This article was downloaded by:

On: 17 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

|| Grisial Reviewsin... | Critical Reviews in Analytical Chemistry

Ana I I ica l Publication details, including instructions for authors and subscription information:

Chemistry

http://www.informaworld.com/smpp/title~content=t713400837

The Role of and the Place of Method Validation in the Quality Assurance
and Quality Control (QA/QC) System
Piotr Konieczka®

2 Department of Analytical Chemistry, Chemical Faculty, Gdansk University of Technology, Gdansk,
Poland

C.H. Lechmiller

Editar-in-Ghisf

Valwme 35 1 fowe 2/ 2005 () T hineen

To cite this Article Konieczka, Piotr(2007) "The Role of and the Place of Method Validation in the Quality Assurance and
Quality Control (QA/QC) System', Critical Reviews in Analytical Chemistry, 37: 3, 173 — 190

To link to this Article: DOI: 10.1080/10408340701244649
URL: http://dx.doi.org/10.1080/10408340701244649

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713400837
http://dx.doi.org/10.1080/10408340701244649
http://www.informaworld.com/terms-and-conditions-of-access.pdf

12: 09 17 January 2011

Downl oaded At:

Critical Reviews in Analytical Chemistry, 37:173-190, 2007
Copyright © Taylor and Francis Group, LLC

ISSN: 1040-8347 print / 1547-6510 online

DOI: 10.1080/10408340701244649

The Role of and the Place of Method Validation in the
Quality Assurance and Quality Control (QA/QC) System

Piotr Konieczka

Department of Analytical Chemistry, Chemical Faculty, Gdansk University of Technology, Gdansk,

Poland

One of the main developmental trends in chemical analytics is the determination of analytes at
ever decreasing detection levels in samples with increasingly complex matrices. This is an ex-
tremely difficult and complicated task therefore it poses a great challenge to analytical chemists,
and it requires that appropriate attention be paid to the Quality Assurance and Quality Control
(QA/QC) of the obtained measurements. In this article QA/QC system is described. Following
topics are discussed: (1) measurement uncertainty, (2) traceability of analytical results, (3) ref-
erence materials, (4) interlaboratory comparisons and (5) method validation. The problems and
challenges during method validation process are presented.

Keywords quality control, quality assurance, method validation, validation parameters, uncer-
tainty, traceability, reference material, interlaboratory comparison

INTRODUCTION

The basic feature of each measurement is its reliability. The
numerical value representing a given physicochemical property
can only be called a result of a measurement when it is reliable.
Inrecent years, an increased interest in a wide spectrum of issues
related to quality of analytical measurements has been observed
(1). This is surely due to significance given to assuring the trace-
ability of the obtained results, particularly when the “European
Research Space” is concerned. In order to secure the quality of
measurements, the use of proper tools is necessary. The branch
of science dealing with the measurement results and measuring
processes is metrology. The application of metrology to analyti-
cal measurements still encounters problems and difficulties.

From among the tools used by the “chemical metrology”, the
following ones are of particular interest:

— validation of analytical procedures,
— (certified) reference materials,
— interlaboratory comparisons.

Each of the above tools must be used with a full understanding
of its features and in a proper way.

Address correspondence to Piotr Konieczka, Department of Analyt-
ical Chemistry, Chemical Faculty, Gdansk University of Technology,
11/12 G. Narutowicza Street, 80-952 Gdansk, Poland. E-mail: kaczor@
chem.pg.gda.pl

The priority purpose of each analytical procedure is to obtain
reliable and, as much as it is possible, complete information
about the researched object based on the measurement results
from the analysis of the collected sample. In order to realize the
above purpose the two basic conditions listed below have to be
fulfiled:

— the composition of a collected sample should mirror the com-
position of the analyzed object (requirement of the sample
representativeness),

— a measurement result should reflect the true content of an-
alyte in the analyzed sample (requirement of mesurement
reliability).

The results are obtained in the course of measuring procedures
during which proper “analytical tools” (i.e. analytical proce-
dures and measuring equipment) are used. Those tools have to
be properly adopted to work, so as to obtain reliable results.

The assurance of the adequate quality of analytical measure-
ments consists of the verification of measuring equipment re-
liability and establishing the range of applicability for given
analytical procedures.

QUALITY ASSURANCE/QUALITY CONTROL

The measurement result is only reliable if its traceability and
uncertainty have been determined (2). In order to fulfill those
requirements the measurement results should be obtained by
applying the analytical procedure that has been previously vali-
dated. In turn, the validation of an analytical procedure requires
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FIG. 1. Position of the elements of quality control/quality as-
surance system for obtaining a reliable analytical result.

the use of reference materials (preferably, of the certified type)
and the participation in various interlaboratory studies.

In Figure 1 a schematic presentation of specific elements of
a quality control/quality assurance system used for obtaining
reliable analytical results is shown.

The following elements are included in the QA/QC system
of analytical measurements:

Assurance of measurement traceability; it is a very impor-
tant aspect in times of the developing and omnipresent glob-
alization which also encrouches on science. It is not possible
to conduct all the measurements in one laboratory and by one
person, however only such scenario would have had guaran-
teed the truly comparable results. The assurance of traceabil-
ity is a necessary condition which, when fulfilled, can result in
comparable results obtained in different places and at various
times.

Uncertainty estimation. Reliable research results should be
obtained with validated procedures that include the use of refe-
rence materials and the participation in interlaboratory studies;
they need to be traceable and have the estimated uncertainty.
Otherwise, the measurements are not analytical results and can
be treated as “random numbers.”

Validation of an analytical procedure. The procedure
should be characterized as precisely as possible (i.e. validated)
so the highly reliable measurement results can be obtained with
it.

Application of reference materials. A determination of vali-
dation parameters for an analytical procedure is only possible
when they can be established from the analysis of reference ma-
terials or by comparing the obtained results with those from the
reference method. Therefore the application (and production)
of the appropriate certified reference materials becomes most
critical.

Organization of and participation in interlaboratory
studies. Such research allows to determine certified values of the
produced reference materials as well as some validation param-
eters (reproducibility, robustness and ruggedness). In the light

on the above, it is noteworthy that specific components of the
QA/QC system of analytical results are interconnected.

Those elements are interrelated.

In order to secure traceability of measurements, it is neces-
sary to use certified reference materials as well as previously
validated analytical procedures.

Moreover, the following conditions should be fulfilled during
the validation procedure:

— certified reference materials should be used with regard to
precision estimation,

— participation in interlaboratory studies should be secured in
reference to estimation of reproducibility and ruggedness,

— uncertainty should be estimated as it allows to control the
whole analytical procedure.

During interlaboratory comparisons the reference materials as
well as analytical procedures are being applied. On the other
hand, the purpose of such studies is to determine certified values
for the produced reference materials. In the production of refe-
rence materials, specifically during homogeneity and durability
testing, the analytical procedures are used. One of the charac-
teristics of a reference material is the associated uncertainty. As
mentioned earlier, the uncertainty estimation is necessary in the
production of reference materials.

Despite the fact that uncertainty is not a validation parameter,
it is obvious that its estimation significantly improves the relia-
bility of the obtained results. In the process of constructing the
“uncertainty budget” it is necessary to determine the influence
of all the possible parameters in a given analytical procedure
on the expanded uncertainty estimate. This forces a precise and
very detailed “investigation” of the whole analytical procedure
which allows the control of it.

Interrelations among the particular QA/QC system compo-
nents are schematically presented in Figure 2.

The obtaining of reliable measurement results is only possible
when all the components of the QA/QC system are applied.

QUALITY
OF ANALYTICAL
RESULTS

TRACEAB

P

ILITY UNCERTAINTY
h 4

A

METHOD
VALIDATION

REFERENCE
MATEF:IALS
y

INTERLABORATORY
COMPARISONS
FIG. 2. Components of the QA/QC system of an analytical
process.
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The term “reliable data” is closely related to data quality. It
is the quality of a measurement and its control and assurance
that allow to determine and to prove the measurement’s relia-
bility. Different aspects of quality have specific meanings in the
analytics.

Quality— a fulfillment of certain requirements; those are de-
scribed by a relevant standard of the Quality Assurance System
and also by any additional “internal” standards.

Analytical quality— conformance of the characteristics ob-
tained by means of chemical analysis to the assumed target val-
ues. Information quality has four components, i.e. the quality of
measurements, process quality, quality of the applied tools, and
the quality of labor and work management.

Quality control, QC— an elaborated procedure used to ob-
tain the measurements of desired quality. A quality control sys-
tem consists of the following components:

— adequate professional knowledge of the employed personnel,
— proper calibration of laboratory equipment,

— good laboratory practice,

— standardized procedures.

In practice, the term “quality control” is often translated as qual-
ity assurance, here defined as methods and procedures used in
order to fulfill the quality requirements (e.g. control charts, de-
terminations on blanks, spiked samples, repeated determinations
and blind samples).

Quality control and quality assurance system for measure-
ments consists of many elements, which can be sorted into the
two main groups as follows:

1. elements that allow to trace and estimate the precision of the
results, such as:

— periodic analysis of control samples,
— application of control charts,
— auditing system.

2. elements that allow to evaluate the accuracy of the obtained
results, such as:

— including samples of the certified reference materials in ana-
lysis,

— comparing the produced data with those obtained from the
same samples by employing a reference method,

— analyzing samples spiked with a standard,

— conducting interlaboratory calibrations,

— applying control charts,
— using an appropriate auditing system.

At present, there are three systems of quality assurance de-
signed for analytical laboratories, namely,

— Good Laboratory Practice, GLP,

— accreditation of a laboratory according to EN 45001 or ISO
Guide 17025 (the accreditation according to ISO Guide 25
was possible until January 2003),

— certification according to the ISO 9000 series.

TRACEABILITY

Traceability is a measurement’s feature that allows a compa-
rison of the results obtained in different locations, at various
times and by means of different procedures. For the results to
differ only by the content of an analyte in samples and not
by varying conditions during the analysis, it is necessary that
each analytical result is traceable to the established standard
(3). Traceability is a parameter that allows scaling of the results
obtained under different conditions by using the same point of
reference (4-6). For practical reasons, it is prerequisite to have
a proper traceability system in order to secure traceability (7, 8).
Such system consists of documented comparisons of relevant
standards to the so-called primary standard, e.g. in case of weigh-
ing, a balance calibrated with the certified standard weights
should be used. Those weights have to be standardized accord-
ing to national standards which, in turn, have been based on
the international standard for a kilogram of mass. Such a series
of comparisons forms an unbroken chain that can illustrate the
idea of traceability. Its schematic presentation has been shown in
Figure 3, while the rationale and meaning behind it in Figure 4.

In accordance with the recommendations of EURACHEM/
CITAC Guide (9), establishing traceability for a given analytical
procedure requires the following:

— determining the measured value,

— choosing the proper measuring procedure and establishing a
relevant model equation,

— proving (via validation) the correctness of chosen measuring
conditions and model equation,

— defining and determining the values of all parameters that
may influence the final result,

— defining the strategy for achieving traceability by choosing
appropriate standards and calibration procedure,

— estimating uncertainty for the applied measuring procedure.

1 kg mass standard
(Sevres, France)

official copy
of mass standard

national

mass standard (1 kg) mass measurement

FIG. 3. The idea of traceability.
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FIG. 4. Rationale and meaning of traceability

On the other hand, according to ISO, there are three basic
stages for establishing traceability, as follows:

1. establishing the link between a measured value and relevant
standard

2. through an unbroken chain of comparisons, and

3. estimating all the uncertainty components associated with
specific links in the traceability chain.

The term “unbroken chain” needs more explanation; it means
the lack of analytical information loss in connection to the multi-
stage analysis. Each step of the analytical procedure requires
a comparison to the reference method, reference material or
directly to the SI unit.

MEASUREMENT UNCERTAINTY

Uncertainty is the basic characteristic of each measurement.
Uncertainty is always present, at each step of the procedure (10,
11).

The main sources of uncertainty encountered during sample
analysis by means of appropriate analytical procedure are listed
in Table 1.

Uncertainty estimation results in the increased measure-
ment’s reliability, it allows to compare data from interlaboratory
studies, and it helps to make decision about statistical signifi-
cance of the difference between the measurement and a relevant
reference value.

Measurement uncertainty is a component of all uncertain-
ties associated with the single steps of an analytical procedure.
Therefore, it is necessary to determine the uncertainty sources
and values for specific stages of that procedure (12).

A flow-chart of actions to be undertaken during uncertainty
estimation of the analytical result, according to the Guide to

TABLE 1
Possible sources of uncertainty in analysis

Uncertainty sources

Human factors Factors related to equipment

- resolution of the used
measuring instrument,

- uncertainty due to the
standards and/or reference
materials used,

- uncertainty of parameters
that have been determined
as separate, measurements
and later used for the final
result calculations, e.g.
physicochemical constants,

- approximations and
assumptions in connection
to the usage of a given
instrument during analysis,

- fluctuations during the
repeated measurements
under seemingly identical
external conditions,

- erroneously or no precisely
defined measured value,

- non-representative sample,

- incorrect application of
determination procedure,

- person-specific systematic
reading error on analogue
readouts,

- lack of knowledge about all
external factors influencing
the analytical result,

- uncertainty associated with
calibration of the
instrument used,

the Expression of Uncertainty in Measurement (13), has been
shown in Figure 5.
The final analytical result consists therefore of:

— adetermination of the measured value, including its unit,

— the result and its expanded uncertainty (y £ U, including
units for y and U),

— the value of coefficient k for which the expanded uncertainty
was calculated.

Uncertainty estimate is one of the necessary components of
an analytical result.

REFERENCE MATERIALS

Reference materials play a significant role in all elements
of the measurement quality assurance system. They are nec-
essary for validating the analytical procedures (i.e. accuracy
determination), and often are the object of interlaboratory com-
parisons; they help in establishing measurement uncertainty (al-
though such method is not always recommended) and secure
traceability.

For over 20 years the European Commission has been in
support of scientific programmes that focus on improving the
quality of physical, biological and chemical measurements by
using proper reference materials (14).

Presently, at least several companies manufacture reference
materials. However the broadest range of such materials is
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Defining the measuring procedure and
determining the measured value

e

Developing a mathematical model to be used for
calculating analytical results based on the
measured parameters in the form of

y =F(x,x, ... x,)
y—result, x;, Xz...x,— measurements

Finding values for all possible parameters, i.e. x;,
Xz...X, that can influence the final result, and
estimating the associated standard uncertainties

(W)s Uiy Ui)

Applying the law of propagation of uncertainty in
order to calculate combined standard uncertainty of
the final result according to the equation:

2
2 < §f 2
Ue) = Z(—(SX_ Yix)

/=1

v

Expressing the final analytical result in the form
result + total uncertainty (after using the
proper coefficient & so that y £ Urk))

FIG. 5. Schematic presentation of the procedure for estimating
the expanded uncertainty of an analytical result.

offered by NIST (USA) and IRMM within the EU framework.
Most recently, the attempts are being made to introduce Euro-
pean Reference Materials, (ERM) (15). The general classifica-
tion of reference materials is presented in Figure 6.

A general procedure for preparing reference materials is
shown schematically in Figure 7.

A big challenge for both manufacturers and users is posed
by gaseous reference materials, also called standard gas mix-
tures. In the case of preparing standard gas mixtures of toxic,
reactive and badly smelling substances, the production of the
exactly defined amounts of analytes via thermal decompo-
sition of surface compounds is the original methodological
approach.

This approach is based on using surface compounds that are
chemically bound to the carrier’s surface (e.g. silica gel, porous
glass, glass rods covered with silica gel and glass fibers) and
undergo thermal decomposition or chemical regrouping those
results in a release of the precisely specified amount of a volatile
compound. The released compounds are washed out from the
reaction chamber (e.g. chromatographic injector or thermal des-
orber) with a stream of diluting gas which now becomes a stream
of standard gas mixture. The schematic presentation of chemical
modification on the carrier’s surface, and creation of the exactly
known volatile component that is determined during the thermal
decomposition process, has been shown in Figure 8.

The present extent of the above mentioned approach’s appli-
cation for preparation of standard gas mixtures, which constitute
a specific type of matrix-free reference materials, are presented
in Table 2 (16-32).

Reference materials are necessary in each analytical labora-
tory, and their application falls into the following main areas:

— testing professional skills of an analyst or of a laboratory,

— routine control of accuracy (precision and correctness) of
performed determinations,

— determination of validation parameters,

— laboratory accreditation,

— laboratory quality control,

— estimation of measurement uncertainty,

— traceability control and assurance,

— calibration of measuring equipment.

TABLE 2
Possible ways of producing volatile analytes via thermal
decomposition of appropriate surface compounds

Carrier type Released volatile analyte Literature

Silica gel CO, CO, (16, 17)
CO, (18)
C,Hy (19)
CH;Cl (20, 21)
NH3; (22)
CH;NH, (22)
(CHs)>NH (22)
(CoHs)3N (22)
CH,CHCH,NCS (23)
C4HoNCS (23)
CH;SH 24)
C;H;SH (24-26)
CH;CHO 27

Rods covered CO, CO, (28)

with silica gel

Porous glass C,Hy 29)

Glass fibers CHy (30)

Fiberglass CH;Cl 31
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CERTIFIED

NONCERTIFIED

MA

- laboratory refere

- quality control materials, QCMs

TRIX

nce materials, LRMs

Primary - secondary reference materials, SecRMs
reference
materials,
PRM
MATRIX-FREE
- pure substances

- standard solutions

FIG. 6. Classification

Because of high diversity of matrices and analytes, it is not pos-
sible to prepare appropriate reference materials for all measuring
procedures. Although a good knowledge of a given analytical
procedure and the available reference materials allow to make
the right choice. Reference materials should be used following
the rules of good laboratory practice that have been established
for trace analysis. Such materials should be stored under con-
ditions that guarantee their stable composition throughout the
entire usage time.

INTERLABORATORY STUDIES

Interlaboratory studies allow a comparison of measurements
obtained by means of the same or similar test samples by two or a
larger number of laboratories according to the earlier established
conditions (33). As a result, the novel value is assigned to

— analytical procedure, i.e. measuring procedures are tested,
— laboratory, i.e. proficiency of a laboratory is checked,
— reference materials, i.e. reference materials get certified.

A generalized scheme for conducting interlaboratory studies
is shown in Figure 9.

METHOD VALIDATION

One of the most important steps in the process of introduc-
ing a new analytical procedure into practice is its validation.
The validation of analytical procedure consists of checking the
important characteristics of this procedure. The final goal is to
achieve the analysis that is reliable, precise, fully controled by
the analyst, and which gives reliable results. Validation mainly
allows to define a given analytical procedure.

Based on the validation parameters, it is possible to evaluate
the range of applicability for a given procedure, which in turn
allows to make the optimal choice of procedure.

As mentioned earlier, in order to obtain the reliable results
with a known uncertainty estimate the analytical procedure
which has been previously validated needs to be used.

of reference materials.

Validation studies are most frequently conducted under the
following circumstances (34, 35):

— when a new analytical procedure is being developed,

— when widening the range of applicability for a given proce-
dure is investigated, e.g. for determining the same analyte,
but in different matrix,

— when the results of the Quality Control protocol suggest that
validation parameters vary in time,

— when a given analytical procedure is going to be used in
another laboratory,

— when different measuring equipment will be used,

— when measurements will be conducted by another person,

— when the new analytical procedure is being compared with
the known standard procedure.

A number of parameters that form a basis of the validation
process depend on many factors, such as:

— type of analytical studies which will be conducted with the
application of a given analytical procedure (e.g. qualitative
or quantitatve analysis, single sample analysis or routine an-
alytical work),

— requirements posed for a given analytical procedure,

— time consumption and costs associated with conducting the
validation process.

The parameters considered necessary for the validation of dif-
ferent types of analytical procedures are presented in Table 3
(34, 36).

As the number of validation parameters inceases so does
the time required to conduct the validation process. Moreover,
more stringent limit values (expected values) of specific param-
eters imply higher frequency of checking, calibrating or even
re-validating of a given analytical procedure. The full valida-
tion of an nalytical procedure is not always necessary. In such
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Choosing material

!

Obtaining appropriate amount
of desired material

s

Preliminary preparation of material
(e.g. drying, breaking down, sieving)

s

Preliminary determination
of material’s stability

s

Choosing and purchasing
of proper containers, labels, etc.

s

Preliminary evaluation of homogeneity

!

Content determination of main components

:

Distribution of material into containers

!

Final homogeneity determination
(inside one container and among containers)

\

Sterilization of material
(securing biological stability)

\

Water content determination

!

Organizing interlaboratory comparison
conducting certification procedure

"

Statistical analysis of obtained results

.

Determining certified values

,

Printing of certificate

;

REFERENCE MATERIAL

)

Continuation of studies on long-term stability

FIG. 7. A general procedure for reference materials preparation.

a case, it should be stated which parameters are included in the
validation process.

Table 4 contains the parameters which, according to the rec-
ommendations of ICH (37, 38) and USP (39), should be included
in the validation process.

SiOH SiOH
XY modifier
SiOH - > Si-YX
multi-stage process
SiOH SiOH

chemical modification stage

I

production of standard gas mixture

—— > detector

measured component

SiOH
— Si-Y + X in carrier gas
SiOH
calibration stage

gas standard mixture

FIG. 8. Schematic presentation of standard gas mixture produc-
tion by means of thermal decomposition of a compound de-
posited on carrier’s surface.

Besides the estimation of validation parameters, the follow-
ing basic characteristics of an analytical procedure should be
defined before proceeding with the validation (34):

— type of the measured component (analyte),

— analyte concentration level,

— analyte concentration range,

— type of sample matrix,

— presence of interfering substances, and whether they should
be determined,

— existing legal regulations and requirements which the analy-
tical procedure should fulfill,

— type of the obtained information, i.e. quantitative or qualita-
tive,

— required limits of detection and quantification,

— expected and required accuracy (precision and correctness)
of the procedure,

— required robustness of the procedure,

— necessary measuring equipment (i.e. does a given procedure
require the use of a precisely specified measuring device or
any of the similar type?),

— possibility to apply the validated procedure in other
laboratory.

The validation steps of an analytical procedure can be conducted
in any order. However, after considering the sequence in which
specific parameters are determined it seems most logical that
the order should follow a flow chart presented in Figure 10
(34).
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PROJECT
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——

Choosing a sample
- — —
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)
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I — |

Sending samples to participants|

-

Analysis of samples
. — |

Sending the analysis results

EVALUATION

Analysis of results

——

Sending evaluation results
to participants
REPORT

FIG. 9. A generalized outline for conducting interlaboratory
studies

During the validation process various tools can be used, such
as (1):

— blank samples, including reagent blanks

— standard solutions (e.g. calibration solutions and test sam-
ples),

— samples that contain a known amount of added analyte, i.e.
analyte enriched samples,

— (certified) reference materials,

— repeating the procedure,

— statistical analysis of the measurement sets.

CHARACTERISTICS OF VALIDATION PARAMETERS,
THEIR EVALUATION, PROBLEMS AND SOLUTIONS

The discussion on determining the validation parameters
should begin with the description and explanation of the nature
of an analytical measurement. The main object of interest for
an analyst is the analytical signal obtained as a consequence of
the conducted measurement. The aim of the analyst’s work is to
obtain analytical information about the researched object based
on the application of proper measuring procedure; the obtained
signal “codes” information about the studied sample. Therefore,
it is the analyst’s role to decode the obtained signal, and in addi-
tion to make sure that the decoded information is reliable (40).
Analytical process and the applicable analytical procedures are
tools used for the decoding.

One feature of each analytical signal is its size. In case of
some measurements, it is also possible to assign the location
parameter. Validation parameters are determined based on the
analysis of the measured values, and that is something to be kept
in mind during the validation of an analytical procedure.

Specificity and Selectivity

The first validation parameter that should be determined is
selectivity. It is only logical to make sure, before proceeding
with the characterization of an analyte based on the measured
analytical signal, that this signal has been exclusively a result of
the analyte’s presence in the sample.

It is quite common to confuse selectivity with specificity and
vice versa, however, both terms differ in a significant way. Ac-
cording to [UPAC recommendation (41), selectivity should be
defined as follows: “Selectivity of a method refers to the ex-
tent to which it can determine particular analytes under given
conditions in mixtures or matrices, simple or complex, with-
out interferences from other components.” Moreover, I[UPAC
stated that “specificity is the ultimate of selectivity”, and the
term specificity should be used preferentially.

Selectivity therefore is the capability of a method to dis-
tinguish a given analyte from other substances. This feature is
mainly a function of the described measuring technique; how-
ever, it might vary with the type of compound or matrix. A
method can be called specific when it shows the highest selectiv-
ity. On the other hand, Valcércel (42) gives a different definition
of selectivity: “[it is] the capability of an analytical process to re-
ceive signals whose size almost entirely depends on the content
of the measured analyte present in a sample”.

The following practical definition can also be proposed (1)
“specificity/selectivity is a capability of accurate and precise de-
termination of the occurrence and content of analyte/group of
analytes in the presence of other components in the real sam-
ple under given measuring conditions.” Therefore selectivity is
one of the main parameters that characterizes and describes an
analytical procedure, particularly in the case of trace analysis
(43).

From a practical point of view, an analytical measurement
is considered selective when the obtained analytical signals can
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TABLE 3
The parameters whose determination is necessary for difereent types of analytical procedures (34, 36)

Impurity test

Qualitative
Parameter analysis Limit impurity test Quantitative impurity test Assay test
Precision —4 — + +
Correctness - - + +
Specificity + + + +
Limit of Detection -2 + — -
Limit of Quantification —a — + -
Linearity — — + +
Measuring range — -4 + +
Ruggedness + + + +

“It might be determined.

be discriminated, and when a value attributable to the specific
analyte’s feature can be assigned to each signal; this definitely
depends on the type of the received signal. In case the signal
is described by its intensity alone, it should be proven that the
signal’s size depends exclusively on the measured characteristic
of a given object. For example, when weighing a sample on the
analytical balance, one has to be sure that the measured value
results from the real sample mass and not from unclean balance.
This example shows that the topic of selectivity should also be
considered in case of direct measurements.

Selectivity is dealt with differently when analytical signals
have an additional attribute, i.e. location. This takes place in
chromatography, where retention time is the additional charac-
teristic of the analytical signal assigned to a given analyte. In
such case, it is necessary and obligatory to determine a minimum
difference of location parameters for specific analytes which al-
lows discrimination of the signals.

TABLE 4
List of the analytical procedure parameters that should be
validated according to the recommendations of ICH (37, 38)
and USP (39)

Parameter ICH USP

Precision

- repeatability

- intermediate precision

- reproducibility
Accuracy
Limit of detection
Limit of quantification
Specificity/selectivity
Linearity
Measuring range
Robustness
Ruggedness

+

++ A+t

A+ttt

Selectivity of the measuring process mainly depends on the
composition of the analyzed sample (42). Selectivity is increas-
ingly more difficult to achieve when:

Selectivity determination
(analysis of standard samples)

- —

Determination of linearity,
LOD, LOQ and measuring range

T

Determination of repeatability

——

Determination
of intermediate precision

—

Selectivity determination
(analysis of real samples)

e i T S —

Accuracy determination
(analysis of reference materials)

e fe———

Determination of robustness
(e.g. interlaboratory comparisons)

T

VALIDATION REPORT

FIG. 10. The sequence in which validation parameters are de-
termined (34).
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TABLE 5
Recommended selectivity parameters (42)

Analytical technique Selectivity parameter

: RT Za/Z
Potentiometry E=E)+ TF In(as + %: KABaB/ )
_ At
Chromatography Ry = TWats)
Non-chromatographic
separation ap/p = %

Where: E—potential, £y—formal potential, R—gas constant, 7—
temperature, F—Faraday constant, K 4p—selectivity coefficient (from
Nikolsky equation), A—analyte, B—interfering agent, z—charge of an
ion, R,—selectivity, At—separation (retention time difference between
two peaks), W—chromatographic peak width at base, «—separation
coefficient, K p—separation constant.

— sample’s composition is increasingly uncertain,

— complexity of sample matrix increases,

— matrix components do not differ much from the analyte,
— there is a bigger number of analytes,

— analyte concentration is decreasing,

— the similarity of analytes is increasing.

Increased selectivity can be achieved by:

— applying analytical methods that are selective,

— eliminating the influence of interfering components by ex-
clusion or concealment,

— extracting an analyte from the matrix.

Depending on the type of analytical technique, selectivity can
be expressed in various ways. The basic relations that allow
selectivity calculations for the selected analytical techniques are
presented in Table 5 (42).

Linearity

When a specific characteristic can be assigned to the ana-
lytical signal with surety then a relationship between those two
parameters can be investigated. In analytical chemistry, it is a
linear relationship that is the most common. In case of the majo-
rity of analytical measurements, a calibration step is used during
which analyte contents are assigned to the respective values of
analytical signal (44). In order to describe the relationship be-
tween the analytical signal and analyte content, the linear regres-
sion method is mainly employed. This particular method is also
used for estimating some validation parameters of an analytical
procedure, such as:

— linearity,
— correctness (bias estimation),
— limit of detection and limit of quantification.

Linear regression is also widely employed for calibrating the
measuring instruments.

Linearity has been defined as the range of analytical proce-
dure in which the analytical signal is proportional to the mea-
sured analyte concentration. The most common way of deter-
mining linearity is based on the use of calibration plot obtained
for a given measuring instrument. To this end, samples of stan-
dard solutions at the minimum of six concentration levels are
measured (usually, three replicates are used for each level). Obvi-
ously, the choice of analyte concentrations in standard solutions
should reflect the expected analyte contents in the processed
samples; usually, concentration range encompasses values from
50 to 150% of the expected measurements (45). Next, the linear
regression method is used to estimate regression parameters.

According to some recommendations (46), it is sufficient to
calculate the regression coefficient. Then, when the coefficient
values reach at least 0.999 the linearity can be assumed in the
concentration range for which standard solutions had been pre-
pared during the calibration procedure. Unfortunately, such way
of proving linearity not always leads to the correct conclusions. It
is possible that the obtained high value of correlation coefficient
r (or determination coefficient #2) does not indicate linearity.
An extreme example illustrating such case is the Anscombe’s
quartet (47, 48), in which linear regression method was used for
four different data sets. The obtained regression coefficients, in-
cluding the slope and intercept, were the same for each set (see
Figure 11). The data sets can be found on the web page (49).

The value of correlation coefficient r can be used for assum-
ing the linearity of an analytical procedure only when standard
solutions used for the calibration fulfill the following require-
ments (45, 50, 51):

— their concentration range encompasses the expected analyte
concentrations in the measured sample(s),

— their concentration range is not higher than three times the
analyte concentration,

— they evenly cover the whole concentration range.

Moreover, it is very important to plot the data and to do the
visual check of the plot.

Because of the ambiguity associated with the use of corre-
lation coefficient r as linearity measure, other methods have
been proposed. Additionally, the statistical significance of the
calibration plot coefficients is determined. The slope should be
significantly different from 0, while the intercept should be equal
0. Student’s t-test is used to test these hypotheses.

Another approach is to draw a response plot in the form:

2= o [1]

X

where,

y—analytical signal from the measuring instrument,

x—analyte concentration in the standard sample respective
to the signal.

In case when the concentration range is rather wide (three-
fold or more), the concentration values can be plotted on a
logarithmic scale. In the graph, the constant response (usually
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FIG. 11. The Anscombe’s quartet (49).

expressed as an arithmetic mean from y/x values) is plotted as
a line parallel to the X -axis together with admissible deviations
(most frequently + 5%). The values (points) that are outside
the determined range denote analyte concentrations which lie
outside the linear range of a measuring device.

Obviously, such method can only be applied when the inter-
cept of the line plotted from the function y = f{x) is not signifi-
cantly different from 0, and this condition is not always fulfilled.
Some authors state openly that correlation coefficient r cannot
be used to determine the linear association between two vari-
ables, and that it should be replaced with another statistical tool
or specific tests for linearity (52). Many recommend testing for
significant differences. Other methods and statistical tools can
also be used, such as (53-56):

— lack-of-fit test,
Mandel’s fitting test,
— quality coefficient,
Student’s t-test.

In case when the linearity determination was based on the
analysis of a series of standard solutions with a concurrent cali-
bration plot, it would be logical to show to what degree the
calibration curve reflects the values of analytical signals from
standard solutions. This can be achieved by calculating relative
deviations for the specific concentrations under assumptions that
the analyte concentration in a standard sample is the reference
value, and the measured value is the value calculated from the
linear calibration function (57-59).

Linearity determination is not equivalent to stating that the
function describing a relationship between the analytical signal
and analyte content has just one form over the entire concentra-
tion range (the same coefficient values of the calibration curve).
Linearity is a feature which describes the proportional depen-
dence of signal on the size of the measured value, and within a
given range it can be expressed by couple equations that depend
on the analyte concentration level (57, 58).

The difference between correlation and regression should
also be clarified. Correlation describes the degree of associ-
ation between two variables, while regression the association
type (52).

Limit of Detection and Limit of Quantification

Validation parameters to be determined next are the limit of
detection and limit of quantification. The values of those para-
meters are tightly connected to measurement noise.

Signal-to-noise ratio (S/N). This parameter defines the ra-
tio of an analytical signal to the mean noise level for a given
sample; it has no unit. It can be used to determine the influence
of noise level on the relative deviation of a measurement. There
are various ways to calculate the S/N ratio, however, the most
practical is to determine the ratio of the arithmetic mean from a
series of measurements on blanks (or on samples containing very
low analyte concentrations) to the standard deviation obtained
for those measurements (1).

Limit of quantification, LOQ stands for the smallest amount
or the lowest concentration of a substance that is possible to be
determined by means of a given analytical procedure with the
established accuracy, precision and uncertainty. LOQ should be
estimated by using the proper standard measurement or standard
sample; it cannot be extrapolated (60, 61).

Limit of detection, LOD is the lowest concentration that can
be measured (detected) by means of a given analytical procedure
with statistical significance (60, 61).

Method detection limit, MDL is the lowest concentration
(the smallest amount) of an analyte that can be detected by using
a given analytical procedure.

Instrumental detection limit, IDL of the used measuring
device, e.g. detector is the lowest concentration (the smallest
amount) of an analyte that can be detected, but not quantified,
by means of a given measuring instrument.

Detection and quantification limits are both parameters that
play a very significant role in the validation of analytical
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procedures. Although their meaning is clear, the determination
of those parameters brings problems. This might result from a
number of reasons, such as:

— multiplicity of definitions that describe both detection limit
and quantification limit,

— practical difficulties that do not allow the unambiguous de-
termination of the basic LOD parameter which is the noise
level for a given instrument.

The ways of determining LOD depend on the following fac-
tors:

— analytical method type, i.e. manual method or method em-
ploying the appropriate measuring instrument,

— instrumental technique characteristics,

— possibility to obtain (prepare) blank samples.

Based on the above-mentioned parameters, there are couple
ways of estimating LOD (61).

Table 6 contains the short characteristic of specific methods
for LOD determination (61).

The choice of an appropriate method for LOD determination
depends on the method’s purpose as well as the requirements of
a given analytical procedure. In the case of analytical procedure

validation, it is recommended to use the method based on che-
mical metrology principles. Then the LOD value is connected to
the statistical parameters such as, probability level and degrees
of freedom.

In the case of individual measurements, less time-consuming
methods are recommended.

It is required that the determined value of LOD be always
presented together with the method description and relevant pa-
rameters used for its calculation. The determined LOD and LOQ
values are also considered the parameters that describe the mea-
surement quality for the used analytical procedure (62, 63).

Measuring range

Linearity and LOQ determinations allow to define the mea-
suring range.

Measuring range is the range of values (analyte concentra-
tions) within which the instrumental error is below the assumed
value. In practice, it ranges from the LOQ value to the high-
est analyte concentration for which the instrument displays an
increase of analytical signal. It should also be underlined that
the higher limit of a measuring range can be (or rather ought
to be) assumed to be the maximum concentration of analite in
the standard solution for which the calibration curve had been
plotted.

TABLE 6

Methods for determining detection limits: requirements, disadvantages and advantages (61)

Methods for calculating
detection limits

Requirements

Disadvantages/Advantages

Visual check

Calculations based on the S/N ratio

Calculations based on the
measurements for sample blanks

Calculations based on graphical
method

Calculations based on standard
deviations of signals and slope of
calibration curve

Calculations based on limit of
quantification, LOQ

Sample with known analyte content
(standard solution or matrix standard)

Sample with known analyte content
(standard solution or matrix standard)

Series of blanks or samples with known
analyte content (standard solution or
matrix standard)

Series of standard samples at 3
concentration levels; at least 6
measurements for each standard sample

Series of blanks or samples with known
analyte content (standard solution or
matrix standard); Standard solutions for
calibration curve preparation

Series of standard solutions; Assumed
relative standard deviation for LOQ

Quick method; Estimation; Mostly used
in case of classical analysis
(non-instrumental); Requires vast
analytical experience

Quick method; Used only for measuring
equipment; It is possible to determine
the S/N ratio

Labor- and time-consuming method that
does not consider the influence of
calibration on LOD; Probability is used
for estimating LOD

Relatively quick method; It includes the
influence of calibration procedure on
LOD value

Labor- and time-consuming method; It
includes the influence of calibration
procedure on LOD value; Method,
“motivated” by metrology

Indirect method; LOD calculated based
on the determined LOQ; LOD value
(LOQ) depends on the assumed
measurement precision
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Sensitivity

Sensitivity is not included in the validation parameters set
whose determination is obligatory. Its value can be simply de-
termined based on the calibration curve parameters.

Sensitivity is a ratio of the difference in analytical signal to
the change in analyte concentration that has caused it. Therefore,
it describes the smallest difference in analyte content which can
be determined with a given analytical procedure; it is expressed
as the slope of a calibration plot, i.e. signal as a function of
concentration. Some authors state that sensitivity is synonymous
with LOD.

To summarize, a graphic representation of the definitions of
linearity, measuring range, LOD and LOQ is shown in Figure 12
(64).

Precision

Precision describes the degree of agreement among the in-
dependent measurements obtained during analysis of a given
sample by means of a given analytical procedure. It relates to
random error, and measures the dispersion or spread around the
mean value; it is usually expressed as standard deviation.

Depending on the conditions under which the results are ob-
tained, we distinguish among repeatability, intermediate preci-
sion and reproducibility.

Repeatability means the precision of the results obtained un-
der the same conditions (e.g. a given laboratory, analyst, measur-
ing instrument and reagents). It is usually expressed as standard
deviation of repeatability, variance, relative standard deviation
or coefficient of variation.

Intermediate precision is a long-term deviation of the mea-
suring process. In order to estimate it, the standard deviation of a
series of measurements obtained in a given laboratory during the
time period of couple weeks is used. Intermediate precision is a
more general term than repeatability because more parameters
can be changed for a given measuring procedure.

Reproducibility means the precision of the results obtained
by different analysts in different laboratories by means of a given
analytical procedure.

Each of the above parameters can be determined based on
the standard deviation, relative standard deviation or the coeffi-
cient of variation. It is recommended that samples with various
analyte contents and matrix composition should be used for re-
producibility determination.

According to the /CH recommendations (37, 38), the value
of standard deviation can be calculated as follows:

— conducting at least nine independent measurements over the
entire measuring range (e.g. three independent measurements
at three concentration levels)

— conducting six independent analyte determinations in stan-
dard samples at the concentration level that is relevant to the
analyte concentration in the real sample

— using the results from six independent determinations for the
analytes present in three different matrices and at two or three
concentration levels.

On the other hand, EURACHEM (9) recommends 10 indepen-
dent determinations that should serve as basis for the calculation
of a standard deviation.

The repeatability value can be calculated for a very specific
analytical procedure with the described and defined matrix com-
position (e.g. procedure for determining the content of analyte
X in matrix Y) as well as for the one without the identified ma-
trix composition. In the former case, the standard deviation is
calculated from the measurements on samples containing the
same matrix, while in the latter case, standard deviations should
be estimated from the measurements on samples with different
matrix compositions.

Actually, repeatability is the only validation parameter whose
value can be determined without a calibration process as it can
be calculated from the values of analytical signal. Repeatabil-
ity calculated as the coefficient of variation, which is a relative
parameter, does not require re-calculating the analytical signal
size into the concentration values.

Intermediate precision is a broader term than repeatability
because its value is influenced by the additional parameters such
as (34, 35):

— human factors; different analysts conducting determinations
as well as the lack of stability of a given analyst’s performance
over time;

— factors related to equipment; those stem from the fact that
measurements can be conducted with the use of:

— different instruments in a given laboratory,

— standard solutions and reagents from various manufactur-
ers or production batches,

— different accessories, e.g. various GC columns with the
same characteristics but from different manufacturers or
production batches.
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TABLE 7
Analytical procedure conditions to be fulfilled during the determination of repeatability, intermediate precision and
reproducibility (34)
Intermediate
Conditions Repeatability precision Reproducibility
Equipment C v v
Batch of accessories C v v
Analyst C v v
Matrix composition v \% A%
Concentration v \" \"
Batch of reagents C v v
Laboratory conditions C v v
(temperature, humidity)
Laboratory C C \%

where, C — constancy; V — admissible variability.

When samples with the same analyte concentration level are
used for precision determination, then the standard deviation is
a sufficient parameter for performing the calculations. However,
in the case of samples with different analyte content levels, the
relative standard deviation or the coefficient of variation should
be used. Both those parameters are used for comparing repeata-
bility, intermediate precision and reproducibility.

The characteristics (i.e. constancy or variability) of the ana-
lytical procedure parameters that should be maintained during
the determination of repeatability, intermediate precision and
reproducibility have been presented in Table 7 (34).

A

Accuracy and Correctness

Accuracy is defined as the degree of agreement between the
obtained (single!) measurement and the true (expected) value.

Correctness (trueness) is, on the other hand, the degree of
agreement between the measurement (expressed as the mean
value calculated from a series of measurements) and the ex-
pected value.

When analyzing the above definitions, it can be concluded
that the term “accuracy” has been replaced with “correctness.”

Correctness is the parameter that describes the degree of
agreement between the results obtained with a given analytical

INCREASING CORRECTNESS

INCREASING
ACCURACY

INCREASING PRECISION

FIG. 13. Interrelations among correctness, precision and accuracy.
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procedure and the real (expected) values. Procedure bias has the
main influence on the value of correctness.

Accuracy is a combination of correctness and precision. For
a given procedure, the more correct and precise the results, the
more accurate every single measurement. A schematic presenta-
tion of interrelations among correctness, precision and accuracy
are shown in Figure 13.

Obviously, such parameters as linearity and sensitivity also
influence the accuracy of an analytical procedure.

The term accuracy is tightly associated with error terms. De-
pending on their type, errors have different impact on the analy-
tical result. The influence of specific errors on the measurement
is presented schematically in Figure 14.

Correctness and accuracy can be determined with the use of
different approaches (65):

— analysis of an appropriate certified reference material;

— comparison of obtained result with that obtaining by applying
a reference (primary, definitive) method;

— using standard addition method.

Ruggedness and Robustness

Robustness of a procedure is determined in order to estimate
the influence of small fluctuations in analytical conditions on
the final result. Its value has bearing on the measuring technique
regime for a given analytical procedure (66). As the influence
of small changes in parameters on the final analytical result
increases, it becomes mandatory to maintain those parameters
at the constant level. Robustness is a parameter related to the
changes in internal conditions (67—69).

Ruggedness, on the other hand, is a parameter that defines
the suitability of a given analytical procedure under varying
conditions; it can be estimated from the reproducibility value
(67-69).

Similarly to reproducibility, the robustness and rugged-
ness of an analytical procedure are determined via inter-

laboratory comparisons. However, the evaluation of an im-
pact that the changing conditions have on the analytical pro-
cedure undergoing a validation process can be conducted within
one laboratory (e.g. influence of temperature, purity and type
of reagents used, pH and the conditions of chromatographic
separation).

The values of both parameters for a given analytical proce-
dure can be calculated based on the analysis of the differences
among standard deviations from a series of measurements ob-
tained while slightly changing the procedure’s parameters.

SUMMARY

It has to be noted that the procedure can only undergo valida-
tion after the optimization studies have already been performed.
The validation of an analytical procedure should be finished by
preparing the final report that contains the following elements
(1, 34):

— object and applicability of the analytical procedure (range of
applicability),

— metrological basis,

— types of analytes and matrix composition,

— list of all used reagents, standards and reference materials
including the specification sheets (i.e. purity, quality, manu-
facturer, and in the case of laboratory synthesis, its detailed
description),

— description of the procedures for determining the purity of
the used substances and the quality of standards,

— required rules of workplace safety,

— plan describing how a given procedure will be adopted from
the laboratory conditions into routine measurements,

— procedure parameters,

— list of critical parameters, i.e. the parameters whose small
variability may significantly influence the final measurement
result; those parameters are defined based on the robustness
of analytical procedure,
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— list of all kinds of laboratory equipment including the instruc-
tions (e.g. dimensions, precision class, etc.) and schematic
block diagrams in case of more complex devices,

— detailed description of conditions for conducting a given ana-
lytical procedure,

— description of the applied statistical methods including ap-
propriate equations and calculations,

— quality control procedure in case of routine analyses,

— appropriate figures and graphs, e.g. chromatographs and cali-
bration curves,

— conformity of the determined validation parameters with the
target limit values,

— uncertainty of the measurement result,

— criteria to be fulfilled during the re-validation process,

— name and surname of the person who had performed valida-
tion,

— list of cited literature,

— summary and conclusions,

— confirmation and signature of a person responsible for check-
ing and accepting of the validation process.

Validation of an analytical procedure is a necessary and pre-
requisite, although not sufficient, condition for obtaining reli-
able measurements (1, 34, 35). For several years the EU legis-
lature has been introducing appropriate standards and directives
in relation to the quality control/quality assurance of analyti-
cal results. Those legal acts are also becoming a necessity in
Poland. However, there are obstacles on the way to implement-
ing appropriate standards and rules into the laboratory practice;
the lack of proper understanding of the purpose and reasoning
behind the validation as a procedure preceding routine use of
an analytical procedure is one of such obstacles. Validation is
a complex process, therefore it is not easy to conduct. Main
problems asocciated with incorrect validation processes can be
divided into the following three groups:

— “conservatism”, here meaning the attachment to old ways of
checking the parameters or to old names,

— “terminology”’; ambiguous definitions resulting from the so-
called “free” translation, most frequently from English (70),

— “tools”; precisely defined procedures for determining of spe-
cific parameters are lacking.

The purpose of the project is an attempt to eliminate difficul-
ties associated with the validation process which, in most cases,
result from the lack of precise descriptions of how validation pa-
rameters are determined. It is well known that the determination
of a validation parameter is tightly connected to the character-
istics of a given analytical procedure. Therefore, the following
aspects are very important:

— clear, non-ambiguous and fully understandable definitions of
validation parameters,

— description of precise algorithms for determining of valida-
tion parameters,

— specification of potential problems that might occur during
the validation process,

— defined procedure on how the conclusions about the quality,
applicability and characteristics of an analytical procedure
can be drawn based on the obtained validation parameters
values,

— understandable description of estimating the uncertainty of
an analytical result including a non-ambiguous and logical
way to record the final determination,

During the validation process of an analytical procedure var-
ious tools are used, such as:

— appropriate standards and standard solutions,
— (certified) reference materials,
— participation in interlaboratory studies.

The quality of the obtained results depends on the metrologi-
cal quality of standards and standard solutions that had been used
in the validation process of the applied analytical procedure.
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