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ABSTRACT: We examine the differences among the three estimates of the true value of the measurand derived from routine
proficiency testing of laboratories analyzing foodstuffs for pesticide residues. The three values are (i) the spike level (Sp), (ii) the
mean result found by the laboratory conducting the test for sufficient homogeneity (Ho), and (iii) the consensus of the
participants’ results used as the assigned value (AV) in converting results into z scores. Data amounting to 205 examples were
collected from successive rounds of three series of proficiency tests from the Food Analysis Performance Assessment Scheme
(FAPAS): namely, series 05 (fats, oils, and animal products), series 09 (cereals and their products), and series 19 (fruits,
vegetables, and their products). Irrespective of the class of test material, we found that the means of AV and Ho were almost
identical, while the value of Sp was systematically higher than AV by a factor of 1.22. The dispersion of the individual values of
both ratios, Ho/AV and Sp/AV, was examined by analysis of variance. A small part of the variance was attributed to the series,
but a greater part, about 40%, was attributed to individual rounds within series. We discovered no connection between the ratios
and the chemistry of the analyte.
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■ INTRODUCTION

In the Food Analysis Performance Assessment Scheme
(FAPAS), the test materials for laboratories undertaking the
analysis of pesticide residues are prepared in one of two ways or
as a combination of the two. The test material may contain
incurred (native) levels of pesticide residues resulting from its
agricultural production and/or postharvest treatment. Alter-
natively, the material may contain little or no incurred pesticide
residue and is therefore spiked with pesticide standards. A
native analyte seldom provides sufficiently high concentrations
of analyte for a proficiency test (PT); therefore, the great
majority of test materials are spiked. The material is then
“homogenized”, split into packaged units for distribution, and
tested for sufficient homogeneity. Samples of the homogenized
materials are analyzed by the participants and an assigned value
for the measurand obtained as a consensus of the reported
results.
This sequence of events gives rise to three separate possible

estimates of the concentration of each analyte: namely, (i) the
spiked level, (ii) the mean value obtained from homogeneity
testing, and (iii) the assigned value. The second value is the
mean of 20 analytical results produced by a laboratory of a
status equivalent to a national reference laboratory. Only the
assigned value, however, is used to convert the participants’
results into z scores for assessing their performance. A
comparison of the three estimates is important to throw light
on the process of spiking and to reassure participants that the
best possible estimate of the true value of the measurand is used
as an assigned value.
Preparation and Homogenization of the Test Materi-

als. FAPAS provides PTs for pesticide residue analysis in three
classes of test material: series 05 (fats, oils, and animal products,
since 1990), series 09 (cereals and their products, since 1991),

and series 19 (fruits, vegetables, and their products, since
1997). Typically, each PT round from one of the three series
encompasses one type of commodity spiked with between 5
and 15 pesticides. Occasionally, some pesticides will be already
incurred in the material at a sufficient concentration for the PT.
More often, the material is overspiked to raise the
concentration to an appropriate analytical range.
A typical procedure for the preparation of a test material is

cryogenic milling and blending of a bulk quantity of the chosen
commodity, resulting in a friable powder or a puree. This
material is screened for the presence of any incurred pesticide
residues. The remaining bulk material is divided into two
portions. The first portion is further mixed for a few hours and
subsampled as the blank test material. This blank material may
be used by participants for recovery experiments and/or for the
preparation of matrix-matched calibration standards. The
second portion is spiked with known amounts of pesticide
standards and blended over a period of a few hours (for wet or
dry vegetable matrices) or overnight (for animal product
matrices). In the instance of dry, cereal (flour) test materials,
the bulk material is left to stabilize for 4 weeks under cool, dark
conditions, before a final blending and subsampling for the PT.
Homogeneity testing according to the established procedure1 is
carried out on the subsamples for all of the pesticides (either
spiked or incurred). Any spiking regime is a traceable
procedure.

Equilibration of Spiked Test Material and Recovery
during Analysis. The production and testing of PT materials
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differs from the procedure applied to validation of analytical
methods. In general, validation (recovery experiments) involves
the spiking of the blank sample with standard solution, and
then extraction/analysis follows effectively immediately.2,3

Sometimes, recovery measurements from fruit and vegetable
matrices take into account an equilibration period, but this
varies between 15 min,4 1 h,5 or 30 min.6 For other matrices,
this may be longer, for example, 2 h in beef matrix.7 The length
of this equilibration period can have a significant effect on the
degree to which the analyte becomes “bound” to the matrix of
the test material (particularly for cereal-based test materials),
and therefore, there is an increase in the amount of analyte that
is non-solvent-extractable. Often, the spiking protocol reported
does not specify at all whether or not there is an equilibration
period.8−12 The collaborative study following method vali-
dation reported in ref 2 had a necessarily imposed equilibration
period of about 2 days, while the samples were in transit to the
participating laboratories.13

It is essential that the concentrations of the analytes in the
test materials remain stable during transport to the participating
laboratories and for the period of time allowed by the PT
organizer for the exercise to be completed. PT schemes other
than FAPAS have their own protocols for checking analyte
stability. The European Union Reference Laboratory (EU RL)
scheme14 carries out level checks during preparation and mixes
the bulk material for 12−24 h before cryogenic milling in liquid
nitrogen. Subsamples are analyzed before dispatch to
participants and at the conclusion of the PT. One PT scheme
had the wheat crop grown and sprayed especially to produce
incurred residues.15 Additional spiking was required for some
pesticides, after which the test material was left to equilibrate
for 4 weeks.
Data. Here, we examine data collected from FAPAS and

compare the three estimates of concentration (spiking level,
homogeneity mean, and consensus assigned value). The data
were compiled from nine rounds of series 05 (between July
2010 and January 2012), 18 rounds of series 09 (between May
2008 and May 2011), and 17 rounds of series 19 (between
March 2010 and April 2011). These series can all be regarded
as mature schemes, that is, with stabilized properties. All spiking
was fully traceable to the international standard (SI) and to
pure standards of the analytes with negligible uncertainty.
Homogeneity results and participant results were not corrected
for recovery, although the recoveries were determined and
found to be within the acceptable range (70−120%).16

■ RESULTS AND DATA ANALYSIS
The assigned value was used as the reference value for two-way
comparisons to homogeneity means and spiked values. The
corresponding ratios were used for statistical appraisal. Figure 1
shows a dot plot of the two ratios. The homogeneity mean/
assigned value ratio (Ho/AV) was close to symmetrical and

centered close to 1.000, with a median of 0.971. The spiked
value/assigned value ratio (Sp/AV) was clearly centered at a
higher level than 1.000 (median = 1.226) and positively
skewed. The burden of the statistical analysis was therefore
focused on discovering, if possible, the reason behind the
discrepancy in Sp/AV by examining factors that might have
influenced this ratio.
A scatter plot of ratio Ho/AV against AV (Figure 2) shows

no obvious trend in the mean value, in either the combined

data or within separate series. There was no apparent
heteroscedasticity (higher dispersion of ratios with higher
concentration). A plot of Sp/AV against the assigned values
(Figure 3) showed a very similar outcome, except that the ratio

was systematically higher than 1.000. The apparently greater
dispersion among the ratios for series 09 is brought about by
the skew. The discrepancy in Sp/AV seems to be independent
of the concentration of the analyte.
The ratios, organized by series and by round within series,

are shown in boxplots (Figures 4 and 5). There are no obvious
time trends within series (round numbers are plotted
sequentially by date). Small trends were found by regressionFigure 1. Dotplots of the ratios Ho/AV and Sp/AV (all results).

Figure 2. Scatterplot of the Ho/AV ratio versus assigned value (μg
kg−1) showing series 05 values (green solid circles), series 09 values
(red solid circles), and series 19 values (open blue circles) (note that
the logarithmic x axis is used simply to display a more uniform scatter
of points).

Figure 3. Scatterplot of the Sp/AV ratio versus assigned value (μg
kg−1) showing series 05 values (green solid circles), series 09 values
(red solid circles), and series 19 values (open blue circles) (note that
the logarithmic x axis is used simply to display a more uniform scatter
of points).
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but accounted only for a trivial proportion of the total variance.
Some of these trends were significant but only by virtue of the
large number of degrees of freedom. Analysis of variance
(ANOVA) between series showed small variations among
series means, as shown in Table 1, all significant by virtue of the
large number of degrees of freedom.

A nested ANOVA (rounds within series) of the two sets of
ratios was performed to show the standard deviations of the
separate contributions (Table 2). The outcome is very similar

for the two sets of ratios. The differences among the means of
the series makes a relatively small contribution (about 4%) of
the total variance. The variation among rounds within a series
makes a more substantial contribution of about 40% of the total
variance. The remainder (about 56%) probably represents the
unique behavior of individual analytes.
To assess this last idea, Figures 6 and 7 show boxplots for

individual analytes in instances where three or more values of

the ratios were available, regardless of the series from which the
result originates. Combining results of the three series seems
justified because of the relatively small contribution to the
variance. In the event, no significant variation between analytes
could be detected by one-way ANOVA.
Finally, it was thought possible that the differences in

behavior among the analytes might be related to an index of
their chemical natures. The logarithm of the distribution
coefficient of the analyte between octan-1-ol and water (log D)
seemed to be a reasonable proxy for chemical processes that
affect recovery in the analysis of pesticides. It acts as an
indicator of the relative positions of the analytes along the
hydrophilic/hydrophobic spectrum and, therefore, possibly the
strength of chemisorption in food substrates. In Figures 6 and
7, the analytes are shown organized in decreasing order of log D
measured at pH 7. However, no trend in the means was visible
or detected by regression of the individual ratios. In short, there
was no perceptible effect related to log D.

Figure 4. Boxplot of all Ho/AV ratios organized by series and round.

Figure 5. Boxplot of all Sp/AV ratios organized by series and round.

Table 1. Results of ANOVA by Series for Ho/AV and Sp/AV
Ratios

ratio series 05 series 09 series 19

Ho/AV 1.028 1.002 0.931
Sp/AV 1.208 1.305 1.220

Table 2. Component Standard Deviations from Nested
ANOVA of Ho/AV and Sp/AV Ratios

source of variation
Ho/AV (standard

deviation of component)
Sp/AV (standard

deviation of component)

between series 0.039 0.037
between rounds
(within series)

0.107 0.117

within rounds
(between
observations)

0.142 0.133

total 0.182 0.181

Figure 6. Boxplot of Ho/AV ratios for analytes with three or more
values, over all series, organized by analyte in order of log D value.

Figure 7. Boxplot of Sp/AV ratios for analytes with three or more
values, over all series, organized by analyte in order of log D value, with
the grand mean (dashed line).
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■ DISCUSSION

There is systematically good agreement between the assigned
value and the homogeneity mean. The mean ratio Ho/AV is
close to unity, and there seems to be no concentration-related
change in the ratio or its variance. This implies that, on average,
either both are correct or that both suffer from a common
problem. However, the variance of the ratio has been shown to
comprise components derived from the specific series and
specific rounds within a series, as well as variance within a
round. Series-specific variance suggests differences caused by
the nature of the test material, bearing in mind that the matrices
are quite different in chemical composition and unequally
demanding to analyze accurately. Round-specific variance might
reflect the effects of different matrices within the series
specification or simply the fact that the identity of the analytes
present tends to be different in successive rounds; there might
be variation in the difficulty of determining them. However, no
effect related to the distribution coefficients of individual
analytes was found.
The spiking level, however, is systematically higher than the

assigned value, with a median ratio Sp/AV of 1.226. Broadly
speaking, the variance of the ratio can be separated into
components very similar to those found for the Ho/AV ratio
and with the same causes. The systematic component, however,
suggests a single general effect beyond those found by ANOVA,
that is, regardless of test material or analyte. A priori, we see
that causes could include (a) impure spikes, (b) overestimated
recoveries, or (c) loss of the spiked analytes during the
preparation, storage, or distribution of the test materials. Loss
of analyte could be brought about actually by chemical reaction,
such as photolysis, oxidation or hydrolysis, and volatilization, or
effectively by irreversible adsorption onto the matrix of the test
material or separation media.
The purity of the analytes used to spike the test materials

cannot account for the size of the discrepancy observed, that is,
about 18% of the spiked value. The reference standards used all
come from reputable suppliers with certificates of analysis,
indicating that purity is in excess of 98%.
It is standard practice for pesticide residues to be reported

without correction for recovery,16 provided that the batch
recovery is in the range of 70−120%. FAPAS requires that
participants in pesticide PTs also report recovery values when
submitting their results. The mean recovery reported by the
laboratories testing for homogeneity is 92%. This is, of course, a
marginal recovery based on spiking without any details of how
the blank test material was spiked and the amount of time
elapsed between spiking and extraction. Given the closeness of
the mean ratio Ho/AV to unity, it seems that a closely similar
value would be representative of the participants. Correction
for a recovery of that magnitude would bring the mean of the
ratio Sp/AV up to only about 1.09, insufficient to account for
the observed discrepancy. Marginal recovery is always likely to
overestimate the recovery of native analyte, but in FAPAS,
nearly all of the analyte is spiked rather than native. Even so,
there is undoubtedly more time for the spiked analyte to
become irreversibly adsorbed during the preparation and
storage of test materials than during participants’ analyses. In
that case, overestimation of recovery cannot be ruled out as a
contributing factor in the observed discrepancy between spiking
and consensus assigned values. However, it is conceptually
indistinguishable from the loss of the spike during test material
preparation.

The preparation of test materials for FAPAS pesticide in
cereals PTs has always included a stabilization period, following
spiking but before homogeneity testing is carried out. Analytes
can bind to the matrix and become “non-solvent extractable”.
This tendency has been known for many years and is
particularly strong in low-moisture-containing commodities,
such as cereals and dried fruits.11,12,16−20 It is noteworthy that,
in the present study, the mean ratio Sp/AV (and its variance) is
significantly greater in series 09 results, where the test materials
are cereals and cereal products. Extraction efficiency is
dependent upon many factors; the physicochemical properties
of the analyte, polarity of the solvent, pH, temperature, particle
size of the test material (surface area), length of time of shaking,
and adsorption onto active surfaces of glassware or plastics can
all have an influence. This is acknowledged in reports of other
PT schemes,14,15 although in the present study, no correlation
was found between Sp/AV ratios and a proxy for the molecular
polarity of the analyte. Even where a medium is used to afford
some stability to the sample prior to analysis, such as a solid-
phase extraction disk,21 losses can still occur by volatilization or
hydrolysis from residual water. In the instances of method
validation and quality control, official guidance16 does not
specify the timeliness of spiking and subsequent analysis. Any
losses, therefore, will not usually be noticed in a laboratory’s
routine work. The official guidance document does recommend
the addition of water to samples of low-moisture content prior
to extraction. No actual time between water addition and
extraction is specified, however, and for some analytes,
significant losses as a result of enzyme hydrolysis may occur
as this period of time extends.
A final inference may be important. If, as assumed, the

discrepancies between the estimates of true value are due to the
loss or sequestration of analyte, it must all occur at the
preparation stage of the test material. Despite the time interval
between homogeneity testing and analysis by the participants,
there is virtually no systematic difference between the two
results.
The motivation behind this study was to address the

discrepancies, expressed here as the ratio Sp/AV between the
spiked values and the corresponding assigned values (the
consensus of participants’ results) as used in FAPAS. The
dispersion of this ratio was found to contain contributions from
the nature of the test material and possibly the identity of the
analyte. The systematic part of the discrepancy was attributed
to differences in recovery between analyte spiked at the time of
preparation of the test materials and analyte spiked by a
participant during their analysis. Given the large number of
analytes involved, this conjecture could not be confirmed by
any practicable experiment. Moreover, the recovery of naturally
incurred (native) analyte in routine samples is essentially
unknowable given currently available technology; that is one of
the main reasons why pesticide residue analysis is effectively
treated as empirical (method-dependent), and therefore, results
are not corrected for recovery. It is conceivable that analytical
methods involving more rigorous extraction procedures could
recover more of the analytes than represented here. However,
such methods would necessarily be costly to execute and ipso
facto not fit for the purpose in routine analysis. Given these
limitations, it is clear that the participants’ consensus is the
appropriate assigned value for FAPAS proficiency testing.
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