC and AC, to be
calculated as well as one of the three-factor interactions AMC. It is unlikely that
a three-factor interaction will be significant although in some instances two-
factor inteructions are important.

“

Table 3 Experimental design matrix with contrast coefficients
and experimental values

Run no. A4 M C CRF
1 - - - 10.0
2 + - - 9.5
3 — + - 11.0
4 + + — 10.7
5 - - + 9.3
6 + B + 8.8
7 - + + 1.9
8 + + + 1.7
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One of the best ways of visualising a two level 2? design is to consider a cube
with each of the three axes representing one of the factors. Hence, each of the
two levels is represented as a value on each axis with the eight vertices having a
corresponding cxperimental result. In this example the experimental result
would be the CRF value. This design is shown in Figure 11.

In our example this template can be filled in using the values from Tables 2
and 3 and is shown in Figure 12. :

In order to decode the effects and interactions the full design matrix with all
the contrast coefficients (columns) is needed. This is shown in Table 4. The ‘I’
column contains the data of all the CRF values and is used to calculate the
overall mean effect.

Factor 1

t

Factor 2

1

Methanol (%AvA)

0.004 Acetic Acid gnol om™) 0,010

Figure 12 Visual representation of the two level full fuctorial 2? design Jor the 1IPLC
example =

R - RV e S
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Table 4 Full design matrix for a two level full factorial 2* design

Runno. [ A M AM C AC MC AMC
1 + - - + - + + -
2 + + - - - - + +
3 + - + - - + - +
4 + + + + - - - -
5 + - - + + - - +
6 + + - - + + - -
7 + - + - - + - + -
8 + + + + + + + +

The normal way of carrying out such decoding calculations is by use of
specialised software or a customised spreadsheet. However, for the purposes of
illustration, the calculation process will be described. Basically, all that is
required is to superimpose the sign convention of the contrast coefficients onto
the experimental responses and perform some simple arithmetic. For this
example, the calculations are shown in Table 5.

Each of the columns is summed and divided by the number of data pairs (4)
with the exception of the first one which is merely the original CRF values
unchanged. Dividing this summation by the number of data values, 8, gives the
overall mean effect.

The values for each of the main and interaction effects are listed in Table §.
The larger the absolute magnitude of the value the greater is its importance. The
sign of the value indicates the direction of the change of the effect. For method
development purposes, we need to know which are the large effects so that they
may be controlled. The question is what is large enough to be significant?

Table 5 Completed table of contrasted values Jor effect calculations

Runno. | A M AM C AC MC AMC
100  -100 -10.0 16.0 -10.0 10.0 10.0 -10.0
95 . 95 . -95 ~9.5 -95 -9.5 9.5 9.5
110 =110 1.0 -110 —11.0 11.0 -11.0 1.0
10.7 10.7 10.7 10.7 -10.7 -10.7 -10.7 —-10.7
9.3 -9.3 -9.3 93 9.3 -93 -9.3 9.3
3.8 8.8 ~8.8 -88 8.8 8.8 -8.38 -88
19 —119 1.9 ~119 1.9 -119 1.9 -11.9
1.7 1.7 1.7 1.7 1.7 1.7 t.7 1N
Sum 829 -1.5 7.7 0.5 0.5 0.1 3.3 0.1
" Divisor 3 4 4 4 4 4 4 4
Effect  10.363 —-0.375 1.925 0.125 0.125 0.025 0.825 0.025
$sQ 028125 741125 003125 0.03125 0.00125 1.36125 0.00125
Total SSQ 9.11875
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Table 6 Ranking of effects by value and their normal probability

Rank Effect Value P

1 Acetic acid concentration A -0.375 7.14
2 Interaction AC 0.025 21.43
3 I[nteraction AMC 0.025 3.1
4 Interaction AM 0.125 50.00
S Citric acid concentration C 0.125 64.29
6 Interaction MC 0.825 78.57
7 Methanol concentration M 1.925 92.86

Ranking (ordering) them in ascending order value is a good place to start
(Table 6).

What is clear without the further aid of statistics is that the methanol
concentration is the most important factor. Equally, it is clear that the citric
acid concentration is not significant nor are three of the four interactions. Are
the methanol concentration main effect and/or the interaction between the
methanol and citric acid concentrations significant? One way forward is to plot

the data from Table 6 on normal probability paper. If all these data are -

insignificant then they will lie on a straight line. If values are observed that are
a long way off the line it is likely that the effects or interactions are significant. -

This is easily done because the relationship between the rank of the effect, 4,
the total number of effects, T, and the expected probability, P, is: :
(i~0.5)

P =100 (6)

The calculated values listed in Table 6 are plotted in Figure 13. Note that the
probability, P, is plotted on a logarithmic scale. - -
Examining Figure 13, M is clearly way oil the line. Also, A does not lic on the
line but is unlikely to be significant. The question about MC is more difficult to
answer but for the moment it is assumed tiai it not significant. This issue may be

resolved, however, by conducting replicate experiments that provide an inde-

pendent estimate of the residual error—this will be discussed later.
However, another way of extracting information from these data can be
made by conducting an analysis of variance, ANOVA. In Table 7, the sum of

squares (SSQ) of each of the efTects and also the overall sum of squares have -

been extracted from Table 5. These data are retabulated in Table 8 in the more
usual ANOVA format. Once again, the methanol concentration is a large
factor. :

The variance ratio (F value) is not readily calculated because replicated data
are not available to allow the residual error term to be evaluated. However, it is
usual practice to use the interaction data’in such instances if the normal
probability plot has shown them to be on the linear portion of the graph. By
grouping the interaction terms from Table 7 as an estimate of the residual error,
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Figure 13 Normal plot of the effects of the iwo level full fuctorial 2 design for the HPLC
example

Table 7 Tabulation of effects data for the two level full fuctorial
22 design for the HPLC example in ANOV A formiat

Source of variation SSQ DF MS
Acetic acid concentration (A) 0.28125 { 0.28125
Methanol concentration (M) 7.41125 | 7.41125
Citric ucid concentration (C) 0.03125 1 0.03125
Interactions AM 0.03125 1 0.03125

AC 0.00125 1 0.00125

MC 1.36125 1 1.36125

AMC 0.00125 1 0.00125
Totul 9.11875 7

Table § Revised ANOV A table for the two level full factorial 23 design for the

HPLC example
Source of variution SSQ DF MS Fvalue
Acetic acid concentration (A) 0.28125 I 0.28125 0.81
Methanol concentration (M) 7.41125 1 7.41125 21.25
Citric acid conceatration (C) 0.03125 1 0.03125 0.09
Residual error 1.395 4 0.34875
Totai 9.11875 7
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we can calculate the variance ratio (F valuc) by dividing the Mean Square errors
of the main effects by the residual Mean Square error. The results are shown in
Table 8. From tables of the F distribution, the critical value for 95% confidence
for F(1,4 df)is 7.71. Therefore the methanol effect is the only significant one.
Suppose that the data used for the CRF values were mean values from a
duplicate experiment. Then it would be possible to obtain an estimate of the
error by pooling the data. By taking the mean difference squared of the data
pairs a run variance is obtained. A pooled estimate is calculated by summing ail
eight run variances and taking the mean value. This calculation is shown in
Table 9. .
If it is assumed that the pooled run variance is a reasonable estimate for the
residual variance, Table 7 can be reworked and the variance ratios (F valucs)
calculated for each of the cffects. The results of this rework arc shown in Table
10. This approach confirms that the methanol cffect is the largest by a very long
way. The F value (1,8 df) is 5.32. Whilst this confirms that A is not significant,

Table 9 Use of the run variances to generate an estimate of the residual variance

CRF -
Estimated Degrees of
Run no. Expet. [ Expt. 2 Difference Mean variance [freedom
1 ~9.8 10.2 -0.4 10.0 0.08 1
2 9.3 9.7 —-0.4 9.5 0.08 1
3 10.8 11.2 -0.4 1.0 0.08 I
4 10.6 10.8 -0.2 10.7 0.02 !
5 9.1 9.5 -0.4 9.3 0.08 1
6 9.5 10.1 -0.6 8.8 0.18 1
7 1.9 1.9 0.0 1.9 0.00 !
8 11.6 11.8 -0.2 1.7 0.02 A

SUM 0.54 8
Pooled 0.0675

Table 10 Recalculated full ANOV A table using the pooled run variance as the
estimate of the residual variance

Source of variation SSQ DF MS F value
Acetic acid concentration (A) 0.28125 ! 0.28125 4.17
Mecthanol concentration (M)——  7.41125 | 7.41125 109.80
Citric acid concentration (C) 0.03125 I 0.03125 0.46
Interactions AM 0.03125 1 0.03125 0.46

AC 0.00125 1 0.00125 0.02

MC 1.36125 t 1.36125 20.17

AMC 0.00125 1 0.00125 0.02
Total 9.11875 7
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MC, aithough much smaller than M, is significant at 95% confidence and
warrants further investigation.

Interactions are very important in establishing robust analytical methodol-
ogy. Many analytical chemists were taught at school, and alas in some instances
at university, that THE way to conduct experiments was to vary one variable at
a time and hold all others constant. This is probably the cardinal sin of
experimentation. Analytical chemistry abounds with exampies of where the
tevel of one reagent non-linearly affects the effect of another. An easy way to
look at this is to plot the CRF values observed for one factor at each of its levels
for two levels of another.

For example, if the acetic acid concentration is plotted against the mean CRF
for the two methanol levels the picture in Figure 14 is obtained.

Note that the lines are almost parallel indicating that there is no significant
interaction. This is confirmed by the lack of significance for AM in Tables 7 and
10.

If the exercise is repeated for the methanol~citric acid concentration inter-

" action, MC, the plot in Figure 15 results. Here the lines are clearly non-parallel

and support the view that this intcraction may well be analytically significant.

124
114
'R
S
c 104
3
= o *  70%viv methanol
s+ 80%viv methanot

8 T T T T 1
0.002 0.004 0.006 0008 0.010 0012
- Acetic acid concentration (M)

Figure 14 Interaction plot for AM, acetic acid-methanol

12.0 +  B0%wv methanol

11.54

11.0 :
10.5
10.0

9.5 \
9.0

= 70%viv methanol

Mean CRF

8.5

0
.0 T T T L T T 1

0 1 2 34 s & 7
Citric acid concentration (g L™

Figure 15 Interaction plot for MC, methanol—citric acid
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s

Figure 16 Normal disiribution for a residual variance of 0.0675 with effects plotted

Pictures are usually more helpful than mere numbers in deciding whether a
factor is important or not. Using the data in Table 10 and calculating what the
normal distribution for a mean of 0 and a variance of 0.0675 would look like
using a plotting programme is illustrated in Figure 16. The effects data are
plotted along the x-axis. The MC value appears just beyond the tail of the
residual error distribution and is certainly worth investigating further.

6.3 Multifactor experimental designs

For many method development problems, three or four factors are often the
norm. The message is clearly that a simple approach to experimental design can
be a crucial tool in ascertaining those factors which need to be controlled in
order to maximise method robustness. In this exampie, the level of citric acid

will have to be tightly controlled, as well as the methanol concentration, it

consistent and high values of CRF are to be regularly obtained.

Three-level fractional factorial designs are also very useful, and charting the
effects can be very helpful especially where there are more than three factors.
The Plackett-Burman designs are often used to confirm (or otherwise!) the
robustness of a method from the set value. Figure 17 shows some results®? from
a ruggedness study for an HPLC method for salbutamol®’ where the resolution
factor, R,, between it and its main degradation product is critical.

Note how in this instance the column-to-column variability is so large that the
suitability for use must certainly be questioned.

Optimisation methods may also be used to maximise key parameters, e.g. .

resolution, but are beyond the scope of this handbook. Miller and Miller’s book
on Statistics for Analytical Chemistry®® provides a gentle introduction to the
topic of optimisation methods and response surfaces as well as digestible
background reading for most of the statistical topics covered in this handbook.
For those wishing 1o delve deeply into the subject of chemometric methods, the
Handbook of Chemomerrics and Qualimetrics® in two volumes by Massart et af.,
is a detailed source of information. '
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Salbutamel
Colum pH Flow °c X PA
Sphaisab 45 20mlmin &°C 276om T Dury
0 — — + e
%
280 nm
e
3 3%

pi=3 1LSmfmin  gpc

P TR

25mimn 4pC

80 “—

"7 Effict cbserved by changing besween the normanel and the moirmal odrerne leved.
(1 Effect observed by changing besween the nominal and the minimal odreme level.

Figure 17 The effects of the different factors on the resolution factor, R,, for sulbutamol
and its major degradution product
(Reprinted trom Chromatographia, 1998, 25,769.© (1998) Vieweg-Publishing)

7 Method Yalidation

The overall process of method validation is illustrated in Figure |. However, the
extent and scope of validation is governed by the applicability of the method.?
An in-house procedure requires a less exacting process than a method intended
for multi-matrix and/or multi-laboratory use. For the latter methods, a full
collaborative trial is necessary and is covered in Chapter 9. However for many
purposes validation is limited to either demonstrating that method performance
criteria established during development are’ met under routine laboratory
conditic 1s and/or showing method equivalence (Figure 18).

7.1 Recommended best practice for method validation

The intention of this section is to provide a [ramework for validation, not-a
comprehensive set of requirements. It should be regarded as a minimum. The
implementation of a validation exercise should be customised for each applica-
tion and the documented intent contained in a validation or verification
protocol as outlined in NMLK No. 43

The United States Pharmacopoeia®® identifies three categories of assay.

"I Analytical methods for quantitation of major components of bulk drug
substances or active ingredients (including preservatives) in finished
pharmaceutical products.
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Table 11 USP24 method validation guidelines

Assay category

-
252 "
n C
439
cregs Analytical performance parameter I Quantitative Limit tests i
c o9
= T S wa
53 g 5 g Accuracy Yes  Yes Possibly Possibly
EwS ¥ g Precision Yes Yes No Yes
a w0 iBes
£50% 5 Spcqnﬁcxly Yes Yes Yes Possibly
295 E ] Limit of detection No No Yes Possibly
<@ 3 Ex Limit of quantitation No Yes No Possibly
Linearity Yes Yes No Possibly
Range Yes Yes Possibly Possibly
Ruggedness Yes Yes Yes Yes

Il Analytical mcthods for determination of impuritics in bulk drug sub-
stances or degradation products in finished pharmaceutical products,

11 Analytical mcthods for determination of performance characlerislics
(e.g. dissolution, drug release).

PRELIMINARY
VALIDATION

Guidclines for the sefeclion of analytical pcrformance parameters required
for method validation are given in Table [,

There is a remarkable degree of harmonisation between the USP approach®®
and the ICH 3 Note lfor Guidance on validation of analytical methods for the
pharmaceutical industry” and the NMLK No. 4 guidelines for the food
industry.?® The requirements for the latter two are given in Table 12, For more -
detailed discussion of the pharmaceutical requirements see ref.'28.

One of the unlortunale choices of nomenclature is the use of ‘specificity’

ara ralated lo

faeanack icop

w
.- < where whal is actually required is ‘selectivity’. Few analytical techniques are
g%g specific for a given analyle but generally can be made sufficientiy selective far
¥ g & the purpose. Alas the lerm seems to be firmly embedded!

w The unit opcrations detailed in Table 12 are generally well described and

characterised in the literature. Chapter 2 contains a listing ol the majority of the
terms and their definition. Linecarity is discussed as a separate topic in Section
8.2. :
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7.2 Describing and writing analytical methods

Q
=
2
i
3
@
Q
=
B
a
[+
v
o
@

Performance
measures &

Why is it that many published methods of analysis do not work when they are
applicd oulsidc the developer’s laboratory? Why do so many collaborative Lrials
Fail to produce consistent results? Some of the reasons may lic with inadequacy
of mcthod validation, sample preparation or lack of .specification of key
analytical parameters. However, even for well developed procedures, the fajlure
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Table 12 Framework for requirements for method validation

Requirement NAMLK No. 4% ICH3®

Vatidation or verification plan or protocol

Relerence materials

Specificity

Standard curve or linearitly

Trueness or accuracy

Precision (repeatability, intermediate precision and
reproducibility)

Concentration and measuring range

Limit of detection (LOD)

Limit of quantification (LOQ)

Robustness

Sensitivity

Evaluation of results

Documentation . :

Method perlormance monllorlng (system suitability)

Change control

NSNS N
E NN SNSNANSN

NN ANNSNNNANN
NN NN N NN

rate is high. Far too often, the causc is simply that the method is poorly written
or insufliciently detailed.

The purpose of a wrilten analytical proccdurc must be to convey the
instructions nccessary to allow a competent analytical chemist to reproduce the
procedures and measurement processes {aithfully, to apply the method to their
sample and Lo state the results with appropriate confidence. [-stress the word
competent, Mcthod transfer can only be accomplished between appropriately
trained and qualificd personnel. There is an unfortunate beliel, in some
quarters, that il procedures are wrillen in an all-embracing and exhaustively
detailed manner then proflessionally t.ain2d and qualified staff are not always
necessary. This is a dangerous and misguided beliel.

Anvone involved in writing analytical procedures and methods for the first
time generally underestimates the difficulty of the task until fuced with the
results of an unsuccessful transfer process. Why is it then that we have a dearth
of guidelines for such a task? The major lexts on analytical chemistry and
analytical science do not contain such advice. Even recent books on the
validation of analytical methods,?® The Approved Text to the FECS Curricu-
fum of Anaiytical Chemistry’” and Quality Assurance in Analytical Chemistry,*®
excellent though they are in other areas, make cursory refercnce, il any, to the
requircments {or good detailed written procedures.

The Analytical Methods Committee’s own compilation of official and
standardised methods of analysis®® is widely used and respected within the
analytical community. The importance of standardised- formats {or method
documentation has been emphasised by the “AMC’s guidelines for achiev-
ing quality in trace analysis.’® They list 17 headings for inclusion in the
documentation:

Method Validation 41
i Scope and significance 10 Quality control regime
2 Summary ol method I1 Sumple preparation
3 Definitions 12 Proccdure
4 Salety precautions 13 Calculations
S Precision and bias 14 Reporting
6 Sources of crror 15 Bibliogruphy and relerences
7 Appuratus 16 Appendices
8 Reagents and materials 17 Other information
9 Calibration and standardisation

Taking both these approaches into consideration, Table 13 gives a simplificd
framework within which to define an analytical procedure.

Table 13 Structure for analytical docimentation

| Scope and applicability -

e Samples

e Analyles

s Ranges
2 Description and principle ol the method
3 Equipment

. Sp»cnhcmon
o Calibration and qualification
¢ Range of operability

4 Reference materiuls and reagents
o Specification
o Preparition

o Storage

S Heulth und safely

6 Samphng :
s Methods
s Storage

¢ Limitations
7 Analytical procedure
s Prepuration of samples
o Prepuration of standurds
o Critical luctors
o Detuiled description of all steps
o Typical outputs; chromatograims, spectra, efc.
8 Recording and reporting of data
o Mecthod
+ Rounding and significant figures
o Data treatments
9 Calcutation of results
e Calibration model
¢ Calculation methods
« Assumplions and limitations
10 Mecthod performance
o Statistical measures
s Control charting
Il References and bibliography
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8 Data Evaluation, Transformation and Reporting
Modern analytical systems produce data al an alurming rate and in copious

qn::}nlitics. Hopefully, these data arc generated from qualified systems using
validated procedures, The task of distilling out information and thus gaining

knowledge can be a daunting and not inconsiderable task. The ‘data to

information’ iceberg model, previously discussed in Figure 6 is shown in a
simplified form in Figure 19. N

This distillation process is usually carricd oul using statistical procedurcs.
However, as Sir Ronald Fisher remarked, for this process to bc successful, the
data set has to contain the information sought.

‘

‘The statistician is no longer an alchemist expected to produce gold from any
worthless material. He is more like a chemist capable of assaying exactly how

much value it contains, and capable also of cxtracting this amount, and no
more.’

No amount of clegant statistics or chemonictric procedurcs will rescuc inade-
quale or unreliable data.

From an analytical viewpoint, statistical approaches can be subdivided into
two types: Exploratory Data Analysis (EDA) and Confirmatory Data Analysis
(CDA). Exploratory data analysis is concerncd with pictorial methods for
visualising data shape and for looking for patterns in multivariate data. It
should always be used as a precursor for seiection of appropriale statistical tools
to confirm or quantify, which is the province of confirmatory data analysis.
CDA is about applying specific tools lo a problem, quantifying underlying
effects and data modelling. This is the more familiar arca of statistics to the
analytical community.

Some basic aspects of EDA will be explored in Section 8.1, and in Scction 8.2
the most frequently used CDA technique, lincar regression analysis for calibra-
tion, will be covered. Itis not intended to provide a statistical recipe approach to
be slavishly followed. The examples used and references quoted are intended to
guide rather than to prescribe.

Figure 19 The ‘data to information’ iceberg

Data Evaluation, Transformation and Reporting 43
8.1 Lxploratory data analysis

Exploratory data analysis, EDA, is an essential prercquisite of the examination
of data by confirmatory methods. Time spent here can lead to a much greater
appreciation of ils structure and the selection of the most appropriate con-
firmatory technique. This has parallels in the analytical world. The story ol the
student’s reply Lo the question 'ls the organic material a carboxylic acid?’ which
was 'l don't know because the IR scan isn’t back yel” poses questions about the
approaches to preliminary testing! C - : -

These EDA methods arc essentially pictorial and can often be carried out
using simple pencil and paper methods. Picturing data and displaying it
accurately is an aspect of data analysis which is under utilised. Unless
exploratory data analysis uncovers features and structures within the data set
there is likely to be nothing for confirmatory data analysis to consider! One of
the champions of EDA, the Amecrican slatistician John W. Tukey, in his seminal
work on EDA*! captures the underlying principle in his comment that

‘the greatest valtue of a picture is when it forces us to notice what we never
expected to see'.

Take, for example, Anscombe’s Quartet dala set shown in Figure 20.*2 Here,
there arc four sets of 11 pairs of XY data which when subjected to the standard
linear regression approach all yield identical numerical outputs.  Cursory
inspection of the numerical listing does not reveal the information immediately
apparent when simply plotting the XY data (Figure 21). The Chinese proverb
that a picture is worth ten thousand words is amply illustrated. .

Other basic plotting techniques such as the dot plot can be helpful in the
investigation of potential outliers in collaboraltive studies. For example, Figure
22 shows the results from an AMC trial on vitamin B; in animal feeding stuffs.

The simple EDA approaches developed by Tukey have been greatly extended
by Tufte who remarked that : S

‘Graphics reveal data, Indeed graphics can be more precise and revealing
than conventional statistical calculations.’

[ u i [14

x T x A x T X T
100 8 100 91 100 746 80 654 N = |1

80 6% 80 B4 80 677 80 576 metn of X' = 9.0 N
130 17158 130 A 130 1274 80 TN man ol Y'1 =18 o

90 88 90 877 9.0 .11 3.0 88

| equation of regremsion fine: Y = 3+05X
1o s e 9.2 1no 1m 80 847

snandard error of estimate of ope = 0.118

1o 99 140 8.0 140 884 - 30 .04 ¢ tmd =

60 724 60 613 60 608 30 S rum of squares X - X = 1100 C
10 426 40 10 40 539 199 1250 regremion sum of quares = 71.50
120 1084 120 913 120 818 8D 5.56 revidunl m of muscer of Y = 13.78
7.0 482 70 126. 10 842 80 1N . correlation eocMcint = A2 -
50 5.68 50 4N 5.0 57 80 689 w67

. ¥ 4
Figure 20 Auscombe’s Quartet data set 3
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Figure 21 Plotting Anscombe’s Quarter XY data®

Tufte's books on this topic, The Visual Display of Quantitative Information
(1983),* Envisioning Information (1990)** and Visual Explanations (1997)*¢ are
recommendced for further reading. . RN,

The availability of computer packages for data plotting and manipulation has
made EDA easier to cacry out. However, it is easy and instructive to carry out
some simple EDA calculations by hand. Getting a leel for the shape of data
doesn’t always require the sophistication of a compuler application: even
reasonably large data sets'can be handled using pencil and paper. The data in
Table 14 are from an inter-laboratory study of a single sample for % protein

e LW vy
and a single determination. They have been ranked, i.e. sorted, in ascending
order.

One way of visualising the data set structure is to use the stem and leaf
method. This simple display method defines the STEM as the number to the left
of the decimal point. Note that as in Figure 23 for larger duta sets it is usual to
subdivide the STEM into two parls, e.g. values from 30.0 to 30.4"are recorded
on the first row and 30.5 10 30.9 on the second. This split is sometimes indicated
with a symbol, e.g. *, appended to the second row to make collation easier. The
LEAF is the digit to the right of the decimal point for one decimal digit.
Depending on the numbers of decimal places, an appropriate choice of scaling
can be made. In this instance, the leal unit is equivalent to 0.1% of protein.

Tukey's book*! is recommended for more details on this method and other
EDA procedures. . :

Data Evaluation, Transformation and Reporting

3 Laboratory

i-"lgure 22 Dot plot for normalised data from vitamin By colluborative trial
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Table 14 % Protein data from 84 laboratorics ranked in increasing order

Laboratory % Protein Laboratory % Protein Laboratory % Proicin
83 27.6 32 317 3t 32.2
20 29.0 33 33 40 322
47 29.2 : 48 317 44 J2.2
75 29.2 49 - 317 51 322
84 29.8 59 317 56 322
63 - 299 6 . 38 ' 4 323y
6 30.6 9 318 29 323
2 30.7 13 318 34 32.3
kb 30.7 - 58 3.8 65 323
55 -0 T4 LY 7 J2.4
67 30.9 26 319 24 324
69 30.9 pL I 319 | 325
g0 3j1.2 30 RER) 53 32.5
217 R . 52 3y 18 J2.6
39 313 . 72 L9 36 32.6
41 313 1 319 42 326
62 303 5 C320 o 35 327
71 33 ' 19 - 320 79 ) 327
8 - 314 o 37 320 ¢ 25 329
1l 3.4 66 32.0 . 46 33.2
) 314 68 32,0 U 333
45 Jtd 10 321 61 33.4
73 4 23 J2t 64 335
22 LS 54 - 32 81 335
12 316 57 . 3 .. Mean L4
43 3.6 60 ... 32 Median 319
50 . 316 70 Ja.! Std der. 0.97
82 316 6 321 RSD 3.05
] 3.7 78 J2.1
i4 3.7 17 322

From Table 14, the basic stem and leaf plol can now bc assembled. The
resultant plot is shown in Figure 23.

The use of the tally column makes it easy to ensure thal no data are missed.
Ranking the data is not necessary but it makes it a lot easier to piot and o
generate a box and whisker plot. :

The shape of the distribution is quite apparent from Figure 23 and is much
more information-rich than the ubiquitous histogram representation for a class
interval of 0.5% protein. The overall shape of the data set is readily obscrved
from the *box and whisker' plot (Figure 24). This can be generated from the
same ranked data set used for the stem and leal plot. The principles are very
straightforward and require only the ability to inspect the ranked datd and
peeform a counting operation. For data ranked in increasing order the rules in
Figure 25 apply. '

For symmetrical data scts, the median lics centrally in the box and the
whiskers are of equal length. ) :
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Figure 24 fox and whisker plot of % protein data
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Median value is the value that equaily
e Extrema Low divides the data set; (data count +1)/2
Inter-quartile distances are at the data
count mid-points above and below the
Lower Quartile median

Median * The box contains 50% of the data set

The whiskers go to the extreme values, or
sometimes, to 1.5x the inter-quartile
distances. Values outside £1.5x the inter-
quartile distances may be labelled as '
outliers

Uppar Quartile

——i— Extreme High’

Figure 25 Box and whisker plot principles

Tuking the data from Table 14, the simplest box and whisker plot using
whiskers extending to the extreme values is shown in Figure 24. The median lies
between rank 42 and 43 as the number of data points is even. In this instance the
values are the same. 31.9%. The inter-quartile distances are at runk points 21
(31.4%) and 64 (32.2%) as they lie half way between the median and the lower
and upper extreme values respectively. Note that here the possibility of there
being outliers which should be excluded is ignored.

The construction of the plot requires only a pencil and ruler in this example to
construct the essential features. The median is not central to the box and is
skewed to the high side. However, the whiskers are not of cqual length. The tail
to the lower end of the distribution may indicate that some of the values may be
outlicrs and should be investigated further. '

1t is hoped that the simple examples shown will encourage more EDA to be
carried oul before reaching {or the statistical heavyweight procedures.

Many modern computer packages have routines that will generate stem and
leal and box and whisker plots as well as many more complicated ones for
looking at multivariate data.

8.2 Linear calibration models

The most common calibration model or function in use in analytical labora-
tories assumes that the analytical response is a lincar function of the analyte
concentration. Most chromatographic and spectrophotometric methods use
this approach. Indeed, many instruments and software puckages have linear
calibration (regression) functions buill into them. The main type of calculation
adopled is the method of least squares whereby the sums of the squares of the
deviaticns from the predicted line are minimised. It is assumed thatall the errors
are conlained in the response variable, Y, and the concentration variable, X, is
error free. Commonly the models available are Y= bXand Y = bX + a, wherc
b is the slope of the calibration line and a is the intercepl. These values are the
least squares estimaltes of the true values. The following discussions are only
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Table 15 Specirophotometric assay calibration duta

Analyte Sbsorbance al
(%%w/lv) 228.9 nm

Data pair X Y

1 0.000 0.001

2 0.013 - 0.058

) 0.020 0.118

4 0.048 0.280

5 0.100 0.579

6 0.123 0.735

7 0.155 0.866

3 0.170 1.007

9 0.203 1.149

iHustrative of the least squares approach and standard works such as Draper
and Smith?? and Neter, Kutner, Nachtsheim and Wasserman™® should be
consuited for more details. For a gentler introduction, Miller and Miller® is
recommended. . -

The fOrst problem is deciding on which of these two common models to use. It
has been argued that for spectrophotometric methods where the Becr~Lambert
Law is known to hold, ¥ = bX + g, the ‘force.through zero model’ is the correct
model to choose if the absorbance values are corrected for the blunk.”® The
correct way to carry out the calibration regression is to include the blank
response at ‘assumed’ zero concentration and use the model ¥ = bX +a +¢e
instead. This may be a nicety from a practical standpoint for many assays bul
there are instances where a *force through zero® model could produce erroncous
results. Note that the € denotes the random error term. Tuble 15 contains a sctof
absorbunce concentration data from a UV assay.

The lcast squares regression approach will-be illustrated using these data as
an cxample for the model ¥ = bX + a. The calculations are shown in Table 16.
The predicted least squares parameters are calculated by the lollowing steps.

(1) Calculate the meun values for the X and Y data pairs. These are
designated ‘Xbar’, X, and ‘Ybar', Y, respectively. _
(2) Calculate the values for the squares of (X — X), (Y = Y) and the cross
product (X —~ XY — Y) for cach data pair. .. . .
(3) Calculate from these the three sums of squares, SS, S5, and SSyp
respectively. . ‘
" (4) The best estimate of the slope, b, is found by dividing S5y, by SS.
(5) The best estimate of the intercept, a, is found [rom the equation
a= Y —bX. :
The resultant calibration plot is shown in Figure 26. The model cquation is,
Y = 5.7591X — 0.0002 where ¥, *Yhat', is the predicted ¥ value for a given X
from best fit regression line. A plot of the residuals will give an indication of

¥
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Table 16 Basic opcrations to caleulate the least squares estimates of the model

Y=bX+a+e

Analyte Absorbance
(Yow/v) ar228.9 nm B i
Data pair - X Y (X=X} (Y=-")}}  (x=X)Y-Y)
{ 0.000 0.001 0.0085 0.2326 0.0491
2 0.013 0.058 0.0063 " 0.2252 0.0377
3 0.020 0.118 0.0052 0.1719 0.0300
4 0.048 0.280 0.0020 0.0638 0.0112
5 0.100 0.579 0.0001 0.0022 0.0004
6 0.123 0.735 0.0009 0.0410 0.0062
7 0.155 0.866 0.0039 0.1112 0.0209
8 0.170 1.007 0.0060 0.2251 0.0368
9 0.203 1.149 0.0122 0.3800 0.0632
0.092 0.533 0.0452 1.5028 0.2604
x Y SS., SS. S5y
1.251
A
1.00 P
a
g 0.75- .
3
Q
4
< 0.504
0.254
“o.00 0.05 0.10 015 020 0.25

. Analyte concentration %

Figure 26 Least squares calibration line for Y = 5.7591X — 0.0002

whether the modei is well fitted. The residuals are listed in Table 17 and plotted

in Figure 27.

There are no obvious leatures in the residuals piot to suggest that the model is
unsuitable. However, some of the residuals are rather large so it is prudent to
estimate how good our regression model is and what confidence we can have in
data predicted from it. Estimates of the confidencc in the determined slope and

Data Evaluation, Transformation and Reporting

Table 17 Culculated residuals

Analyte Absorbance
(Yow/v) at 228.9 nm Residual
Data pair X Y (Y-Y)
| 0.000 0.001 0.000 0.001
2 0.013 0.058 0.075 -0.017
3 0.020 0.1i8 0.115 0.003
4 0.043 0.280 0.277 0.003
3 0.100 0.579 - 0.576 0.003
6 0.123 0.735 0.709 0.026
7 0.155 0.866 0.893 -0.027
8 0.170 1.007 0.979 0.028
9 0.203 1.149 1.169 -0.020
r-7
0.030
0.025} . :
0.020
0.0154
0.0104
o.oosl . . .
0.000 . v . : \
.0.005 0.05 0.10 0.1% 0.20 0.25
.0.0104 Analyte concenlration ‘/.wl.v
-0.0154 .
-0.020 .
" -0.0251 .
-0.030-

Figure 27 Plot of resicitals from Y=bX+ate

intercept parameters b and a and the

steps are shown below and the results given in Table 18.

(1) The correlation coefficient; r, is calculated (rom

for all n data pairs.
(2) Calculate the mean square error, MSE, from

where n — 2 are the degrees of freedom for the crror.

SS
55,55,

58 — bSSy
n-2

51

overall regression can now be made. The

M

®
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Table 18 Calculated regression and confidence parameters

Correlation coellicient, r 0.9990
Mean square error, MSE 0.000417
Root mean square error, RMSE 0.0204
Standard error of the slope 0.0961
Standard error of the inlercept - 0.0112
Value of  for 7 degrees of freedom and 95% conlidence 2.365
95% confidence limits of the slope +0.227
95% confidence limits of the intercept +0.0265

(3) Calculate the root mean square crror, RMSE.
(4) Calculate the standard error of the slope from

- [MSE
,/——SS )
(5) Calculate the standard error of the intercept from

MSE(E)% l) (10) -

(6) Calculate the 95% confidence limits for each by multiplying the standard
. errors by the value of 1 for n — 2 degrees of freedom.

" The 95% confidence contours for regression can now be plotted on the
regression line as is shown in Figure 28.

It is usual to test the slope of the regression line to ensure that it is significant
using the £ ratio, but for most analytical purposes this is an academic exercise,
Of more importance is whether the intercept is statistically indistinguishable
from zero. In this instance, the 95% confidence interva! {or the intercept is frow
—0.0263 to +0.0266 which indicatcs that this is the case,

Up until now it is only the confidence of the regression that has been
examined. The impact of this calibration on predicted analyte concentrations
from values of absorbance originating from unknown sumples needs to be
calculated. .

The equation is a little daunting at first glance. The 95% confidence interval

for the true concentration of the analyte, X, for a single determination is given
by :

‘ (RMSE) R S n? :
+s b (1)
b |+’—'+ TS5S

x

Valid Analytical Meiliods and Procedures
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1.254
o
1.004 /i

0.75 o

Absorb_anca
RN

0.504

0.254 .

.00+ v v : ; —
° 00.00 0.05 0.10 0.15 - 020 0.25
Analyte concentration %

Figure 28 Calibrarion line wirlt 95% confidence limits for the regression

If ni replicates are carried out the equation becomes: -

(y-m
i‘(Rl"l[)SE) e (12)

==
moon SS,

For the calculation of simultaneous confidence inlprvals it is nccessury to
replace the f value in the above equations with ‘/Zﬁ(.2._il —2) from la.blcs of l'hc
F distribution for the same degree of confidence. 'Ijhl.? is 1arely dopc in practice
but Figure 29 shows the superimposition 0!' l}?esc limits f)n'lhc cahbrall.on ;?lol‘

It is appurcut from Fiunre 29 that the limits of Prcdlcllon are considerably
wider than those for regression and that the limits are much larger a!_ lh‘c
extremes of the regression than at the centre. This indicates lh:{l b.csl practice is
to devise calibrations sulficiently wide in range to allow the majority of samples
to have values in the mid range if practicable, ) .

A closer look at the prediction of the concentration for a single sample
absorbuance of 0.500 is shown in Figure 30. The lcast squares .b‘cst fit value lor
the unalyte concentration is 0.0868%. There is a 95% probability that lh'e tru'c
concentration will lic +£0.0115% of the estimated value. The qucsuor'l is
whether a 13% relative spread at 0.0868% is analytically acc.eplablc. If this is
not so, then the calibration procedure has to be reinvestigated to reduce

* variability. .

When the ¢ statistic version of the equations (11) and (12) is used, the -

- arithmetic values for th¢ 95% confidence limits are smailer. The corresponding
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1.254
1.004
3
g 0.754
o
a
2
9
w
a
< 0.504
0.25
+-+== 95% confidence limils of regression
= =—95% conkdence limils of predictian
0.00 —T T ——T 1
0.00 0.05 0.10 0.15 0.20 0.25

Analyte concentration %

Figure 29 Calibration plot with 95% fimits of hotit regression and prediction

0.804

Absorbancs

Predicted value from regression

40 Ly v r v v -
0.070 0.075 © 0.080 0.085 0.0%0 0.095 9.100
Analyte concentrallon A4

Figure 30 Confidence in the predicted X concentration value for an ahsorbance of 0.500
Sram the calibration plot

Data Evaluation, Transformation and Reporting ' 5s

value for an analyte concentration of 0.0868% is +0.0089. The confidence
limits can be ughlcned by making replicale measurements at each analyte
concentration and using equation [2.

8.3 Recording and reporting of data

Good analytical practice has always demanded good record keeping. Proper
and detailed records of all work carried out needs to be documented for future
reference. One of the problems in carrying out this good practice is to decide
how to record the numbers generated so that they reflect the correct number of
significant figurcs and that thesc dala arc adequate for (urther calculations.
There have been many examples where results have been recorded to eight
dccimal places becausc that was the number of digits displayed on the
calculator! In this section, the topics of rounding of numbers will be considered
along with the difficult issues of oullxers |n data scts and the expression of
confidence in our results.

8.3.1 Rounding of numbers

The difference between the number of significant figures and the number of
decimal places still causes problems. Take, for example, a result (rom a
spectropliotometric assay of a material which is output from a calculator as
0.0119455. The number of significant figures is six whilst the number of decimal
places is scven. The requirement is that the number of significant figures should
reflect the experimental precision. Given the nature of spectrophotometry, the
precision would normally aflfect the third significant figure or, in this example,.
the fourth decimal place. For statistical purposes it is usual to retain at Jeast one
more significant figure (or calculations. The rounding process should be carried
out only at the end of the calculation and in one step.. The rule is that if the value
of the least significant figure is 5 or more then round the preceding figure up.
However, lo preventintroducing an obvious bias when always rounding up with
5 a good practice is round to the nearest even number. Hence, 11.65 would
round to 1.6 for three significant figures and [1.75 would round to 11.8. N
As the error in the example is in the third significant figure, truncate the value
at the fourth significant figure before rounding. The value to be rounded
becomes 0.01194 so that rounding to three significant figures becomes 0.0119.
Note that if we didn't truncate our data beflore rounding and started from the
original six significant figurcs the results would be 0.011946 to five significant
figures, 0.01195 to four significant figures and 0.0120 to three significant figures!
_ Further examples on the presentation of numerical values can be found in
British Standard 1957: 1953 (confirmed 1987).

8.3, 2 Quiliers

The fcjection of outlicrs from analytical data is onc of the most vexed topics.*®
The only valid rcason for rejecting a piece of data is when a discernible cause can
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be identified. Rejecting data on the grounds that it doesn’t give the answer
expected or appears anomalous is ot acceptable. Equally unaceeptable are the
practices of slavish application of statisticy| outlier tests to make the excuse for
the rejection. This does not mean that statistical outlier tests are uscless. On the
contrary, they are very helpful in directing attention 1o atypical results. It is the
responsibility of the analytical practitioner to investigate atypical results, and
statistical tools are uselul jn this regard but not prescriptive. The only exception
is when using the [UPAC harmonised protocol for collaborative trials where
this practice s accepted inlernalionally. Even here, the requirement is that af]
data input from a trial have had to be screened {or non-valid data,

The best advice js always to look carelully at the sha pe of the data set. Section
8.1 discussed various ways ol exploratory data analysis. One method of spotling
potential outlicrs to be investigated is to combine the z-score with a dot plot.

A z-score for any data point, .X,, in a data set of values is calculated from

Y- %
(3
P (13)

where 5, is the standard deviation of the data set. Ideally, all the dots will be
normally distributed about 0. A data sct of 45 normalised vitamin B, data was
transformed into z-scores and the resultant dot plotis shown in the upper trace
of Figure 31. Most of the data are clystered between z-scores of +2 bul two

points are close to —3. Ifjtis assumed that they are true outliers, then the Suct

value can be recalculated excluding these points and the modified z-scores
calculated. The lower trace in Figure 31 shows that most of the data remuin
clustered between z-scores of 42 but two points are beyond —4, These values
are therefore worthy causes for o detailed investigation,

8.3.3 Confidence linirs Jor analytical datg -

One of the key concerns of analytical science is *how good are the numbers
produced?’. Even with an adequately developed, optimised and colla boratively
tested method which has beemcarri=4 out on qualified and calibrated equipment
the question remains. Recently it has become lashionable to extend the concepts
of the physical metrology into analytical measurements and to quantifly
confidence in terms of the much more negative uncertainty.* 1t is bysed on the
bottom-up principle or the so called error budget approuch. This approuch is
based on the theory that if the variance contributions of all sour
involved inanalytical processes then it is possible to calculate the over; CSS

original zscares T T

modified z scores—7 -
- N D ac 0 B 2

Figure 31 Dot ploss of z-scores for normalised vitaniin 8, data
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stundard deviation ang hence the uncertainty or con.ﬁdcncc limits. Unfortu-
nately, as Horwitz3? g pointed out, this approach is likcly to:

* overlook important variables and double count o(hers;' '

s avoid cousidering unknown and unknowable interactions and interfer-
ences; .

* adjust for missing variables with uncontrolled ‘Type B’ uncertainty
components “bused on scientific judgement’ estimated by dividing the
tolerance by /3.

Physical metrology is typically dominated by systematic error with the
random component being small in comparison. {t is not unusual to have daty
reported (o ten or more significant figures, Analytical data, on the other hund,
are rarely able to be expressed to greater than four significant figures and lor
trace measurements only two or three. Modern analytical systems are too
complex 1o make the use of the error budget viable particularly for truce
analyses. Horwitz reconimends the alternative ‘top down approach’ proposed
by the AMC*? for estimating uncertainty via collaborative trials.

9 Technology Transfer

When the method development process has been complclcd.. an analytical
procedure is subject to validation and transfer 1o routine use. This process may
be called technology (ransfer which implies migration from the R&D environ-
ment 1o routine analyticy| laboratories. This process needs to be carricd out
whether the applicability of the procedure is limited to a single laboratory or to
many luboratorics.

9.1 Performance expectations and acceptance criteria

Analytical chemists have long been aware that the relative/standard dcvia'lio’l}
increases as the analyte concentration decreases. Pionecring work by Horwitz
and the analysis of approxiniately 3060 vuiues from collaborative trials has led
to the establishment of ap empirical function, -

= 4.oU=0.510g ) 14)
RSD = 32 .

which when plotied yiclds the Horwitz trumpet. This is iflustrated in Figurc‘JZ.

This simple lunction is most useful in setting acceptance criteria f9r illl&ll‘yUCﬂl
method in(cr—lubor:uory precision. Note that the concentration, C, is relative so
that 100% has a value of I, i.e. 10° Table 19 fists values in decreasing powers of
10. C

"Other values of the Horwitz function can be calculated from the established

. P 1-0.5} i
-analyle concentration value by substitution in RSD = 2f °“Qrcmcn1bcr|ng
that Cis the relative concentration, ’
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Horwitz 'Trumpet’ Function

704 (
- t-0 Jles C )
504 RSD = 2 "
50/ where C is the relative concentration;
i.c. 100% = |

Relatlve Standard Deviation

ais

1 pam
b
p

Concentration

Figure 32 Variation of relative staudard deviation with concentration

(Reprinted from J. A0AC Int., 1980, 63, 1334. © (1980) AOAC INTER-
NATIONAL) ot )

Table 19 Calculated values from the Horwitz

Junction
Relative concentration RSD
- 107 (100%) 2.00
10T (10%) 2.8)
1072 (1%) . 4.00
1072 (0.1%) 5.66
107" : 8.00
10": IR
lO_7 (ppm) 16.00
10-. 22.63
“10°* 32.00
1077 (ppb) 45.25
10-'° 64.00
10" 90.51
10~ (ppu) 128.00

When the value of RSD and the mean-value of the analyte concentration have
been established, the Horwitz ratio, HORRAT, can be calculated.

RSDuhscrvcd

HORRAT =
‘ RSD-;alcululcd (Is)

Technology Transfer . 59

For example, if a collaborative trial produced a value for RSDgpscrveq 07 9.21 for
a mcan analyte concentration of 0.00953% then

RSDovs _ 921 _\ 14
RSDae 806

HORRAT =

It is now generally accepted practice that HORRAT values of 2 or less indicate
that the method is of adequate precision. Hence, in our example, this is clearly
s0.

9.2 Transfer of published methods into a single laboratory

The Nordic Comuittee on Food Analysis has published a guidcline on the
“Validation of Chemical Analytical Methods’?® which differentiates between
external validation work carried out on publishcd methods and that work
required to transfer it into the working laboratory to confirm its suitability
for usc. Table 20 is adapted from this document. This document is most
easily accessed from a recently published book.** If certified reference
materials are available they should be used to confirm the verification of
trucness. These guidelines could also apply to intra-laboratory training
programmes. .

The overall validation requirements given in the guideline cf the Nordic
Committee on Food Analysis on the ‘Validation of Chemical Analytical
Methods>* are listed in Table 12.

Table 20 Technology transfer validation requirements for published analytical
methods

Degree of external validation Recommended internal validation

The method is externally validated in a Verification of trueness and precision
method-performance study .

The method is externaily validated in a Verification of trueness and precision and
method-performance study but is to be where appropriate the detection limit

used with a new sample matrix or using
new instruments

The method is well established but
untested

The method is published in the scientific
literature and gives important
performance characteristics

The method is published in the scientific
literature but without important
performance characteristics

More extensive validation/verification of
key parameters

Morc extensive validation/verification of
key parameters

The method should be subject to fuil
validation
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9.3 Comparison of two mecthods

One of the most commmon tasks in the analytical laboratory is to determine
whether or not two methods give comparable mean results within a predeter-
mined confidence level. The test usually chosen for this task is the r-test.

There are two different ways of carrying out this test. The first one involves
taking a single sample and analysing it by both methods a number of times. The
usual procedure is to undertake a number of analyses (preferably not less than
6) for the chosen sample with both methods and calculate the value of the r-
statistic. This is then compared with the tabular value for the uppropriate
degrees of frecdom at the selected confidence level, If the calculated value is less
than the tabulated ¢ value then the mean values, and hence the methods, are
accounted equivalent. This method has the advantage that the number of
replicates undertaken for each method does not have to be equal. However, it

is not always recognised that for this lest to be valid the precision of the two .

methods should be equal. The method used to compare the precisions of
methods is the F-ratio test and is carried out as part of the procedure.

The process may be illustrated with the following example. Table 21 gives
some data from (wo methods, B and C, for estimating the silver content in
photographic media. Method B is based upon an X-ray fluorescence procedure
and Method C is a controlied potential coulometric method.

The steps and calculations are as follows.

- (1) Calculate the differences and the square of the differences [or each of the
mean values ol the data (n, data points from C and n; data points from B)
{rom Methods C and D respectively. ‘

- Table 21 t-Test comparison of means fron two inethods using a single sample

Experimental result Squares of deviations
Swinple no. Method C Meihod B Method C Merhod B
t 0.8337 0.8741 0.000669 0.000010
2 0.8342 0.8733 0.000643 0.000006
3 0.8572 0.8715 0.000006 0.000000
4 0.8556 0.8738 ~ 0.000016 0.000008
S 0.8832 0.8485 0.000559 0.000501
6 0.8862 - 0.8513 0.000710 0.000384
7 0.8728 0.84%3 0.000t75 0.000512
8 0.8678 0.8478 ~0.000068 0.000535
% 0.8517 0.8904 0.000062 0.000380
10 0.8532 0.8862 0.000040 0.000234
(A i 0.8899 0.000360
12 . 0.8958 0.000619
Sum 8.5956— 10.4507 - 0.002947 0.003550
0.3596 0.8709 . 0.0003275 0.0003227
Mean ; o Yariance

Technology Transfer 61

(2) Calculate the sums of these squares. s , o

(3) Calculate the variances ol Methods C and B (57 and s52) by dmdlr.\g the
sum of squares by the degrees of [reedom (m —1landn —1 rcspccllvcly).

(4) Calculate the Fratio by dividing the Jarger variance by the smaller. In this
instunce variunce of C divided by variance of B. . ) .

(5) Compure this value with the tabular value (one-sided) for F at 95%
conlidence for 9 and L1 degrees of freedom.

(6) Culculate the pooled variance,

2 _ (e = Dsd 4 (m=Dshh a6
(m +m-2)

(7) Calculate the absolute value for ¢ from

()
"y ny

where ¢ has (1, + ny — 2) degrees of freedom.
(8) Compare this value with the tabuluted values of + for (my + nmy —2)
degrees of freedom (given in Tuble 22). ’ -

= (mn

As the tabular 1 value exceeds the calculated value, then we can conclude that

" the means are not significantly dilferent at 95% confidence.

One way ol making this comparison visual is to generate pictures of
distribulions from the mean and variance data for Mcthods B and C and
superimposing their data points. This assumes that the data are normally
distributed but il has been shown that this is generally the case.’® These are
shown in Figure 33. The degree ol overlap is high, and, importantly, the shapes’
of the distributions are very similar. This visual representation confirms the /
statistic fndings and supports the requirement for approximately equal var-
iances. :

However, there are occasions when variance equivalence is not obseryed.
Another method, D, was used to determine the silver content of the photo- *

Table 22 Results from \-test comparison of means
from two methods using a single samnple

F ralio of variances calculated ~ Lol
Tabular £(0.05,9,11) one-sided 291
Pooled variance, s e ' 0.0003249
Standard deviation, s -+ - . 0.018029
1 Statistic . ) —1.47

Tabular 1(0.05,20) 2.09
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62 Valid Analytical Methods and Procedures

Comparison of Methods B and C

1
Waan for maihad C 0.860 Mean for methad B 0.871
Sld. deviation 0018 Sid. deviauon 0.018
>
n
c
@
El
o
o
o
w
) +  Mathod B data poinls
» Mathod C data ponls
T * v T r T —
0.80 0.82 0.84 0.86 0.88 0.90 0.92 0.94

Concentration of analyta {mg mL™")

Figure 33 Data distribuiions for Aethods 8 and C and their data points

graphic materials which was based on high precision automated emulsion
densitometry. The equivalent picture to Figure 33 for this comparison is
shown in Figurc 34.

~ An Fralio test is hardly needed to decide whether the variances are different!
A’ t-test is still appliciule but needs to be modificd to take into account the
variance differences. This is done by calculating the eflective number of degrees
of freedom using Sutterthwaite's method.*? This is still an arca which is
controversial and a number of differing approaches and equations have been
proposed.

Table 23 shows the data tabulations for Methods C and D (n = 10 and
n = 12, respectively), analogous to Table 2t for iMethods B and C. Note the
large valuc for the F ratio indicating highly significant dilferences between the
variances of the two data sets.

The steps and calculations for the unequal variance calculation arc as follows.

(1) Calculate the sums and means for the first two cotumns.

(2) Calculate the squared differences between the mean for cach method and
the individual values and the sums (or the sccond two columns.

(3) Calculate the variances for Mcthods C and D, V¢ and ¥p, by dividing
the sums for columns 3 and 4 by (the number of data points — 1), in this
example, 9 and 1},

(4) Calculate the F ratio by dividing the larger variance by the smaller,
VelV.

Technology Transfer
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Comparison of Methods C and D

Mean for method D 0.881 "
7 Std. dewialion 0.0026
>
i}
-
a
3
o
a
s
Method D
T Mean for method C 0.860
Sid. dewvialion 0.018
Method C
0.80 o‘;z 0.4 0.85 0.08 0.30 0.2 0.94

Concentration of analyte {mg mL™")

Figure 34 Data distributions for Methods C and D and their data points

Table 23 t-Test calculations where the variances are known to be unequal

(Satterthwaite’s method)

Experimental result

Squares of deviations

Saniple no. Method C  Method B Method C Method B

I 0.8337 0.8788  0.00066874 0.00000361

2 0.8342 0.8788  0.00064313 0.00000361

3 0.8572 0.8791 0.00000557 0.00000256

4 0.8556 0.8791 0.00001568 0.00000256

5 0.8832 0.8794  0.00055885 0.00000(69

6 0.8862 . 0.8795  0.00070969 0.00000144

7 0.8728 0.8800  0.00017530 0.00000049

8 0.8678 0.8300  0.00006790 0.00000049

9 0.8517 0.8862  0.00006178 . 0.00003025
10 0.8532 0.8862  0.00004045 0.00003025
t 0.8807 0.00000000
12 0.8806 0.00000001
Sum 8.5956 10.5684  0.002947 0.00007696 .

0.8596 0.8807  3.2745 x 107 6.9964 x 107
Mean Yariance
F ratio caleutated 46.80

Tabular £(0.05,9,11) one-sided 2.9}
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54 Volid Analytical Methods and Procedures

(5) C_ulcul;llc the difference in the mean values of Methods C and D,
X — Yo
(6) Calculate the standard error between the method means from

y(Veine + Vo/up) (18)

(7) Calculate the value lor ¢ lrom

(Xc ~ Xp)

T (19)
V(¥Vcine+ Vo/np)

(8) Calculate the effective number ol degrees of {reedom from

(Ve/nc + Vo/np)t
(Ye/ne)t  (Voluo) (20)
ne — | np — 1

noting that this is rarcly a whoic number and the degrecs of [reedom
result usually requires rounding. In'this instance the value is 9.39.
(9) Look up the tabulated value of 1 for the effective number of degrees of
freedom, Y, at 95% confidence. ’ ’ :
(10) Compare this value with the calculated value of ¢ found in step 7, as in
Table 24.

As the tabular ¢ value (2.26) is less than the absolute calculated value (the
modulus) (3.66), then we can conclude that the means are significantly dilTerent
al 95% confidence. .

Up till now we have been concerned with comparing metho~s with a single
sample. However, on many occasions this is not possible. For example, it may
be that sample quantitics do not permit such tesling, the (requency of suitable
samnling may be low so that testing has to tuke place over an extended period of
lime or a range of sumples is desired to be examined by two methods. In such
circumstances the paired version of the (-test is applicable. However, beware
that although the requirements of variance equivalence are not needed, it is

Table 24 Resuits from t-test caleulations where the variances are
-known to be unequal

Difference in means o -0.0211

Standard error berween means 0.0058

L Statistic —13.66

Mean variances ‘ 3.2745 x 10™*  6.5964 x 10~¢

Effective nunber of degrees of freedon - 9.39
U Value of § effective degrees of freedom 226

O~ AN s N —

65
Teclinology Transfer

assumed that for cach method the variance is constant over the concentration
range. ' '

Consider the requirement for comparing two mecthods covering a nurlnlber. of
sample lypes or matrices. Here the paired -test is very usclul. In the fo .T\Vmg
example, eight different samples have been analysed by both methods with onc
determination each. ) . . -

The steps and calculations are similur to those carricd out previously.

(1) Calculate the miean for the diflerences between the data pair‘s. Xu. )

(2) Calculate the squared dilference:s between the mean of the dillerences and
the differences lor each data pair.

(3) Calculate the variance of the differences by dividin‘g lhg sum of squares
and dividing it by (the number of data points — 1), in this example, 7.

(4) Calculate the standard deviation of the diflerences [rom the square root
of the variance, sy. .

(5) Calculate the value for f from

XS

Su

2h

(6) Look up the tabulated value of 1 for the number of.dcgrecs of freedom
(n — 1), 7in this instance, at 95% confidence (l\VO-lﬂlled. test).
(7) Compare this value with the calculated valuc of 1 found in step 5.

The calculations are shown in Table 25. As the tabulated value is much greater

than the calculated value the mean values derived from the two methods are not
statistically significantly difTerent.

Table 25 Paired \-test calcilation

( Difference — meuan

Sample pair Method | Method 2 Difference difference)?
0.551 0.540 0.011 0.000356
1202 - 1.237 —0.035 0.000736
1.360 1.333 0.027 0.001216-
1.694 . 1.657 0.037 0.002014
1.661 1.685 ~0.024 0.000260
1.177 Lo 0.007 0.000221
1.627 - 1.680 -0.053 - 0.002036
1.201 1.234 -0.033 0.000631

Mean 1.309 1.317 -0.008 )

Yariance 030523

Standard deviation ) 0.03

"t calculated ~0.68 .

10.05,7) 237
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66 Valid Analytical Methods and Procedures
9.4 Restricted inter-laboratory trials

After many years of dcbate and discussion, there is now an international
consensus about the statistical approach and method to be employed in full

collaborative trials.?! This topic is discussed further in Scction 9.5. The -

IUPAC protocol referred to above requires the analysis of duplicate test
samples of the same material (a minimum of five materials or, exceptionally,
three) in cight or more laboratories. However, there are many occasions where
inter-laboratory studies arc needed which, for various reasons. cannot achicve
the prescribed criteria. In instances where the [UPAC criteria cannot be
achieved, it is recommended that the Youden Matched Pairs procedure is
used. The statistics of the mcthod have been recently updated and a new
procedure described.*®

The procedure requires that there are two diffcrent but similar samples of
the material to be analysed. Each saniple is analysed once by each laboratory
in the trial. The method is illustrated by using a data set of % aluminium in
two limestone samples (X and Y) for ten laboratocies taken from ref. 58 and
shown in Table 26. The Youden plot®® of these data is shown in Figure 35.

The graph is obtained by plotting .X; against Y, results for cach of the ten
laboratorics. The axes are drawn such that the point of intersection is at the
mecan values for X; and Y, As a singlc mcthod is used in the trial, the ctrcle
represents the standard deviation of the pooled .Y and- Y data. The plot shows
the predominance of systematic error over random error. ldeally, for bias-free
data (i.c. containing no systematic error) the points would be clustered around

the mid-point with approximately equal numbers in cach of the four quadrants

formed by the axes. In praclice the points lie scaticred around a 45° line. This
pattern has been observed with many thousands of collaborative trials.

Table 26 26 Aluminium in limestone samples trial

data
Test samples
Lab. 4Yl Y/
| 1.35 1.57
2 1.38 111
3 1.35 1.33
4 1.34 1.47
S 1.50 1.60
6 1.52 ° 1.62
7 1.39 1.52
8 1.50 1.90
Il 1.30 1.36
12 1.32 1.53
Mean 1.40 1.50

Technology Transfer

Values for samples Y}

3 2.00

Values for samples X; «
1.00

< 1.00

Figure 35 Youden plot of % aluminiunt dara for somples X and Y

67

/ 2.00

The calculations for the Youden matched pairs procedure are less compli-
cated than those for the IUPAC protocol and do not involve outlier detection
and removal. For the example, the results are shown in Table 27.

Table 27 Basic calculations for the Youden matched pairs procedure

Test samples

Lab. X, Y; Mean (Mean = Z)2 (X=Z)} (Yi—=2Z)
1 135 1.57 1460  0.0001 0.009604  0.014884
2 138 LIl 1.245  0.0412 0.004624  0.114244
3 135 133 1340 0.0117 0.009604  0.013924
4 £.34 147 1405 0.00i8 0.011664  0.000484
S 156 1.60  1.550  0.0104 0.002704  0.023104
6 .52 1.62 " 1.570  0.0149 0.005184  0.029584
7 139 1,52 1.455  0.0000 0.003364  0.005184
8 .50 1.90 1700  0.0635 0.002704  0.204304
" 130 136 1330 0.0139 0.021904  0.007744
12 1.32 .53 1425 0.0005 0.016384  0.006724
Sum 13.95 1501 14.48 0.1582 __0.087740  0.420180
Mean 1.395  1.501  1.448 :
No. of fabs 10 Overall sample

No. ol samples 2

meian, Z
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68 Valid Analytical Methods and Procedures

The steps for the calculation procedure are us follows.

(1) Calculate the sums and means for the first two columns for samples X
and Y.

(2) Calculate the laboratory mean for each pair (Column 3) and the overall
mean for all samples, Z.

(3) Caleulate the squares of the dillerences between the laboratory mean
and the overall mean, Z, and their sum (Colunin 4).

(4) Calculate the squares of the differences between the individual values
and the overall mean, Z, and their sum (Columns § and 6)./

From these simple calculations the ANOVA table can be constructed
together with the HORRAT ratio. An important difference from the conven-
tional ANOVA table is that it allows for the sample variation to be accounted
for. The general ANOVA table and calcufated values for S samples are shown in
Tables 28 and 29 but the example uses only two. However, if more than two
samples are desired/available the procedure can be extended.

(5) Calculate the sums of squares and mean squares indicated in the
ANOVA table.

(6) Calculate the repeatability from S, = /A73;.
(7) Calcutate the reproducibility from.

v VS, = MS, 4
Sa = [T S, | 22)

(8) Calculate the observed RSD from

Sr
100
( Z) (23)
Table 28 General ANOVA mblefor Youden matched pairs jor § .\amplcs and L
laboratories
Degrees of :
Source Sfreedom Sum of squares Mean squares
Laboratory (L) L — 1 . SS, = ST (Mean ~ )t L MS, =ZS-S—Ll
Sample (S) S—1 . SSs =LY (¥-D'+(F=2) +... M.ss_gs—s‘—l
3
Error {e) (L—I{S=1) 5S,=S5Sr~S5S5—~SS, MSe =SS
TS T *TE-S-T)
Total Ls—1 SSr=y (-0t + (r, 4. MSr= L‘;ST‘
4 Z

Teclinology Transfer 6

Table 29 Calculated values from the aluniniun in limestone data set

Degrees of

Source Sfreedom Value Sinn of squares Mean squares
: 515

Laboratory (L) L—1 -9 0.3163 0.03

Sample (S) 1 | 0.0562 0.05618

Error (E) L-1 9 0.1354 0.01505

Total : 2L -1 19 0.5079

/\IS - M S,

Reproducibility Sp= Vi—L—z—-—S + MS, = 0.1584

Repeatability S, = J/MT, =0.1227

RSD - 1094 .

Horwitz function 3.78

HORRAT ratio 2.89

" (9) Calculate the Horwitz RSD from equation (14),
RSD = 2(]—0.5]0;&)
where C = 2/100.
" (10) Calculate the HORRAT ratio from equation (15), ‘
RSDoh:/RSDculc

It is readily apparent that the HORRAT ratio of 2.89 indicates that the
method is not sufficiently precise [or inter-laboratory work. However, inspec-
tion of the ANOVA table shows a large value for the mean square due to the
samiples, MSs. This is an indication that they may not have been homogeneous
and thal the method may in fuct be satisfactory. This demonstrates a major
advantage in partitioning the variances between luboratory, sample and error
rather than the traditional within- and between-laboratories method.

9.5 Full collaborative trials

As meationed in the previous scction, analytical methods intended for inter-
laboratory use should be subjected to a collaborative trial using the [UPAC
protocol. This is a prescriplive procedure and outlier testing/removal is
mandatory. Before the process begins the data need to be examined lo ensure
that only valid data are input to the calculauon process. This proccss is best
shown as a flow chart (Figure 36).

The process looks very complicated bul it is very slruclurcd and mechamcal
and is best shown by a worked example. The example chosen to demonstrate the


andresfe
Rectangle

andresfe
Rectangle

andresfe
Rectangle

andresfe
Rectangle

andresfe
Rectangle

andresfe
Rectangle

andresfe
Rectangle

andresfe
Rectangle

andresfe
Rectangle


70 e Valid Analytical Mcthods and Procedures

START
Calculate Precislon
Measures

Eliminate laboratory data
uniess overall fraction of
laboratories eliminated
wouid exceed /90

Cochran
outller
tast

Ellnlnate laboratory data
uniess overall fraction of
laboratories eliminated
would exceed /9%

Single
Grubbs
outlier
test

climinate laboratory data

unless overait fraction of

laboratories ellminated
would exceed /3™

|

Paired
Grubbs
outller
test

Any
faboratories
eliminated
In this loop

Report original
and last computed
precision measures

Flgure 36 Flow chart of the IUPAC collaborative trial protocol
(Reprinted from J. AOAC In., 1995, 78, 160A. © (1995) AOAC INTER-
NATIONAL)

calculation process is from an aflatoxin (ppb level) in peanut butter trial.®
These data are from 2! laboratories with one sample analysed in duplicate,
Clearly in a full TUPAC trial there would be three or more samples. The basic
data set and calculations are shown in Table 30.

For each laboratory, the within-laboratory vaiiance is calculated from
(R — R3)? and the sum of the variances calculated. The first task is to identify

Technology Transfer = . 7

Table 30 Aflatoxin in peanut hutier data

Labs. 21 and §

All labs. Lab. 21 removed  removed
. Within-lab. Within-lab. Within-lab.
Lab. Replicate | Replicate 2 variance variance variance
1 1.90 0.66 1.54 1.54 1.54
2 0.90 0.30 - 0.0t 001 0.01
3 1.27 1.05 0.05 0.05 0.05
4 1.20 1.20 0.00 0.00 0.00
S 3.70 : 0.00 13.69 13.69
6 0.90 1.20 0.09 0.09 0.09
7 0.00 0.00 0.00 0.00 0.00
8 1.70 1.60 0.01 0.01 0.01
9 0.00 1.20 l.44 1.44 .44
10 0.60 0.90 0.09 0.09 0.09
11 1.30 0.90 0.16 0.16 0.16
12 0.70 1.70 1.00 1.00 1.00
13 |.40 1.40 0.00 0.00 0.00
14 1.00 0.20 ‘ 0.64 0.64 0.64
15 0.80 1.10 0.09 0.09 0.09
16 0.00 0.00 . 0.00 0.00 0.00
17 2.10 0.60 1225 2.25 2.25
18 0.00 0.00 0.00 T 0.00 0.00
19 0.50 .10 0.04 0.04 0.04
20 1.60 T 1.50 0.01 0.01 0.0t
21 7.20 12.50 23.09
Surn of the variances  49.20 2018 7.42
Cochran statistic (%) 57.10 64.86 30.34
Critical value (%) 41,50 42.80 44.30

“

any single replicate which is too variable using Cochran's test. The Cochran
statistic is the ratio of the highest laboratory variance to the total variance
expressed as a percentage. In our example, Laboratory 21 is the highest with
28.09 which is 57.1% of the total. The critical value from Table Al on Page 76 is
41.5 and therefore Laboratory 21's data are removed.

The next step is to examine the remaining data to sce if a laboratory average
or pair are too extreme in comparison with the rest of the data. This is somewhat
more complicated and involves the calculation of Grubbs statistics but can be
casily done with a spreadsheet. The process is as follows:

(1) calculate the standard deviation for the remaining 20 labs, s;
(2) calculate the standard deviation for the data excluding the highest
average value, sy;

(3) calculate the standard deviation for the data excluding the lowest average
value, 5;;
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72 Vuolid Analytical Methods and Procedures Technology Transfer : n

(4) calculate the % decreases in slandurd deviation from The results of this process for our example are shown in Table 31. Neither of
the calculated Grubbs statistics exceeds the critical value and thercfore no
- tuded. ;
lOO(I ——-) and iOO(l -——) laborutory is exclu
d s It is now necessary to repeat the cntire cycle with the remaining 20

laboratorics. The nexl task is to recaleulate the Cochran test statistic. In the
example, Laboratory S has the highest remaining variance of 64.86, which is
57.1% of the new total variance of 21.11 (see Table 30). )
The critical value from Table Al is 42.8 and therefore Laboratory 5's data is
removed. Note that this is allowed because the number of laboratories rexlnovcd
'so far does not exceed 2/9th. In a similar manner, the Grubbs statistics are
“ recalculated for this second cycle for the remaining {9 laboralories.
The results are shown in Table 32, Once again, neither of the critical values
are exceeded so no new laboratories are excluded. As with the previous cycle the
.next task is to recalculate the Cochran test slatistic. In the'example, Laboratory

(5) the larger of these two numbers is the Grubbs single statistic;

(6) repeat the process again removing the second highest and second lowest
values;

(7) the larger of Lhese two numbers is the Grubbs pair statistic;

(8) look up the criticai vaiues from Column | in Table A2 on Page 77 for the
Grubbs single statistic;

(9) look up the critical valucs from Column 2 in Table A2 for lhc Grubbs pair
statistic,

Table 31 First cycle Grubbs test calculations for d/la/o.\'iu data : ' , .
Table 32 Second cycle Grubbs test calculutions for aflatoxin data

Lab. . Mean Grubbs test (first cycle)
i Lub. Mean Grubbs test (second cycle)

1 1.28 1.28 1.28 1.28 1.28

2 0.85 0.85 - 085 0.85 0.85 i 1.28 1.28 1.28 1.28 1.28

3 1.16 1.16 0.16 1.16 1.16 2 0.85 0.85 0.85 0.85 0.85

4 1.20 1.20 1.20 1.20 1.20 . ) 1.16 1.16 1.16 1.16 1.16

5 1.85 1.85 1.85 T4 1.20 1.20 1.20 1.20 1.20

6 1.05 1.05 1.05 1.05 1.05 6 1.05 1.05 1.05 1.05 1.0§

7 © 0.00 0.00 0.00 7 0.00 0.00 0.00 :

8 T 165 1.65 1.65 1.65 1.65 . 8 1.65 ~ 1.65 1.65 1.65

9 0.60 0.60 0.60 " -0.60 0.60 : 9 0.60 0.60 0.60 0.60 0.60
10 0.75 0.75 0.75 0.75 0.75 10 0.75 0.75 0.75 0.75 0.75
i ‘ i.10 1.10 .10 1.10 i.10 i 1.10 1.10 1.10 110 110
12 1.20 1.20 1.20 1.20 1.20 12 1.20 1.20 1.20 1.20 1.20
13 1.40 1.40 140 1.40 1.40 13 1.40 1.40 1.40 1.40 1.40
14 0.60 0.60 0.60 0.60 060 - 14 0.60 0.60 0.60 0.60 0.60
15 0.95 0.95 0.95 0.95 0.95 15 0.95 0.95 0.95 095 , 095
16 0.00 0.00 0.00 0.00 0.00 16 0.00 0.00 0.00 0.00 0.00
17 i.35 1.35 1.35 . ’ 1.35 17 1.35 1.35 1.35 1.35
18 0.00 - 0.00 0.00 0.00 ' 0.00 18 0.00 0.00 0.00 . 0.00
19 1.00 1.00 1.00 1.00 1.00 19 1.00 1.00 1.00 © 1.00 1.00
20 1.55 .55 1.55 1.55 1SS 20 i.55 1.55 t.55s . 1.55
No. of Iabs 20 19 19 18 18 No. of labs 19 18 18 17 17

- Highest .- Lowest 2nd highest  2nd lowest Highest Lowest 2nd highest  2nd lowest
Overall mean 0.98 removed removed removed removed Overall mean 0.931 removed removed reinoved removed
Calc.std. dev.  0.529  0.501 0.490 0.505 0.434 . Calc. sid.dev.  0.501 ° 0.484 0.461 0.469 - 0402
s Si Se St Se : s S Se . Su Sc
Grubbs single statistic Grubbs pair statistic . T Grubbs single statistic Grubbs puir statistic
5.32% 1.46% 4.59% 18.01% S35 BI0% T 6AT% 19.82%

Grubbs test critical values  Single - 23.6 Pair 332 /Grubbs test critical values | Single 24.6 Pair 4.5
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(X = Lab mewn)? Lub. mean - ¥ {Lub, mieun ~ 1)

X = Lub. nwon

Lab. meun

(x- i1y

X vudur

Aeplcwrc

Table 33 Calculations for one way ANOV A for aflatoxin data afier outlier removal

Valid Analytical Methods and Procedures Technology Transfer . 75

Table 34 ANOVA table and final calewlated values for aflatoxin date

1]
“
1 Source Degrees of freedom Sum of squares Mean squares
2R88NN0035330 080 nRRNNs s 8353323333555 o1
2:333333;;-.:;_-asaazs::__&:._:_:,._;._éé:: 13
OG0 000000 a0000C0000000000000000R0000CO a2 Wilhin~labomlory [8 90424 0.5024
Between-laboratory 19 3.7080 0.1952
Total 37 12.7504
AA23NANN YRR RRART IS oA ANEERSTYARE5TY M Snerween = M Swini
ogzl%adoodc?;'oo?d“:'?o‘cido'oo?'?'gg%?'oe:'?gg;o Reproducibility . SR=\/ <t “"2 MUY M Swigia © 0.5906
i
Repeatability Se = VM Suihin 0.4418
RSD 63.64
Horwitz value 45.25
4 HORRAT ratio 1.40
JI555588RRR8008885 nNE85N8888AL | 24
::ss;s%sé%ssiias%%%., 1 ,§§se§§aé§§sssa 3%
CAO DA DITATTOOCITTOCOOPOTORCOOOOODOOOOOD ” -

17 has the highest remaining variance of 2.25 which is 30.3% of the new total
variance of 7.43 (see Table 30). The critical value {rom Table Al is 44.3 for 19
laboratories and 2 replicates, and thercfore Laboratory 17's data are not
removed. As no more changes have taken place the third eycle for the Grubbs

NS n 89NN ENNgR NN RORR8R8 g neRNREROS RN | !
:::$;§§§§;§§:;%ﬁ;sﬁg%;%%;:ﬁ;EE;;}%;;:; testing does not need to be done and the process is complete.
1 . . . . .
All of the foregoing calculations are simply to trim the data set by removing
outliers in accordance with the set criteria. All that remains is to calculate the
mean value for the sample, the repeatability and reproducibility of the trialled
method and the HORRAT ratio. These values can be calculated using a one
. o = o a 2 9 o 2 - = o o A
7328388882333 383¢8383+3 way ANOVA method similar to that described in Table 29 and given in Table 33
. and the final values in Table 34,
) The HORRAT ratio of 1.4 confirms that the method is sufficiently precise for
a use. )
ER8NS I ARSNg3 o SRR 2523 0B IRRS33 83325, Z
2535225865 895332285252 TR0 3235850 | 4
U000 000090009000a0C00000009000T -0 O0TaC ik
Postscript
————— - - e . . An Excel spreadsheet, Handbook tables.x!s, containing all of the calculation
AfBCACARBARRRERNASREGRS5GRTORATIRAZELRR ] 8 . . . . .
Sgcdosdcdacscdcsoddsgecsecdgcssdaasdedas | S examples in this handbook, is to be made available for download, {or teaching
and information purposes only, from the Analytical Methods Committee home
page. This can be accesed via the Books home page on the Royal Society of
Chemistry web site http://www.rsc.org/is/books/vamp.htm.
22231 5RR2R3BRIZAIRARRIIBAL388233882%% 33, The author and the Royal Society of Chemistry do not assume any liability in
connection with its use. '
&
2
E
U S T e T T I iy YOSy PRy SR W i PR r " AL

MM m Y re e R REO 2R S SN ANTIIN NS r e rag
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Appendix: Statistical Tables Table A2 Critical values for Grubbs extreme deviation
outlier tests®?

Table Al Critical values of Cochran's maximum variance ratio®

No. of One higlest Two highest
t replicates per luboratory luboratories or lowesi or (wo lowest
No. of : g -
laboratories = 2 r=13 r=4 t=5 o'=6 4 86.1 98.9
5 73.5 90.3
4 94.3 81.0 72.5 65.4 62.5 ‘ 6 64.0 81.3
5 88.6 72.6 64.6 58.1 539 7 57.0 731
6 83.2 65.8 58.3 52.2 413 8 5td 66.5
7 78.2 60.2 522 47.3 423 9 46.8 61.0
3 73.6 55.6 47.4 - 43.0 38.5 10 42.8 56.4
9 69.3 518 43.3 393 353 . il 39.3 52.5
.10 65.5 48.6 39.3 36.2 326 12 36.3¢ 49.1¢
11 62.2 45.8 37.2 33.6 30.3 13 . 338 46.1
12 59.2 43.4 35.0 31.3 28.3 14 317 43.5
13 56.4 40.5 332 292 26.5 s 299 41.2
14 53.8 38.3 315 - 213 25.0 16 28.3 39.2
15 51.5 36.4 299 25.7 237 17 26.9 37.4
16 49.5 34.7 284 244 22.0 18 25.7 35.9
17 478 332 27.1 233 21.2 9 24.6 34.5
18 46.0 . 31.8 25.9 22.5 20.4 20 23.6 33.2
19 44.3 30.5 24.8 21.5 : 19.5 21 2.7 319
20 428 29.3 ’23.8 20.7 18.7 22 . 21.9 30.7
2t 4.5 282 22.9 19.9 180 23 211 29.7
22 40.3 27.2 22.0 19.2 17.3 24 20.5 28.8
23 39.¢ 26.3 21.2 18.5 16.6 25 19.8 28.0
24 319 25.5 20.5 17.8 16.0 26 19.1 27.1
25 36.7 T 2438 2199 17.2 15.5 2 i 18.4 26.2
26 35.5 4. 19.3 16.6 15.0 28 178 254
27 34.5 234 18.7 16.1 14.5 29 17.4 24,7
28 337 227 18.1 15.7 14.1 30 17.1 24.1
29 3.1 22.1 i7.s 15.3 13.7 40 ' 13.3 . 19.9
30 2.5 21.6 16.9 14.9 13.3 50 et - 6.2
35 29.3 _ 195 < 153 12,9 1.6
40 26.0 - 17.0 13.5 11.6 ©10.2 “The values for *12 luboralories’ nre missing from the originul
50 21.6 14.3 114 9.7 8.6 lables.®? These vafues are obtained from the other tabulated duta
viu cubic spline interpolation.

Repri I¢ : : . . Repeinted from J. AOAC Int., 1995, 78, 159A. © (1995) ACAC
eprinted (rom J. ACGAC [nt., 1995, 73, l?BA © (1999 AOAC lNTERNATlOf.‘lAL INTERNATIONAL.
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10 Sclected pubhcmons of the AMC

C.A.

Watson, cd., Official and Standardised Methods of Analysis, Royal Socicty

of Chemistry, Cambridge, 3rd edn., 1994,

10.1 Statistics Sub-committee

‘Recommendations for the Dechinition, Estimation and Use of the
Detection Limil", Analyst (London), 1987, 112, 199.

‘Recommendations for the Conduct and Interpretation of Cooperative
Trials® Analyst (London), 1987, 112, 679.

*Uses (Proper and Improper) of Correlation Coellicients’, Analyst
(London), 1988, 113, 1469.

‘Report on an Experimental Test of “*Recommendation for the Conduct
and Interpretation of Cooperative Trials”*, dnalyst (Cambridge), 1989,
114, 1489.

‘Principles of Data Quality Control in Chemical Analysis’, cnalyst
(Cambridge), 1989, 114, 1497, ’

‘Robust Statistics = How not to Reject Outliers ~ Part | Basic Concepts’,
Analyst (Cambridge), 1989, 114, 1693.

‘Robust statistics — How not to Reject Outliers ~ Part 2 [nter-laboratory
Trials', dnalvst (Cambridge), 1989, 114, 1699.

‘Proficiency Testing of Analytical Laboratorics: Organisational and
Statistical Assessment’, Analyst (Cambridge), 1992, 117, 97.

‘Is my Calibration Linear?, dAnalyst (Cambridge), 1994, 119, 2363.
‘Internal Quality Control of Analytical Data’, Analyst (Cambridge), 1995,
120, 29.

‘Uncertainty of Mcasurement: Implications for jts Use in Analytical
Science', Analyst (Cambridge), 1995, 120, 2303.

‘Handling False Negatives, False Positives and Reporting Limits in
Analytical Proficiency Tests', Analysi (Caiinbiidge), 1997, 122, 495.
‘Measurement Near Zero Concentration: Recording .and Reporting
Results that Fall Closec To or Below the Detection Limit’, in preparation.
‘Bayesian Statistics -~ Can it Help Aralyticat Chemists?', in preparation.

10.2 Instrumental Criteria Sub-committee

Papers on the cvaluation of analyticaf instrumentation:

‘Atomic Absorption Spcctrophotometers, Primarily for usc

e Partl]
with Flames®, dnal. Proc., 1984, 21, 45. Revised in Analyst
(Cambridge), 1998, 123, 1407,

e Part Il ‘Atomic Absorption Spectrophotometers, Primarily for use

with Elcctrothermal Atomizers', Anal. Proc., 1985, 22, 128.
Reviscd in Analyst (Cambridge), 1998, 123, 1415,

Selected publications of the AMC . 79

e Part 1] ‘Polychromators for use in Emission Spectrometry with ICP
Sources', Anal, Proc., 1986, 23, 109.

e Part iV ‘Monochromators for use in Emission Spectrometry with
ICP Sources’, Anal. Proc., 1987, 24, 3.

o PartV ‘Inductively Coupled Plasma Sources for use in Emission

: Spectrometry’, Anal. Proc., 1987, 24, 266,

e Part VI ‘Wavelength Dispersive X-ray-Spectrometers', Anal. Proc.,
1990, 27, 324.

e Part VII.  ‘Encrgy Dispersive X-ray Spectrometers’, Anal. Proc., 1991,
28, 3i2.

e Part VIII ‘Instrumentation for Gas-Liquid Chromatography’, Anal.
Proc., 1993, 30, 296.

e Part IX ‘Instrumentation for High-performance Liquid Chromatog-
raphy', Adnalyst (Cambridge), 1997, 122, 387,

e Part X *Instcumentation for Inductively Coupled Plasma Mass
Spectrometry’, Analyst (Cambridge), 1997, 122, 393.

o Part X! ‘Instcumentation for Molecular Fluorescence Spectrometry’,

~ Analyst (Camhridge), 1998, 123, 1649,

e Part X1l ‘lnstrumentation for Capillary Electrophoresis’, Analyst
(Cambridge), 2000, 125, 361.

e Part XIH ‘lnstrumentation for UV-Visible-NIR Spectrometry’, 4na-
lyst (Cambridge), 2000, 125, 367.

e Part XIV  ‘Instrumentation for Fourier Transform Infrared Spectrom-
etry’, Analyst (Cambridge), 2000, 125, 375.

e Part XV ‘Instrumentation for Gas Chromatography-lon-trap Mass
Spectrometry’, in preparation. )

e Part XVI ‘NIR Instrumentation for Process Control’, in prcparation.

e Part XVII 'NMR Instrumentation’, in preparation,

o Part XVIII ‘Instrumentation for Inductively Coupled Plasma Em;ssxon
Spectrometry’, revision and update of Parts 11, IV and V, in
preparation.
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Acceptance criteria, 57-59
Accuracy, definition of parameter, 13
Aggregate samples, meaning of term, 15,
16
Aliquot, definition of term, 3
Analysis, definition ol term, 7
Analysis of variance (ANOVA)
of cfects in HPLC cxample, 32,33,
34 .
lor full collaborative trial, 75
for restricted inter-laboratory trial, 68
Analyte
accuracy of quantification, 6
definition of term, 6
Analytical methods
appticability, 6
comparison ol two methods, 60-65
visual representation(s), 62, 63
development of, 2437
selection of, 17-20
transfer of, 57-75
validation of, 3741
Analytical Methods Corunittee {AMC)
aims and objectives, 1-2
history, |
{nstrumental Criteria Sub-committee,
publications, 22, 78-79
publications, 40, 78-79
standardised methods, 40

Statistics Sub-committee, publications,

78

uncertainty estimation method, 57
Analytical process, mapping of, 26-27
Anscombe's Quartet data set, 43

plot(s), 44
AOAC

coltuborative study guidetines, 24

Guidc on statistical procedures, 26

Batches, meaning of term, 15, /6
Beer-Lambert Law, 49
Bias, definition of parameter, 12, /3
‘Bottom up’ approach
lor equipment qualification, 20-21
for uncertainty quantification, 56-57
Box-and-whisker plot(s), 46, 48
example, 47
principles, 48

Calibration of equipment, 20, 24
Calibration plots (for spectrophotometric
assay)
least squares regression line, 50
with 5% confidence limits, 53, 5¢-
Co-operation on International Trace-
ability in Analytical Chemistry
(CITACQ), guide to quality, 23
Cochran's (maximum variance ralio)
statistic, 70=7!
critical values listed, 76
Collaborative trials, 69-73
[UPAC protocol, 18, 56, €27
Composite samples, meaning of term, 15,
16
Computer packages
for data plotting, 44, 48
for linear regression analysis, 48
Concentration ranges, 17
Confidence (in analytical result), factors
affecting, 3
Confidence limits, 52-53
Confirmatory data analysis (CDA), 42
Content mass [raction, definition of term,
9
Correlation cocfficient, in
spectrophotometric assay example,
51
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Data distributions, 62, 63
Data evaluiation, 42438
Data recording and reporting, 55-57
‘Data to information’ iceberg model, 20,
21,42
Data transfer protocols, 22
Decimal places, and significant Aigures, 55
Degrees of freedom, eifective number of,
in unequal variance calculalions,
64 ‘
Design Qualification (DQ), 22
Detection, definition of term, 8
Detection limit, definition of paranicter,
10
Determination, definition of term, 8
Discipline, as necessity, 3
Documentation
of analytical methods, 39-41
of method development, 26
of sampling procedure, 17
Dot plol(s), 43
examples, 435, 56
with z-scores, 56
Drift, definition of parameter, 14

Equipment calibration, 20
meaning of term, 24
Equipment qualification, 20-23
‘bottom up’ approach, 20-21
holistic approach, 23
‘top down’ approach, 21-23
Error budget approach, 56-57
Eurachem publications, 26

Exploratory data anaiysis {(EDA), 42, 43~ -

48 ’

F-ratio test, 60, 61,62
Factorial design, see Full factorial 2}
design
Fitness for purpose
meaning of term in equipment
calibration, 20
and method selection, 1718
and user requirements specification, 4, §
Food & Drug Administration {FDA), on
sample size for pharmaceuticals, 19
‘Force through zero' model, 49

4Qs model (for equipment qualification),

21-23

Subject Index

Full factorial 2* design
analysis of variance of efTects, 32, 33
effect calculations, 30-31
HPLC example, 28-35
probabifity plot of effects, 32, 33
ranking of eflects, 32
visual representation, 30

Glossary, 6-14

Good Laboratory Practice (CLP)
guidelines, 20, 23

Good Manufacturing Practice (GMP)
guidelines, 20

Gross samples, meaning of term, 15, /6

Grubbs extreme deviation outlier tests,
71-75 '

critical values listed, 77

Harmonisation of anulytical practices and
procedures, 23-24
High-performance liquid chromatography
(HPLC) '
equipment calibration, 24
equipment qualification, 24
simple experimentul design example,
28-15
YAM Instrument Working Group
guide, 23
Historical perspective, 1-2
Holistic approach (for equipment
qualification), 23
Homogencity of sample, 17
HORRAT ratio, 58, 69, 75
Horwitz function, 57
caleutation of, 57, 69, 75
values listed, 58
Horwitz trumpet, 57, 58

{CH3 method validation guidelines, 39, 40
Increments of samples, meanihg of term,
15, 16
Installation Qualification (1Q), 22
Interacuons, 35
plots, 35-36
Inter-comparison of analytical methods,
and sampling procedure, 15
Inter-laboratory trials
full cotlaborative trials, 69-75
restricted trials, 66-69
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_ International Union of Pure and Applicd

Chemistry (IUPAC)
analytical nomenclature, 6, i §
colluborative triul protocol, 18, 56, 69—
¢
nomenclature for sampling process, 15—
16
1SO Guide 25 (17025), 20, 23
ISO 'V’ model, ¢

Laborualory sumple
definition of term, 7
and sampling procedure, 8, 15, /6
Leust squares estimates, 4§49
calculation of, 49-30
Leust squares regression method, 4849
Limit of quantification, definition of
parameter, 10 '
Lincar regression analysis, 43-55
Literature search, 18
Lots, meaning of term, 15, /6

Mass concentration, definition of term, 9
Mass fraction, meaning of terin, 9
Matrix
definition of term, 9
and method selection, {9-20
Meun square error (MSE), calculation of,
M
in spectrophotometric ussay example,
32
M-=+hod applicability, 6
Method development process, 24-37
existing methods considered, 18-19
initial evaluation swage, 25,26
ISO 'V* model, 4
key factors identified, 26-27
for multifactor experimental designs, 36
Sandel's Venn diagram approach, 27, 28
for siinple experimental design, 27-36
Method selection, 17-20
and fitness-for-purpose, 17-18
matrix efTects, 19~20
sampling considerations, 19
sources and strategies, 18-19
Method validation, 37-41
extent and scope, 37
1CH 3 guidelines, 39, 40
" importance of sampling, 15"
1SO V' model adapted for, 4
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NMLK No. 4 guidelines, 39, 40
preliminary validation, 38
recommended best practice, 37-39
USP guidelines, 39
Modular qualification, 23
Multiluctor experimental designs, 36

NMLK No. 4 method validation
guidelines, 39, 40
Noise, definition of parameter, 13
Nomenclature
of parameters, 9~14
of terms, 6-9
Nordic Committee on Food Analysis
guidelines on method validation, 39, 40,
59
see also NMLK

Operational Qualification (0Q), 22
Optimisation methods, 36
Qutliers
investigalion of
by Grubbs test, 72-75
by plotting, 43, 44, 56
by z-scores, 56
reasons for rejecting, 55-56
Overview (of this book), 2

Piticed r-test, 64-65
Parameters, definitions, 9-14
Performance cxpccl’mions. 57
Performunce Quulification (PQ), 23
Pharmaceuticals /
method validation guidelines, 39
sample size for, 19
Pictorial approach to duta unalysis, 43
Plackett~-Burman designs, 36
Precision, d=finition of parameter, 12, /3
Primary samples, meaning of term, 15, /6
Probability plot, of effects, 32, 32
Purpose (of this bovk), 2-6

Quantification
definition of term, 8
limit of, definition of parameter, 10

Random error, definition of parameter, 12
Range, definition of paramieter, 14
Ranking, of effects, 32

Recording of data, 55
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Recovery, definition of parameter, 14
Recovery of analyte from matrix, 19
adjustment lor, 19-20
Relative standard devialion
calculation in Youden matched pairs
procedure, 68
dcfinition of parameter, 10
in Horwitz [unction, 58, 69
variation with concentration, 57, 58
Rcpeatability
calculations
in full collaborative trials, 75
in restricted inter-laboratory trials,
68, 69
dcfinition of paramecter, 11
Reporting of data, 55-37
Reproducibility
calculations
in full collaborative trials, 75
in restricted inter-laboratory trials,
68, 69
definition of parameter, 1112
Residual error, evaluation of, 32, 33
Residual viriance
estimation of, 34
normal disuwribution, 36
Residuals, in spectrophotometric assay
example, 5/
Root mean square error (RMSE), in
spectrophotometric assay cxample,
52
Rounding of numbers, 55
Rounding off, definition of parameter,
10-11
Ruggedness, definition of parameter, 13

Samples
definition of terms 7, 15
nomenclature 7, [5-16
size, 19
Sampling, 15-16
considerations in method selection, 19
documentation of procedure. 17
Sandel's Yenn diagram approach, 27, 28
Satterthwaite’s method (for t-test
calculations), 62,463
Scope, definition of parameter, 14
Scope {of this book), 2-6
Secondary samples, meaning of term, 15,
16
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Selectivity
definition of paramecter, 13
meaning of term, 39
Sensitivity, definition of parameter, 10
Significant figures
detinition of parameter(s), 14
in rounding of numbers, §5
Simpie experimnental design, method
development process for, 27-36
Specificity 4
dcfinition of parameter, 14
meaning of term, 39
Spreadsheets, 26
weh address lor examples, 75
Standard deviation(s), definition of
parameter(s), 9
Standard error
between method means, 64
of intercept of regression line, 52
of slope of regression line, 52
Standard Operating Procedure (SOP), 22
Stem-and-leal plot(s), 44, 45
Subsamples, meaning of term, 15, /6
Sum of squares )
calculation in least squares regression
approach, 49, 50
of effects, 32, 33
in Youden matched pairs procedure, 68
Sum of squares (SSQ), of eflects, 32, 33
Systematicerror,definitionofparameter, 12

1 Statistic, calculation of, 61, 64
1-Test, 60-64
paircd version, 64-65
Technology transfer, 57-75
and cquipment qualification, 23-24
of published methods into single
laboratory, 59
validation requirements for, 59
Terms, definitions, 6-9
Test portion, definition of term, 8
Test result, definition of term, 8
Test sample
definition of term, 7
and sampling procedure, 7, 16
Test solution, definition of term, 8
Three-fevel factorial design, 36
‘Top down' approach
for equipment qualification, 21-23
for uncertainty quantification, 57

Subject Index

True value, definition of parameter, 12

Trueness, definition of parameter, 12

Tukey, John W_, on exploratory data
analysis, 43

Two-leve! lactorial design, 28-36

Uncertainty estimation approaches, 56-57
United States Pharmacopocia (USP)
assay categories, 37, 39
method validation guidelines, 39
User requirements specification
and fitness for purpose, 4, 5, 18
aad performance criteria ol analytical
method, {8 ’
and sampling considerations, 19

Valid Analytical Measurecments (VAM)
programme, 26
Validation of analytical methods
ISO V" model adapted lor, 4
see also Method validation
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VAM Instrumentation Working Group,
guide on equipment qualification,
23
Variance ratio (£ valuc)
calculation of, 32, 33, 34, 61, 62
see also F-ratio lest

Within-laboratory reproducibility,
definition of parameter, L1
Workine range of analytical method,
factors determining, 17
Written procedures, 39-41
lack of guidelines on, 40
suggested [ramework for, ¢/
see ulso Documentation

Youden matched pairs procedure, 66
calculations, 67, 63

plot, 67

z-Score, 56
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