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ABSTRACT

A new approach for calculating uncertainties of analytical results based on the
information from the validation process is proposed. This approach complements
the existing approaches proposed to date and can be applied to any validated
analytical method. The precision estimates generated during the process of
assessment of the accuracy take into account the uncertainties of preprocessing
steps and analytical measurement steps as long as the different factors that
influence these steps are representatively varied in the whole validation process.
Since the accuracy of an analytical method should be always assessed before
applying it to future working samples, little extra work needs to be done to estimate
the final uncertainty. Other sources of uncertainty not previously considered (e.g.
uncertainty associated to sampling, to differences between the test-sample and the
working sample, etc.) are subsequently included and mathematically combined
with the uncertainty arising from the assessment of the accuracy to provide the
overall uncertainty. These ideas are illustrated with a case study of the
determination of copper in contaminated land.



INTRODUCTION

These days analysts are increasingly being urged to ensure that their results are
both reliable and comparable. The estimation of uncertainty is therefore one of the
main focuses of interest in the field of measurement chemistry [1]. The main
reason for this is that the analytical result is a piece of information which is used for
various purposes. Important decisions are often based on these results, so both
the traceability and the degree of confidence (i.e. the uncertainty), given as
parameters that define the quality of these results, must be demonstrated.

The International Vocabulary of basic and general terms in Metrology, VIM, states
in its latest definition that uncertainty is “a parameter, associated with the result of
a measurement, that characterises the dispersion of the values that could
reasonably be attributed to the measurand” [2]. This definition must be interpreted
if a link between traceability and uncertainty is to be established. If traceability has
not been assessed against a high quality reference in metrological terms, the
correctness of all the possible systematic effects of the measurements cannot be
guaranteed, and it is therefore impossible to ensure that the confidence interval
comprises the true value. So, if the quantitative analytical result is expressed as
Value 1 + Uncertainty, every analyst should verify that Value 1 is an unbiased
value which is traceable, whenever possible, to an internationally recognised
reference.

The main approaches for calculating uncertainty which have been proposed to
date are the ISO approach (commonly known as “bottom-up”) and the Analytical
Methods Committee approach (commonly known as “top-down”). The ISO
approach was originally proposed for quantifying uncertainty in physical
measurements [3] and was subsequently adapted by EURACHEM [4] for chemical
measurements. It is based on identifying, quantifying and combining all the sources
of uncertainty of the measurement. Although the ISO approach improves
knowledge of the measurement procedure, the difficulty of applying it in chemical
measurements hampers its widespread use. On the other hand, the approach
proposed by the Analytical Methods Committee [5] is based on information
gathered from interlaboratory exercises. In this approach the laboratory is seen
from a higher level (i.e. as a member of the population of laboratories).
Consequently, systematic and random errors within individual laboratories become
random errors when they are considered from this “higher level’. The “top-down”
approach takes into account factors of the measurement that are intrinsically



impossible to know; however, the lack of interlaboratory information for many
measurands in a diversity of matrices and the fact that a collaborative trial carried
out in the past may not be related to the present conditions in the laboratory often
means that it is difficult to use.

To complement the existing approaches for calculating uncertainties, we propose a
new procedure that takes advantage of the precision estimates generated in
assessing the accuracy (trueness and precision) of the analytical methods. Since
the accuracy of all the methods should always be assessed before applying them
to future working samples, this approach means that little extra work needs to be
done when calculating the uncertainty of the final result. Following the error
propagation procedure, we combine the uncertainty arising from the assessment of
accuracy with other components not previously considered, such as the uncertainty
arising from sampling or lack of homogeneity, to obtain the overall uncertainty.

ASSESSMENT OF ACCURACY

The accuracy of the measurement methods should always be assessed before
applying them to future working samples. Verifying accuracy is one of the basic
steps in the process of achieving traceability. The international concept of
traceability [2] and its interpretation in chemical analysis [6-10] can be applied to
chemical measurement processes by comparing the measurement method
statistically to an appropriate reference. The measurement method, which will be
applied to future samples to be analysed in the same conditions, is therefore
compared for precision and trueness to the reference results.

Figure 1 compares the results obtained with the measurement method to two
different types of references: a reference measurement method and a certified
reference material (CRM). However, other references, whose metrological
importance is shown in Figure 2, could also be used.

Figure la compares the accuracy of the tested method B against a reference
method A. This is a common situation in many laboratories, where an alternative
method has been developed to substitute a reference method in routine analysis.
One of the most advanced guidelines for comparing two methods can be found in
ISO 5725-6 [11]. However, it is not applicable in a single laboratory because it is
based on interlaboratory information. Therefore, a recently developed procedure



will be used [12]. This is based on validating a method by generating different
precision estimates in a laboratory. If the accuracy of method B has to be assessed
against reference method A in a single laboratory, the experimental design should
take into account all the possible factors of variation. The experimenter must
decide how many factors are to be varied representatively and how many analyses
are to be carried out. The number of factors depends on the resources (number of
analysts, instruments, time, etc.) required by the measurement process and the
experimenter’s knowledge of the method. Moreover, the number of analyses to be
made should be chosen by considering the minimum bias and the minimum ratio of
precision measures that the analyst wishes to detect and the a probability of falsely
concluding the presence of bias and the B probability of falsely concluding the
absence of bias. The sample to be analysed (i.e. the test sample), should be
homogeneous, stable and as representative as possible of the samples to be
subsequently analysed.

The experimental design proposed to vary the chosen factors representatively is a
fully-nested design [13]. As stated in [13], the factors affected mainly by systematic
effects must be in the highest ranks, while the factors affected mainly by random
effects must be in the lowest ranks. For instance, if the factors studied are the
repeatability and the run on which the measurement is performed, the runs will be
in a higher rank than the repeatability because the repeatability is less affected by
systematic errors. Moreover, in this case nesting the run-effect in the replicates is
not possible. A fully-nested design which takes into account the variation of the
runs and the replicates is shown in Figure 3.

The proposed experimental design provides precision estimates of the different
factors studied. Following the proposed two-factor fully-nested design, the
precision estimates generated are the repeatability standard deviation, s, the
between-run standard deviation, swn, the run-different intermediate standard
deviation, siun), and the standard deviation of the means, s, . The typical analysis

of variance (ANOVA) table and the calculation of the different variance terms is
shown in Table 1. All the important sources of variation of the measurement result
(e.g. the analyst, the calibration, the day, etc.) have been varied between each run.
The run-different intermediate standard deviation can therefore be considered as
an estimate of the [time + analyst + calibration + ...]-different intermediate precision
[13]. As a result, the run-different intermediate standard deviation includes all the
important factors of variation of the measurement result. However, it must be
pointed out that the estimation of the between-run standard deviation may not be



as good as the one that would have been obtained if a fully-nested design had
been carried out by including all the important sources of variation like time,
analyst, calibration, etc. as factors in the experimental design. However, in this
latter case, the cost in terms of work increases considerably.

The precision estimates and the grand means obtained for both methods are then
used to assess the accuracy of method B. It is important to note that the different
runs within which the results of both methods have been obtained need not
(necessarily) be the same (i.e. laboratory A obtained the results in 10 consecutive
days while laboratory B did it in 20 days, because they analysed a sample every
two days).

Before comparing the two methods, the consistency of the individual results should
be checked by graphical analysis and/or tests for outliers [14]. Moreover, the
normality of the measurement results should always be checked.

To assess the precision of method B, all the intermediate precision estimates must
be compared statistically with those of the reference method by performing an F-
test. For instance, when the runs and the repeatability are the factors varied, the
repeatability variance and the run-different intermediate variance of both methods
must be compared. Both methods should be as precise as possible because the
probability of falsely concluding the trueness of method B against method A
increases when the precision of both methods diminishes.

Trueness can be assessed by checking whether the difference between the grand
mean for reference method A, X,, and the grand mean of method B, X, is not
statistically significant:

Xy = Xg| <t,, -, @)

where sq depends on the variance of the means of both methods. Therefore, an F-
test is performed to compare the variances of the means of both methods,

S§A and sX?B. If the difference between these variances is not significant, sq IS given

by equation 2a:
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If the difference between the variances of the means is statistically significant, sq is
given by equation 2b:

(2b)

If the fully-nested design of figure 3 is followed, p corresponds to the number of
runs on which the analysis is carried out. In this case, the variance of the means,

s2 is calculated as:
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where X, is the mean of the replicate measurements carried out in the run i.

If the difference between the grand mean of reference method A and the grand
mean of method B is not significant, the trueness of method B against method A is
demonstrated, but only when the factors considered in the experimental design are
varied. Therefore, method B is traceable to method A in the conditions of variation
studied.

The accuracy of a method can be checked by means other than just a reference
method, as Figure 2 shows. For instance, in Figure 1b the process of comparing
method B against a CRM is shown. In this case, the CRM is analysed with method
B by varying all the factors that can affect the measurement method

representatively. Finally, the results obtained, fB and Sy, ~are compared

statistically to the certified reference values, X, and S, - If the reference used in

assessing accuracy has a low level of traceability, higher levels can be achieved by
linking this reference to a recognised interlaboratory exercise, to a primary method,
to a CRM or, in selected cases, to the Sl units. This latter path is still not
established in many practical instances, however. Moreover, as the number of
steps in the traceability chain increases, the measurement result becomes less



precise due to the addition of uncertainty terms and the propagation of errors. It is
always advisable, therefore, to trace the procedure to the highest available
reference. All future analyses using tested method B in conditions of routine work
will be traceable to the reference used in assessing accuracy as long as the
working samples are similar to the one used in the internal validation, and the
quality assurance conditions are implemented in the laboratory effectively.

CALCULATION OF UNCERTAINTY

While verifying the accuracy of the measurement, the analyst generates
information about different intermediate precision estimates. Since these estimates
have been obtained by varying the factors that affect the measurement result
representatively, they take into account the uncertainties of different steps in the
analytical process. For instance, uncertainties due to the separation and
preconcentration of the analyte of interest, matrix effects, environmental conditions,
instruments or operators are considered as long as the factors that influence them
are varied representatively. However, there may be other sources of variation
which have not been considered in the assessment of accuracy. These sources
may be related to global factors or local factors.

The global factors are inherent to the measurement process. Therefore, these
sources of uncertainty must always be considered in the overall uncertainty. They
may be related to uncertainties not taken into account while assessing the
accuracy or to the bias of the reference (estimated by linking this reference to
another one with higher levels of traceability). For instance, if the reagent’s
suppliers had not been representatively varied while assessing accuracy, possible
future changes in the supplier would introduce a new source of uncertainty that
should subsequently be considered in the overall uncertainty of all the samples to
be analysed in the future. The uncertainty arising from laboratory bias or from
method bias should also be taken into account when the higher level of traceability
achieved corresponds to a reference method carried out in the same laboratory as
the method to be tested. When the higher level is related to a CRM, the source of
uncertainty that should be considered is the uncertainty arising from the bias of this
reference material. Finally, all the sources of uncertainty arising from the different
links of the established chain of traceability must also be considered a component
of uncertainty in all the samples to be analysed in the future.



The local factors are characteristic of the sample to be analysed. These factors
therefore vary according to the type of sample analysed. One of the main sources
of uncertainty related to local factors are the differences in sampling and
pretreatment procedures between the test sample and the working sample. Other
possible sources of uncertainty are the differences in the measurand value or in
the matrix of the test sample and the working sample.

All the different uncertainty terms previously mentioned must be calculated or
estimated and mathematically combined to obtain the overall uncertainty value of
the analytical result. This process is illustrated in Figure 4. In this scheme, the
uncertainty components have been grouped into four terms:

1- Uncertainty arising from the analytical procedure

The uncertainty which arises from the experimental variation when applying the
analytical procedure to obtain future measurement results is associated to the
different values that the run bias and the random error of method B can take on
within the laboratory. If every sample is analysed in ps different runs and, in each
run ns replicates are carried out, an estimation of the uncertainty of the grand
mean, X, of these measurements is given by the between-run variance, the

repeatability variance and the number of runs and replicates carried out within
each run.

S
TH 4)

However, the result of a future working sample is seldom obtained as the grand
mean of measurement results performed in ps different runs and with ns replicates
in each run. Normally, the result is obtained with only one analysis or at most as
the mean of three replicates. In this case, information about the between-run
variance and repeatability variance cannot be obtained because of the small
number of replicates and runs carried out. However, the between-run variance and
repeatability variance obtained in assessing the accuracy of method B can be used
as estimates of the swn? and s/ related to the working sample. This can be done
whenever the working sample is similar to the test sample in the assessment of
accuracy and the quality assurance conditions are effectively implemented in the



laboratory. Therefore, the uncertainty of the procedure can be calculated with
equation 4.

In the most common case i.e. ns=1 and ps=1, equation 4 becomes:

Uproe = /San +S¢ = \/er MS, = \/@ + [1— %j -MS, (5)

and its associated number of effective degrees of freedom, vproc, are estimated with
the Welch-Satterthwaite approach [16]

u4
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Vproc

2- Uncertainty arising from the assessment of accuracy

In assessing accuracy, what is checked is whether the laboratory and/or the
method bias is statistically significant. The type of bias checked depends on the
metrological quality of the reference used. If the bias is not statistically significant,
the method is traceable to the reference but there still remains a source of
uncertainty in the estimation of this bias. If the reference used is a reference
method A, the estimated bias of method B is calculated from the difference
between the grand means obtained from both methods when analysing the same
test sample:

8method = )?B - )?A (7)

The standard uncertainty associated to the estimated method bias is given by sq.

uassessment = sd (8)

This standard deviation is estimated from the variance of the method to be tested
and from the variance of the reference (if available) used in the assessment of
accuracy. If the difference between variances is statistically not significant, sq is



calculated using equation 2a with pa+ps-2 degrees of freedom. If the difference
between variances is statistically significant, sq is estimated by equation 2b. Since
in this case sq is a compound variance, the degrees of freedom are obtained by
applying the Welch-Satterthwaite approach:

_ Sa
Vassessment = Sf/ 2 S; 2 (9)
Pa Pe
+
Pa—1 ps —1

3- Uncertainty arising from preprocessing steps

This component is necessary when the sources of uncertainty arise from
subsampling and from preprocessing steps applied to future working samples that
have not been considered in the process of the assessment of accuracy. Field
sampling uncertainty is not considered here because the uncertainty estimated
normally corresponds to the sample that has reached the laboratory once the field
sampling has been performed. However, the component of uncertainty due to field
sampling is usually very high and exceeds that from other steps, so it should be
taken into account whenever the laboratory has the responsibility for sampling. To
estimate this uncertainty is rather complex but it can be done by collaborative trials
in which all the factors that can affect sampling (protocol, sampler, replicate, etc.)
are varied. This subject has been extensively treated by Ramsey et al. [15 ]

The uncertainty arising from subsampling i.e. from the heterogeneity of the
material, has not been considered when assessing the accuracy. In this process,
the test sample or reference material must be homogeneous by definition.
However, future working samples are not expected to be homogeneous, and so
the uncertainty arising from the heterogeneity of the sample once in the laboratory
must be included in this term. The uncertainty arising from other preprocessing
steps (filtration, weighing, drying, etc.) not carried out on the test sample used in
assessing the accuracy must also be included in this term. The uncertainty arising
from heterogeneity and/or preprocessing steps can be estimated from a sample
with the same characteristics as the working samples to be analysed subsequently.
The subsampling and/or the preprocessing steps must be carried out by
representatively changing all the factors that can affect them (e.g. operator,
material, time, etc.). Then the analytical results of each portion of the sample
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subsampled and/or pretreated are obtained under repeatability conditions. If only
one individual measurement is taken, the contribution of the analytical
measurement repeatability can be subtracted by using the information of the
repeatability variance from the assessment of the accuracy,

2 2 2

Spreproc.steps = Sl(preproc.steps) - Sr (10)
where s?ipreproc.steps) IS the preprocessing step-different intermediate variance and
S?preproc.steps IS the between-preprocessing steps variance.

However, if each portion of the sample subsampled and/or pretreated is analysed
at least twice under repeatability conditions, the analysis of variance (ANOVA) can
be applied to separate the repeatability variance of the analytical measurement

from the variance arising from the subsampling and/or the preprocessing steps,

2
preproc.steps *

S Like in the assessment of accuracy, the experimental design adopted in

this case is a fully-nested design.

Once the variance of the between-preprocessing steps has been obtained,
equation 11 estimates the standard uncertainty due to the preprocessing steps of
future working samples with the same characteristics as the sample analysed:

u

=S (12)

preproc.steps preproc.steps

where the degrees of freedom depend on the number of portions of the sample
subsampled and/or pretreated.

4- Uncertainty arising from other sources

The last term in the equation in Figure 4 contains all the other components of
uncertainty that have not yet been considered. Most of these components can be
considered as “type B” uncertainties [3,4] e.g. associated to differences between
the working sample and the test sample, or to the bias of the reference (estimated
by linking the reference to other references which have higher levels of
traceability). Computation of some of these terms is not straightforward and they
should therefore be evaluated with the experience and knowledge of the analyst,
bibliography or any other source of reliable information in mind.
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The combined standard uncertainty of this term is estimated as the square root of
the sum of the variances of the different components:

uotherterms = /Zsiz (12)

Since Uuother terms IS @n estimate of a compound variance, the degrees of freedom,
Vother terms, associated to this standard combined uncertainty are estimated using the
Welch-Satterthwaite approach:

2 2
u
( other terms)

votherterms =

(13)

where v; are the degrees of freedom associated to each individual variance term,
s?. In many cases, however, there is no information about the degrees of freedom
of the components related to this last term. In such a case, a coverage factor, kK,
can be used instead of the two-sided t-tabulated value [3].

5- Estimating overall uncertainty
Once the variances of each term and their associated degrees of freedom have

been estimated, the overall standard uncertainty, u, is estimated by combining
these variances.

. 2 2 2 2
u= \/U proc + Ugssessment T upreproc.steps * Uoiher terms (14)

The overall expanded uncertainty is estimated by multiplying the overall standard
uncertainty by the two-sided ter-tabulated value, at a given o probability and vef
degrees of freedom.

Uztm,z,eﬁ-\/u2 +u? +u? +u?

proc assessment preproc.steps other terms

(15)

where the effective degrees of freedom, vef, are estimated using the Welch-
Satterthwaite approach [16,17]. The overall expanded uncertainty is a confidence

12



interval within which the conventional true value is considered to lie with selected
probabilities of error.

Although the overall uncertainty has been estimated from precision information
from test samples (Uproc and Uassessment IN @ssessing accuracy and Upreproc.steps from a
sample similar to the working samples to be analysed), the uncertainty calculated
with equation 15 is a reliable estimate of the uncertainty related to future working
samples. The only requirement is that the samples used to estimate precision have
similar matrix and level of analyte concentration as the future working samples.
The uncertainty arising from possible differences in the analyte concentration
and/or in the matrix type between the test sample and the working sample should
be considered and included, whenever possible, as type B uncertainties. Further
analyses of working samples using the same procedure, whenever this is under
statistical control, would provide similar uncertainty values. Therefore, just as
traceability establishes a link between the measurement method and the results
corresponding to the analysed samples, the estimated uncertainty can be
associated to the measured quantities of similar samples in the future.

A CASE STUDY: DETERMINING COPPER IN CONTAMINATED LANDS.

A tested (candidate) method B, whose accuracy against a reference method A had
previously been demonstrated, is used to determine copper content in
contaminated lands. Method B treats the sample with a mixture of nitric and
perchloric acids, dissolves the analyte in diluted hydrochloric acid and then
analyses it by ICP-AES. The reference method A is based on treating the sample
with the same acids but the copper content of the final acidic solution is determined
by AAS.

The main sources of uncertainty arise from the experimental variation, the
estimation of method bias, the estimation of laboratory bias (estimated by linking
the reference method A to a CRM) and the lack of homogeneity of the sample to
be analysed.

The uncertainty arising from the experimental variation caused by applying the
analytical procedure to obtain future measurement results and the uncertainty from
estimating the method bias are calculated from the information generated in
validating (assessing the accuracy of) method B against method A. Method B was

13



validated with a test sample which is very similar to the contaminated land samples
(i.e. the level of the measurand and the matrix are similar in both samples), so
most of the sources of uncertainty arising from analytical measurement and
pretreatment steps can be estimated with the information from the assessment of
the accuracy. A two-factor fully-nested design was followed for both methods. The
factors representatively varied were the replicate and the run. Between each run,
factors such as the analyst, the calibration and the day were varied. Therefore,
information about the repeatability standard deviation and the between-run
standard deviation was obtained.

1- Assessment of accuracy

The accuracy of method B was assessed against method A with a homogenous
and stable test sample. The measurements were carried out following a two-factor
fully-nested design. From the requirements, two measurements were made in
repeatability conditions on ten different runs. The results, together with the grand

means, X, and X, the variance of the means, s and sZ , the between-run
A B

variance, sruna? and swng?, and the repeatability variance, sra? and srg?, for both
methods, are shown in Table 2. A graphical presentation of the data from Table 2
for methods A and B is shown in Figure 5. It can be seen that for both methods all
the individual results are within the confidence interval defined by twice the run-
different intermediate standard deviation of the analytical method.

1.1- Comparison of precision

After checking the absence of outlying results and the normality of the data, the
repeatability variance and the run-different intermediate variance of each method
were compared by F-tests [11,12]. There was no evidence that both methods have
different repeatabilities and different run-different intermediate precision at 95%
significance.

1.2- Comparison of trueness

The variance of the means of both methods must also be compared by means of
an F-test to find out which expression must be used for calculating sq.

14



S
F, =% =184 (16)

This value was compared to the two-sided tabulated value at probability a=0.05
and va=ve=9 degrees of freedom. The tabulated F-value is 4.03. As Fca < F(0.975,
9,9), the difference between the variance of the means of both methods is not
significant. Therefore, equation 2a was used to calculate sq and a value of 1.04
was obtained.

The trueness of method B was checked by calculating the following statistic which
is based on equation 1:

X—‘ =142 (17)

Finally, the tca was compared to the two-sided t-value, at a probability «=0.05 and
v=18 degrees of freedom. The t-tabulated value is 2.10. Since tca<t(0.975,18), the
difference between the two grand means was found to be not significant.
Therefore, since the accuracy of method B has been assessed against method A,
method B is traceable to reference method A.

2- Estimating uncertainty
2.1- Uncertainty arising from the analytical procedure

The standard uncertainty arising from the experimental variation of future
measurements is given by equation 4. Since each portion of the working sample
(i.e. the contaminated land), was analysed only in one run and with one analysis
(i.,e. ps=1 and ns=1), the standard uncertainty is obtained by combining the
repeatability variance and the between-run variance obtained in assessing the
accuracy for method B. The standard uncertainty was 2.14 pg-g* and its
associated degrees of freedom (estimated from equation 6) were 13.

2.2- Uncertainty arising from the assessment of accuracy

15



Since the traceability of method B was assessed against method A, the method
bias was not found to be statistically significant. The standard uncertainty arising
from the assessment of accuracy was estimated with sq. From equation 2a, the
value for Uassessment was 1.04 pg-g* with 18 degrees of freedom.

2.3- Uncertainty arising from preprocessing steps

Since the samples of soil are not homogeneous and the lack of homogeneity was
not considered in the assessment of accuracy, an uncertainty term related to the
heterogeneity of the sample was included in the overall uncertainty. This term was
estimated from the information generated previously with a sample similar to the
working sample. An estimate of the between-preprocessing steps standard
deviation, Spreproc.steps, Was obtained by taking nps=10 different portions of the
sample. The different portions subsampled were analysed under repeatability
conditions (i.e. the sample pretreatments and measurement were performed in the
same run). The standard deviation of the results was Si(preproc stepsy=4.7 ug-g* with 9
degrees of freedom. Since the standard deviation obtained is much larger than the
repeatability of the analytical method, the repeatability variance can be neglected
when it is compared to the preprocessing step-different intermediate variance.

2.4- Uncertainty arising from other sources

To obtain a higher level of traceability, method A was traced to a CRM which had
similar properties to the test sample and the contaminated land. This provided an
estimate of the laboratory bias of method A.

The copper content of the CRM was analysed with method A. As in assessing the
accuracy of method B, the experimental design was a two-factor fully-nested
design. The factors varied in the fully-nested design were the replicate and the run.
Between each run, factors such as the analyst, the day, the calibration, etc. were

also varied. The grand mean, X,=30.46 pg-g?, and the variance of the means,
s% =2.74, were used to assess the traceability of method A to the CRM. The

certified values from the results of ten laboratories were X.q,=31.4 pg-g?* and

2

S 5.2. The uncertainty, Uother tems, related to this higher link in traceability was

estimated as 0.85 pg-g*, with 20 degrees of freedom.

16



2.5- Estimating the overall uncertainty

The overall uncertainty was estimated by combining the uncertainties arising from
the analytical procedure, the assessment of accuracy, the preprocessing steps of
the sample and higher levels of traceability and then applying equation 15:

_ 2 2 2 2 _ -1
U - teff,odz \/uproc + uassessment + upreproc.steps + uotherterms - 1144 “g g

where teff is the two-sided tabulated t-value for =0.05 and vef= 14.

Nevertheless, this estimated uncertainty does not take into account every
component. For instance, because of a lack of references for a higher metrological
level than the CRM, the uncertainty arising from the bias of the CRM has not been
considered in the term which corresponds to other sources. Moreover, sources of
uncertainty arising from some preprocessing steps or from some analytical
measurement steps, influenced by factors of variation not considered in the
assessment of accuracy, may have been overlooked.

DISCUSSION

We have presented a new way of calculating the uncertainty in analytical results as
a complement to the two main approaches proposed to date: the ISO approach
and the Analytical Methods Committee approach. The new proposal takes
advantage of the information generated in assessing the accuracy of a given
analytical procedure. The advantage of evaluating the uncertainty with this new
approach is that the effort made to check the accuracy can also be used to
calculate the uncertainty. Therefore, not a great deal of extra work needs to be
done. The main benefits of this approach are its conceptual simplicity, its low cost
and its universal application.

Compared to the ISO approach, the new proposal has a more holistic character. It
means that it is no longer necessary to know the various individual steps into which
the analytical method can be broken down because the analytical procedure is
taken as a whole.
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The main disadvantages of the approach proposed by the Analytical Methods
Committee (i.e. the lack of interlaboratory information for the specific type of matrix
required and the fact that the interlaboratory study may not be related to the
conditions of the laboratory where the result was obtained) are also overcome by
this new approach. However, if the interlaboratory information is available and is
related to the present conditions of the laboratory, the “top-down” approach
considers components of uncertainty, such as laboratory bias or changes in
supplier, that must sometimes be taken into account in the new approach as “Type
B” uncertainties.

This new approach also has some drawbacks. The main restrictions are related to
constraints in validating the accuracy of measurement methods. Since in practice
the accuracy of the analytical methods can only be assessed by a limited number
of references placed at high levels in the traceability hierarchy, the analyst has
often to resort to references placed at low levels in the traceability hierarchy. The
analyst should be aware that the lower the level the reference is placed at, the
more terms need to be added to the uncertainty budget in order to include the
uncertainties arising from systematic effects. For instance, if the accuracy of a
method is assessed against a reference method carried out in the same laboratory
and not linked to references which have higher levels of traceability (i.e. not linked
to a CRM or to a collaborative trial) uncertainty terms such as laboratory bias and
reference method bias should be included in the overall uncertainty. Moreover, the
analyst must be aware that the factors chosen to be varied in the assessment of
accuracy may not include some of the sources of variation of the measurement
method. Depending on the number of factors chosen, therefore, other terms of
uncertainty which were not previously taken into account in assessing the accuracy
must be included. However, the extra work needed to evaluate them is not
comparable to the work needed to estimate the uncertainty with the 1SO approach.
This makes this approach useful in routine analysis or if no information about the
different sources of uncertainty is available.

More work still needs to be done to evaluate the component of uncertainty arising
from differences in the level of the measurand and the type of matrix between the
test sample and the work sample. Future studies must focus on developing
detailed procedures and guidelines which describe the experimental steps and
statistics required to test the accuracy of measurement methods and their
traceability to different references of high metrological quality.
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Table 1

Table 1a. ANOVA table for a two-factor fully-nested design.

Source Mean Squares Degrees of Expected mean
freedom square
run MSRrun p-1 NGrun’+Gr?
residual p-(n-1) or?
total p-n-1

Table 1b. Calculation of variances for a two-factor fully-nested design.

Variance Expression Degrees of freedom

repeatability variance MSEe p-(n-1)

Sr?
between-run variance MSgn — MS,

S2run n
run-different

intermediate variance s?+s2,

si?
variance of the means MSqun p-1

s2 n




Table 2. Analytical results obtained for method A and method B in the assessment
of accuracy by carrying out a two-factor fully-nested design. The copper
content is expressed as pg-g*.

Method A Method B
Run Mean Replicate Run Mean Replicate
1 26.15 27.2 1 29.55 30.1
25.1 29.0
2 29.15 28.3 2 31.40 32.6
30.0 30.2
3 24.75 26.5 3 29.45 28.9
23.0 30.0
4 24.65 24.1 4 27.75 29.1
25.2 26.4
5 31.20 32.1 5 26.60 27.2
30.3 26.0
6 30.25 315 6 30.60 31.2
29.0 30.0
7 31.80 32.6 7 31.65 325
31.0 30.8
8 28.90 29.5 8 31.05 32.1
28.3 30.0
9 29.75 30.2 9 27.35 28.2
29.3 26.5
10 26.15 27.3 10 32.10 33.0
25.0 31.2
X, =28.27 Xg = 29.75
sy =6.98 sy, =3.79
Sr,A2:2.02 Sr,82:1.59
Srun,A2:5.97 Srun,Bz=2.99




FIGURE CAPTIONS

Figure 1. Plan showing the assessment of the accuracy of a tested method B. a)
Comparison against a reference method A. b) Comparison with a certified
reference material, CRM.

Figure 2. Hierarchy of some relevant references in chemical analysis and their
relationship to the classical metrological pyramid.

Figure 3. Two-factor fully-nested design. The factors studied are the runs and the
replicates. p is the number of runs on which the measurement is carried out and n
Is the number of replicates performed every run. X, is the mean of the j replicate

measurements performed on run i. The grand mean, X , is calculated as the mean
of the mean values obtained on the different runs.

Figure 4. Scheme showing the process for calculating the overall uncertainty of
chemical measurement results using the information from the validation of the
accuracy.

Figure 5. Graphical presentation of the analytical results obtained for method A
and method B in the assessment of accuracy.
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Figure 5
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