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Abstract Steps which are taken to
implement the concept of measure-
ment uncertainty in analytical
chemical laboratories should take
full account of existing internation-
ally agreed protocols for analytical
quality assurance and reflect the
needs of particular analytical sec-
tors. For the food sector this may
mean that for official purposes the
use of the term measurement un-
certainty is replaced by the term
measurement reliability and that a
quantitative estimation of this is
made based on existing collabora-

tive trial data. In many analytical
sectors, the differing strategies cur-
rently followed for the determina-
tion and use of recovery informa-
tion are an important cause of the
non-comparability of analytical re-
sults. Guidelines which are being
prepared for the estimation and
use of recovery information in ana-
lytical measurement may provide a
more unified approach which in-
cludes measurement uncertainty as
a key concept in the use of recove-
ry data.

Introduction

Recent years have seen the issue of the quality and re-
liability of data become of paramount importance in all
analytical sectors. In order to address this matter, ana-
lysts from the different analytical sectors have worked
together under the sponsorship of ISO, IUPAC and
AOAC INTERNATIONAL, to produce International
Harmonised Protocols on the subjects of the collabora-
tive testing of analytical methods [1], proficiency testing
[2] and the use of internal quality control in analytical
chemistry laboratories [3]. In addition, the use of certif-
ied reference materials is increasingly being advocated
with respect to the traceability of analytical data [4],
and laboratory accreditation schemes are being widely
implemented.

Each of these components of analytical quality assu-
rance concerns a different aspect of data reliability,

namely the external testing of methods and laboratory
performance, internal data quality, trueness and the au-
diting of procedures and records. With the exception of
the latter which is administratively based, in each case
reliability is limited by either, or in many cases both,
systematic or random experimental ‘inaccuracies’,
quantities now being embraced by the concept of meas-
urement uncertainty.

Requirements and initiatives in the food sector

In introducing this concept to the analytical chemical
community there is a need to ensure that steps taken to
implement measurement uncertainty are made in the
context of the existing protocols and strategies in analy-
tical quality assurance. Moreover, the needs and ac-
tions of particular analytical sectors must also be recog-
nised. In the food sector a number of initiatives have
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been advanced recently which affect specifically the is-
sue of data quality, and therefore reliability, in this area
of analysis. Firstly, in the EU, there is a tendency in the
food analysis sector to not prescribe specific methods of
analysis but to adopt a “criteria of methods approach”
whereby analysts may use the method of their choice
provided it meets certain prescribed quality criteria.
This flexibility of approach, to take advantage of the
developments of new techniques and procedures as
they occur in analytical chemistry, clearly has conse-
quences for the comparability and measurement uncer-
tainty of reported data. Secondly, there is a require-
ment in the food sector, as set out in EC Directive 93/
99, that methods of analysis for food control purposes
should wherever possible be formally validated by col-
laborative trial [S]. Thirdly, there have been discussions
on measurement uncertainty within the Codex Com-
mittee on Methods of Analysis and Sampling. The Re-
port of the March 1997 Session of that Committee
states that with regard to measurement uncertainty

[6]:

1. The Committee will develop for Codex purposes an
appropriate alternative term for measurement un-
certainty, e.g. measurement reliability.

2. The precision of a method may be estimated
through a method-performance study, or where this
information is not available, through the use of in-
ternal quality control and method validation.

3. Consideration should be given as to whether it is
necessary to undertake an additional formal evalua-
tion of a method of analysis using the ISO approach
[7] in addition to using information obtained
through a collaborative trial.

4. Governments should advise accreditation agencies
that for national and Codex purposes the measure-
ment uncertainty result need not be calculated using
the ISO approach [7] providing the laboratory is
complying with the appropriate Codex principles.

Discussions are on-going in Codex. However, if
these proposals are accepted, it is likely that the term
‘measurement reliability’ rather than measurement un-
certainty will be adopted and that estimates of this will
be made from collaborative trial data if such data are
available. In a recent study, carried out in the UK,
which compared ‘top-down’ (collaborative trial) and
‘bottom-up’ (ISO) approaches to the estimation of
measurement uncertainty, it was concluded that for
comparable matrix/analyte combinations these ap-
proaches gave not dissimilar results in the limited num-
ber of cases studied [8]. It should be noted that, in re-
cognising the importance of the concept of measure-
ment uncertainty in underpinning the reliability of ana-
lytical data, the Codex recommendations and discus-
sions are in accordance with statements on uncertainty
in ISO Guide 25 and EN 45001, which require accredi-

tation agencies to ensure that measurement uncertainty
estimations are carried out as part of the accreditation
process [9].

Recovery and analyte losses

One aspect of analytical chemistry where, for all analy-
tical sectors including the food sector, current practice
continues to have important consequences in terms of
the non-comparability and uncertainty or reliability of
reported data, is that of the use of recovery informa-
tion. This arises because of the different strategies for
dealing with recovery assessment and the effect these
may have on the variability of the analytical results re-
ported.

Recovery studies are an essential component of
quality assurance systems in analytical measurement.
Their use, particularly in the trace analyte area, to as-
sess the efficiency of the removal of the measurand
from the sample matrix and its transfer prior to detec-
tion is widely quoted in the scientific literature. Al-
though they thus provide an important indication of the
reliability of these steps in the measurement process,
there generally has been no consistent approach to the
way in which recovery information is derived and used
in analytical data. In particular, in the case of recovery
factors calculated and applied to analytical data to cor-
rect for displacement or bias, the absence of accepted
strategies for the determination and use of these factors
has meant that it frequently has been difficult to make
comparisons between analytical results produced in dif-
ferent laboratories or verify the suitability of that data
for the intended purpose. This is particularly marked in
the case of complex matrices, such as foodstuffs, where
the difficulties of completely extracting the analyte are
most pronounced. Quite commonly in such procedures
a substantial proportion of the analyte remains in the
matrix after extraction, so that the transfer is incom-
plete, and the subsequent measurement is lower than
the true concentration in the original test material. If
no compensation for these losses is made, then marked-
ly discrepant results may be obtained by different labo-
ratories. Even greater discrepancies are likely to arise if
some laboratories compensate for losses and others do
not. These considerations are especially important in
legislative/enforcement situations where for instance
the difference between applying or not applying a re-
covery factor to correct for the incomplete removal of
the analyte may mean respectively that a legislative
limit is exceeded or that a result is in compliance with
the limit.
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Recovery correction factors

Thus, where an estimate of the true concentration is re-
quired, there is a compelling case for including a com-
pensation for losses in the calculation of the reported
analytical result, provided that the correction factor can
be estimated reliably. In the case of an empirical meth-
od, where the measurand is defined in terms of the
method used and no attempt is being made to estimate
the amount of analyte actually present in the sample
matrix, the question whether or not a correction is ap-
plied is a matter for the definition of the empirical
method.

The four most common approaches which typically
have been taken by analysts in respect of the applica-
tion of recovery factors are shown in Table 1.

Reference materials and spiking experiments

Quite apart from the variation which can arise from la-
boratories adopting different practices in respect of
whether a correction factor is applied or is not applied
to an analytical result, a further aspect which can hin-
der data comparison is the fact that ‘recovery’ informa-
tion may be derived either from the inclusion of refer-
ence materials or the use of spiked samples.

In the case of reference materials, the analyte is
usually integrated or incorporated into the matrix,
whereas in the case of spiked samples the analyte is
merely added to the matrix. Potentially different infor-
mation relating to the behaviour of the native analyte
to be measured may be derived from each type of re-
covery measurement. Moreover, the regularity and pat-
tern of use of these recovery materials may affect the
recovery information produced. In the case of spiking,
for example, the different ways in which the recovery
factor may be determined include those shown in Ta-
ble 2.

Each of these approaches differs in the representa-
tiveness it provides of the actual extraction of the ana-
lyte itself, the basis of the representation being differ-
ent in each case. While it is generally agreed that, of
these four alternatives, the use of an isotopic internal
standard is the preferred approach since the recovery
of the auxiliary analyte equates most closely to being
“fully equivalent’ to that of the target analyte, this op-
tion is often not possible. As a consequence one of the
other alternatives is often followed in spiking experi-
ments.

When a reference material is used rather than spik-
ing, then it will be included at a different position in the
batch to the test material itself. In this respect the use
of a reference material is akin to options a or b for spik-
ing (see Table 2).

Table 1 Typical approaches relating to the application of recove-
ry factors

a The reporting of an analytical result without correcting
for bias by the application of a recovery factor, no ac-
companying statement being given of the level of recove-
ry achieved

b The reporting of an analytical result without correcting
for bias by the application of a recovery factor, together
with a statement of the level of recovery achieved

c The reporting of an analytical result corrected for bias
by the application of a recovery factor, without an ac-
companying statement of the level of recovery

d The reporting of an analytical result corrected for bias
by the application of a recovery factor, together with a
statement of the level of recovery achieved

Table 2 Examples of ways in which the recovery factor may be
determined with spiking

a Basing a recovery correction factor on the recovery of
the analyte from a spiked sample in the batch

b Basing a recovery correction factor on the mean value
obtained for the recovery of the analyte spiked into a
sample in each of a number of batches

c Basing a recovery correction factor on the recovery of a
chemically similar internal standard added to the test
material

d Basing a recovery correction factor on the recovery of an

isotopic form of the analyte added as internal standard
to the test material

Consideration of these different strategies has led
analytical chemists to recognise the desirability of using
a more uniform approach when dealing with the topic
of recovery measurements in order to facilitate the
comparability of data.

Guidelines for using recovery information

Following the circulation to a broad cross section of the
analytical community world-wide of a questionnaire on
the determination and use of recovery measurements in
1995, background information was obtained which ena-
bled further consideration to be given to the role of re-
covery studies in chemical analysis [10]. The main ques-
tions addressed the issues shown in Table 3.

As expected, the differing answers given to the ques-
tions posed revealed considerable variation in the ways
in which analysts deal with recovery measurements. In
particular, the question on measurement uncertainty it-
self produced more differences than any of the other
questions, perhaps suggesting a lack of appreciation of
either the need for or the means of calculating this val-
ue. The findings of this survey were presented at the
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Table 3 Outline of questions included in the recovery factors
questionnaire

Table 4 A summary of guidelines for the use of recovery infor-
mation

Question Question Question Question

number number
1 Meaning of 12 Recovery of ana-
recovery lyte and internal
standard
2.1 Purpose/use of re- 13 Spiking procedure
covery measure-
ments
22 Reporting results 14 Blank material
Recovery frequen- 15 Spiking level
cy in time
4 Recovery frequen- 16 Spiking
cy in batch concentration
5 Recovery level 17 Carrier solvent for
analyte
6 Acceptable 20 Recovery solution
recovery levels
7 Assessment of ac- 21 Time of sample
ceptable recovery preparation
9 Multi-analyte 23 Precision
determinations
10 Procedure for the 24 Measurement
determination of uncertainty
recovery
11 Matrices used

Symposium on Harmonisation of Quality Assurance
Systems in Chemical Analysis held in Orlando, USA, in
1996. From the deliberations of that meeting, harmon-
ised guidelines for the use of recovery information in
analytical measurement are being prepared under the
sponsorship of IUPAC, ISO and AOAC INTERNA-
TIONAL [11]. The guidelines, the main points of which
are summarised in Table 4, refer to uncertainty as being
a key concept in formulating an approach to the esti-
mation and use of recovery information.

Uncertainty and recovery correction

Although the estimation of uncertainty in recovery has
yet to be studied in detail, the guidelines list some
sources of the uncertainty in measured recovery (Ta-
ble 5) and include a treatment which considers the un-
certainty estimation in cases of incomplete recovery
where either a correction is or is not applied to an ana-
lytical result [12]. In this treatment, the difference in
the measured recovery (R) from the value of unity, rep-
resenting total recovery, is compared to the uncertainty
in the determination of R.

The comparison is made using a significance test to
assess whether |R—11 is greater than the uncertainty

1. A distinction is recognised between:
surrogate recovery (recovery of a pure compound or element
specifically added to the test portion or test material as a
spike — sometimes called “marginal recovery”)
the recovery of native analyte incorporated into the test ma-
terial by natural processes and manufacturing procedures —
sometimes called “incurred analyte”.

2. It is recognised that there is a dual role for recovery determi-
nations in analytical measurement, that is, (a) for quality con-
trol purposes and (b) for deriving values for recovery factors.
In the latter application, more extensive and detailed data
are required.

3. Variable practice in handling recovery information is an im-
portant cause of the non-equivalence of data. To mitigate its
effects, in general, results should be corrected for recovery,
unless there are overriding reasons for not doing so. Such
reasons would include the situation where a limit (statutory
or contractual) has been established using uncorrected data,
or where recoveries are close to unity.

4. Tt is of over-riding importance that (a) all data, when re-
ported, should be clearly identified as to whether or not a re-
covery correction has been applied and (b) if a recovery cor-
rection has been applied, the amount of the correction and
the method by which it was derived should be included with
the report. This will promote direct comparability of data
sets. Thus, in all situations, correction functions should be es-
tablished based on appropriate statistical considerations, doc-
umented, archived and available to the client.

5. Recovery values should always be established as part of
method validation, whether or not recoveries are reported or
results are corrected, so that measured values can be con-
verted to corrected values and vice versa.

6. When the use of a recovery factor is justified, the method of
calculation should be given in the method.

7. 1QC control charts for recovery should be established during
method validation and used in all routine analysis. Runs giv-
ing recovery values outside the control range should be con-
sidered for re-analysis in the context of acceptable variation,
or the results should be reported as semi-quantitative.

8. Uncertainty is a key concept in formulating an approach to
the estimation and use of recovery information. Although
there are substantive practical points in the estimation of un-
certainty that remain to be settled, the principle of uncertain-
ty is an invaluable tool in conceptualising recovery issues.

Table 5 Sources of uncertainty in recovery estimation

Repeatability of the recovery experiment
Uncertainties in reference material values
Uncertainties in added spike quantity

Poor representation of native analyte by the added spike

AW =

Poor or restricted match between experimental matrix
and the full range of sample matrices encountered

6 Effect of analyte/spike level on recovery and imperfect
match of spike or reference material analyte level and
analyte level in samples
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(ug) in the determination of R, at some level of confi-
dence. The significance test takes the form

|R—1|/UR>IZ
|R—1|/MRSt:

R differs significantly from 1
R does not differ significantly from 1

where t is a critical value based either on a ‘coverage
factor’ allowing for practical significance or, where the
test is entirely statistical, ¢, »-1), being the relevant
value of Student’s ¢ for a level of confidence 1-a.

Following this assessment, for a situation where in-
complete recovery is achieved, four cases can be distin-
guished, chiefly differentiated by the use made of the
recovery R.

(a) R is not significantly different from 1. No correction
is applied.

(b) R is significantly different from 1 and a correction
for R is applied.

(c) R is significantly different from 1 but, for operation-
al reasons, no correction for R is applied

(d) An empirical method is in use. R is arbitrarily re-
garded as unity and uy as zero. (Although there is
obviously some variation in recovery in repeated or
reproduced results, that variation is subsumed in
the directly estimated precision of the method.)

In the first case, where R is not significantly different
from 1, the recovery can be viewed as being equal to
unity, no correction being applied. There is still an un-
certainty, ug, about the recovery that contributes to the
overall uncertainty of the analytical result.

In the cases where R is significantly different from 1,
the loss of analyte occurring in the analytical procedure
is taken into account, and two uncertainties need to be
considered separately. First, there are the uncertainties
associated only with the determination, namely those
due to gravimetric, volumetric, instrumental, and cali-
bration errors. That relative uncertainty u,/x will be low
unless the concentration of the analyte is close to the
detection limit. Second, there is the uncertainty ug on
the estimated recovery R. Here the relative uncertainty
ug/R is likely to be somewhat greater. If the raw result
is corrected for recovery, we have x.o..=x/R (i.e., the
correction factor is 1/R). The relative uncertainty on
Xcorr 18 given by

(B

which is necessarily greater than u,/x and may be con-

siderably greater. Hence correction for recovery seems

at first sight to degrade, perhaps substantially, the relia-
bility of the measurement.

It is stated that such a perception is incorrect. Only if
the method is regarded as empirical, and this has draw-
backs in relation to comparability as already discussed,
is u, the appropriate uncertainty. If the method were
taken as rational, and the bias due to loss of analyte
were not corrected, a realistic estimate u, would have
to include a term describing the bias. Hence u,/x would
be at least comparable with, and may be even greater
than; ucorr/xcorr

These approaches to the estimation of the uncertain-
ty of a recovery are necessarily tentative. Nevertheless,
the following important principles of relevance to the
conduct of recovery experiments are demonstrated.
(a) The recovery and its standard uncertainty may both

depend on the concentration of the analyte. This

may entail studies at several concentration levels.

(b) The main recovery study should involve the whole
range of matrices that are included in the category
for which the method is being validated. If the cate-
gory is strict (e.g., bovine liver) a number of differ-
ent specimens of that type should be studied so as to
represent variations likely to be encountered in
practice (e.g., sex, age, breed, time of storage etc.).
Probably a minimum of ten diverse matrices are re-
quired for recovery estimation. The standard devia-
tion of the recovery over these matrices is taken as
the main part of the standard uncertainty of the re-
covery.

(c) If there are grounds to suspect that a proportion of
the native analyte is not extracted, then a recovery
estimated by a surrogate will be biased. That bias
should be estimated and included in the uncertainty
budget.

(d) If a method is used outside the matrix scope of its
validation, there is a matrix mismatch between the
recovery experiments at validation time and the test
material at analysis time. This could result in extra
uncertainty in the recovery value. There may be
problems in estimating this extra uncertainty. It
would probably be preferable to estimate the recov-
ery in the new matrix, and its uncertainty, in a sepa-
rate experiment.
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