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Abstract

The use of the recovery term has presented some confusion in Analytical Chemistry. Recent IUPAC recommendations propose to distinguish
between two terms:recoveryor recovery factor,�, andapparent recovery,�*. Apparent recoveryincludesrecovery factorand a new recovery
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erm proposed in this paper, namedcalibration recovery,� , which depends of the type of systematic error due to the matrix effect (co
nd/or proportional) and is related to the applied calibration methodology. This paper highlights the dependence of the calibratio
n the sample analyte concentration and, for extension, of the apparent recovery, defines the recovery profile, and makes eviden
etermine a “fit for purpose” analyte concentration interval to comply with a regulated recovery requirements. An approach to es
alibration recovery and its associated uncertainty in relation to the above-mentioned dependence is presented. The usefulness of
ethodology has been shown in the quantification of a pesticide by GC-ECD for assessing dermal exposure.
2005 Elsevier B.V. All rights reserved.

eywords:Recovery factor; Apparent recovery; Calibration recovery; Uncertainty; Recovery profile

. Introduction

The estimation and use of the termrecoveryand the appli-
ation of recovery studies in the field of Analytical Chemistry
as presented different practices and even some confusion

n different sectors. The absence of consistent strategies for
he estimation and use of information derived from recovery
tudies implies a difficulty to make valid comparison between
esults produced in different laboratories and to verify the
uitability of the data for the intended purpose. In this sense,
ome documents have been published with the aim to clarify
nd use properly the different terms and information derived

rom recovery studies[1,2]. In this context, it is possible to
istinguish the application of recovery studies with two dif-

erent aims: (i) to check the trueness of a certain analytical

∗ Corresponding author. Tel.: +34 958 243296; fax: +34 958 249510.
E-mail address:lcuadros@ugr.es (L. Cuadros-Rodrı́guez).

method with the purpose to estimate the full systematic
of the process (validation), and (ii) to estimate the reco
with the aim to obtain a correction factor for the results.
first approach is an essential component of the validatio
the analytical process while the second one can be cons
as a direct process calibration[3].

To establish the conventional true value for checking
trueness, the recovery studies can be carried out by
representative reference materials, that have been clas
[4] as certified reference materials, standard reference
terials and in-house reference materials. Among these
ones, spiked materialsare widely used, being defined a
natural or artificial material which has a matrix that is sim
to that of the sample and in which the analyte is not pre
adding known quantities of the analyte to material blank.
trix blank is referred to as material free of detectable leve
the analyte, which can be also called: sample blank, po
blank, extract blank, material blank or blank matrix[5,6].

039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2005.01.009



1064 L. Cuadros-Rodrı́guez et al. / Talanta 66 (2005) 1063–1072

In addition, it can be also recommended that a typical test
sample is analysed either in its original state and after the
addition, and the difference between both results, expressed
as a proportion of the mass added, is called “surrogate re-
covery” or sometimes “marginal recovery”[7]. On the other
hand, the interpretation of the term recovery is not uniform,
since it can be used to assess the apparent analyte concentra-
tion in analyte stability studies, the efficiency of an extraction
process (or any sample treatment) or the method trueness.

The other use of the recovery information is related to the
revision of experimental values with the double aim to either
compensate analyte losses or degradations (mainly produced
in the separation and/or digestion procedures previously ap-
plied to the measurement), and/or correct the matrix error in
the analyte measurement (when the calibration is performed
on a matrix that is dissimilar to the real sample matrix). This
implies to perform recovery assays at different analyte con-
centrations into the analytical range. Although recent guide-
lines[1,6,8] have recommended to correct the analytical re-
sults using the mean recovery, if it is significantly different
to 100%, at this moment the polemic on the appropriateness
of this operation keeps on being a discussion subject in the
analytical community.

Recovery is defined as the proportion of the amount of
analyte, present in or added to the analytical portion of the
test material, which is recovered and presented for measure-
m ose
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ibration) factor andapparent recoveryis presented (all this
terms are defined and clarified).

A comprehensive way to estimate the uncertainty associ-
ated with the recovery has already been published[9], which
considers different approaches depending on how the analyte
reference concentration is obtained: (i) from representative
CRMs, (ii) from spiking studies, (iii) by comparison with a
standard method, and (iv) from extraction monitoring studies
when the previous three approaches are impractical. How-
ever, this way of uncertainty estimation is properly based to
apply a methodological approach on recovery. In this paper,
a novel expression to calculate the uncertainty associated to
the calibration recovery, from a metrological point to view,
is also presented.

Depending on the applied methodology, the estimated re-
covery, obtained in a traditional way, could be any of both
previously defined, and the analyst must always clearly de-
scribe the designed protocol for recovery studies. The toler-
able range of recovery values for trace analysis of organics
(residue analysis) is regulated in standard documents, but the
procedure to check the compliance is not always clearly spec-
ified. Generally, in quality control of pesticide multiresidue
methods, a routine recovery within the range 60–140% may
be considered as acceptable, but when violative residues are
detected in a sample, data should be supported by a routine
recovery within the range 70–110%[5]. In residue method
v ned,
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ent[1]. However, recent IUPAC recommendations prop
o distinguish between two different terms in order to av
onfusion caused by the use of the term recovery[2]: (i) the
easurement of the yield of an analytical process in rel

o pre-concentration or extraction stages (named properre-
overyor recovery factor,�); or (ii) the ratio “experimenta
bserved concentration/reference concentration”, obta

his experimental value from the analytical process usi
alibration curve (namedapparent recovery,�* ).

Apparent recovery is an estimation of the overall sys
tic error of the analytical process (method bias). From a
eneral point of view, let us consider that the global erro

he result of an analytical method can be due to two ca
hat are not self excluding: (i) the measuring system
ot receive the same analyte quantity initially present in
ample, and (ii) the measuring system yields a wrong
urement of the analyte quantity that it receives. There
he apparent recovery includes the systematic error d
he “falling down” available analyte content in the analyt
perations (the IUPACrecovery factor) and the systema
rror due to the matrix effect (a no-considered compone

he IUPAC document).
In this paper, this new recovery component is defined

alled ascalibration recovery,�C. In addiction, a recover
ormal model expressed as a function of the actual an
oncentration and of two coefficients (correction coefficie
elated with the constant and proportional components o
ematic matrix error is proposed. From this model, a met
logy to calculate the apparent recovery and to distinguis

weenrecovery factor,calibration recovery,correction(cal-
alidation, different ranges of mean recoveries are defi
epending on the sample analyte concentration; an exa

or concentrations ranging from 0.1 to 1 mg/kg, a mean
overy range between 70 and 110% is recommended[6,10].

The recovery factor can be considered constant and
endent of the amount of analyte present in the test sa
n the contrary, the calibration recovery could depen

he actual concentration of analyte, in function of the t
f error (constant or proportional) due to the matrix. For
eason, a single recovery value is just representative o
ested analyte concentration and cannot be extrapola
he whole range of the method application. The establi
odel permits to define the actual analyte concentratio

erval, which complies with a specific requirement abou
ecovery range indicated in accepted guidelines or re
ions.

As example of the application and usefulness of
ethodology, the quantification of the pesticide procy
one by GC-ECD for assessing dermal exposure, usin
whole-body” method with Tyvek Pro-Tech coverall as sa
ling medium[11] has been carried out.

. Theoretical aspects

.1. Calibration recovery

In general, quantification systematic errors can be cl
ed in two groups[12]: those that produce an analyte “falli
own” in the entire analyte quantity before the measure
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(losses, co-reactions, degradations,. . .) and those that cause a
measuring error at the quantification moment (matrix effects,
matrix variations). The first group is linked with the IUPAC
recovery factor,�, while the second one is related with the
new component firstly defined in this paper and named by
authors ascalibration recovery,�C. The IUPACapparent
recovery,�* , considers all the method bias sources and in-
cludes both recovery components.

Formally, a basic expression could be written as:

�∗ = � × �C (1)

where each recovery term is expressed as:

�∗ = Cmeas

Crefer
; � = Cavailab

Crefer
; �C = Cmeas

Cavailab
(2)

CmeasandCrefer are the experimentally measured concentra-
tion (estimated from the calibration curve) and the reference
(conventional true) concentration in the sample, respectively,
andCavailabis the analyte concentration which is available for
measuring, that is, the actual analyte concentration in the test
portion that is able to be measured in the analytical condi-
tions. A similar decomposition of recovery terms has been
recently reported[13] particularised to the extent of the ma-
trix effect using different interfaces in HPLC with tandem
MS/MS detection. An antecedent of a methodological recov-
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Fig. 1. Dependence (1) of the apparent recovery (�*) with the reference
analyte concentration (Crefer); and (2) of the correction factor (F) or (3) of
the calibration recovery (�C) with the estimated analyte concentration from
EC (CE) (see explanation in the text).

and proportional systematic components of the error (∆C and
∆P, respectively) and on the reference concentration (Crefer):

�∗ = Cmeas

Crefer
= ∆P + ∆C × 1

Crefer
(4)

As can be seen inFig. 1(1), by plotting theapparent recov-
ery�* in function ofCrefer, it is possible to obtain different
experimental curves depending on∆C (positive, negative or
zero). If∆C = 0, the apparent recovery will be constant, that
is, it will be independent on the measured analyte concentra-
tion and will take the value corresponding to the proportional
component of the systematic error (�* =∆P). On the contrary,
if ∆C > 0 or∆C < 0, two different curves can be obtained, in
which the apparent recovery will tend to take the value cor-
ry decomposition has already been offered[9]; the recov-
ry for a particular sample is considered as comprising
omponents related to: (i) the error of the analytical me
recovery method), (ii) the difference in the recovery fo
articular sample compared to the recovery observed fo
aterial used in the recovery study, and (iii) the difference

ween the spiked sample, when it is used, and the real sa
ith incurred analyte.
Systematic errors produced by those sources cou

emoved or diminished by selecting a suitable calibra
ethodology, so if the calibration standards are subje

o the full analytical process (process calibration[3]), errors
ue to a possible analyte “falling down” can be compensa
hereas if a matrix-matched calibration (where sample

esentative standards are used as calibration standards
ablished, matrix errors could be avoided[6,14].

It is possible to consider avalidation function(bias func-
ion or recovery function)[2,15] as a function, which relate
he measured analyte concentration with its correspon
eference (true) value. This function is, in fact, a direct c
ration function because of the related variables are expr

n the same magnitude, and it is given by:

meas= ∆C + ∆P × Crefer (3)

The function features∆C and∆P represent the consta
translational bias) and proportional (rotational bias) com
ents of the overall systematic error in the estimation o
nalyte concentration.

From this function it is possible to obtain the apparen
overy, which depends, either on the values of these con
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responding to the proportional component of the systematic
error, for high concentration levels. However, for low concen-
tration levels, if∆C > 0 the apparent recovery will take higher
values and if∆C < 0, its value will be decreasing asCrefer de-
creases, taking a value of zero, whenCrefer corresponds to a
value numerically similar to|∆C|/∆P.

The apparent recovery can be identified as the inverse of
the corresponding correction factor, mentioned above, ap-
plied to a measurement process. Each obtained recovery is
representative of one selected concentration level and it can-
not be extrapolated to other concentration values, since usu-
ally the recovery changes along the studied range in the ana-
lytical method.

2.2. Correction coefficients and correction factor

If an analytical process is affected by systematic matrix
errors, we could considered two kind of calibration curves
for the characterisation of such matrix effects[14]: (i) from
substance reference material composed of the pure analyte
dissolved in reagent blank, named external calibration (EC),
and (ii) from matrix reference materials prepared by incorpo-
rating co-extractives to the standard solution, named matrix-
matched calibration (MC). If both calibration curves are lin-
ear and a significant difference exits between their corre-
s (CF)
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the inverse of the correction factor as:

�C = 1

F
= CE

CM
= 1

A
CE

+ B
(7)

Plotting �C versusCE, different curves are obtained
(Fig. 1(3)), which depend on the value of the coefficientA
(positive, negative or zero). Three different situations can be
considered:

(a) If A= 0, the calibration recovery is the inverse of the co-
efficientB (�C = 1/B).

(b) If A< 0, the calibration recovery will spread to infinite
when CE is|A|/Band it will take values close to 1/Bfor
high analyte concentrations.

(c) If A> 0, the calibration recovery will take values com-
prised between 0 for low concentration levels and 1/B
for high analyte concentrations. This situation is less fre-
quent than the previous ones.

As it can be seen inFig. 1(3), for the last two cases, when
the concentrationCE takes a value higher than 10-fold the ra-
tio |A|/B (CE > 10 × |A|/B), the calibration recovery remains
constant and it will be the inverse of the coefficientB (similar
to the first situation).
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ponding slopes and/or intercepts, a correction function
ould be established by the expression:

M = A + B × CE (5)

hereCM andCE are the experimental analyte concentrat
stimated from MC and EC, respectively, andAandBare the
oefficients of the model, named correction coefficients.
unction is constructed by plottingCM versusCE and it can
e applied to find the corrected concentration values from
oncentration directly estimated from EC, in order to rem
he matrix effect error, avoiding the need to calibrate in
resence of matrix in routine analysis.

The correction function has already been proposed b
hors in a previous paper[16] and applied to obtain results fr
f systematic error when the analytical measuring proce
isturbed from matrix effects. In this paper, a metrolog
pproach of the calibration recovery is developed base

he relationship between this new feature and the coeffic
f the correction function.

In effect,CM can be written as the result to multiplyCE
y a correction (or calibration) factor, F, which could be
xpressed, from the Eq.(5), as:

M = F × CE ⇒ F = B + A × 1

CE
(6)

This correction factor is not a constant rather it depe
f CE, as can be seen inFig. 1(2).

Thecalibration recovery,�C, which represents the ra
f the analyte concentration measured before and afte
pplication of thecorrection function, can be estimated
It is possible to establish a parallelism betweenCE and
M with CmeasandCavailab, respectively. In this sense, t
ifferent recovery terms can be expressed as:

∗ = CE

Crefer
; � = CM

Crefer
; �C = CE

CM
(8)

s a consequence, a relationship between the correction
cients and the terms of the Eq.(3) can be deduced. Starti
f Eq. (1) and operating, the following expression can
btained:

∗ = �
B

− A

B
× 1

Crefer
. (9)

The apparent recovery is a function of the reference
yte concentration (spiked concentration), that is, the me
ias depends on the actual analyte concentration in sa
he apparent recovery can be only considered constant (

o the ratio�/B) for any analyte concentration value, wh
he correction coefficientA is zero or when the ratioA/� is
egligible in relation to the actual analyte concentration

he second term of the subtraction in Eq.(9) is negligible in
elation to the first one).

By comparing Eqs.(4) and (9), the coefficientsAandBcan
e related to the constant and the proportional compo
f the overall systematic error, respectively, involved in
3). They can be expressed as:

P = �
B

; ∆C = −A

B
. (10)
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Fig. 2. Flow-chart diagram for the validation of the proposed recovery model (see explanation in the text to follow the process).

2.3. Evaluation of the different recoveries: validation of
the recovery model

Following the flow-chart described inFig. 2, the proposed
model (Eqs.(1) and (9)can be validated. From a measured
spiked material blank, and applying EC, MC and CF, it is
possible to make a single estimation of each recovery term:
apparent recovery, recovery factor and calibration recovery,
and the occurrence of both analyte losses and/or matrix ef-
fects can be screened following three steps:

STEP 1 Applying EC, an apparent recovery is calculated
from bothCE andCrefer, which represent the fraction
of analyte estimated when using EC. The presence
of method bias is checked by comparison of this
recovery to 100%, using a conventional Student’st-
test (α= 0.05). If no significant difference exists,CE
estimates correctlyCrefer (there are neither analyte
“falling down” nor matrix effect) and the process is
ended. However, if a significant bias is detected, it
is necessary to estimate the recovery components.
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STEP 2 To check the analyte “falling down”, MC is applied
to estimateCM and a recovery factor (�) is obtained,
which represents the ratio of analyte estimated when
using MC, in relation toCrefer. A non-significant dif-
ference of� with 100% (Student’st-test,α = 0.05)
implies thatCrefer is correctly estimated from MC
due to no analyte losses exist.

STEP 3 A calibration recovery (�C) is calculated from Eq.
(7) (by applying the correction coefficients). A non-
significant difference of�C with 100% (Student’s
t-test,α = 0.05) implies that a matrix effect is not
disturbing the analyte quantification.

In order to validate the agreement between the calculated
recovery values and the proposed model, and depending on
the kind of systematic error found, such recovery values are
compared using a suitable Student’st-test:

STEP 4a if there is analyte “falling down”,�* and� are
compared;

STEP 4b if there is matrix effect,�* and�C are compared;
STEP 4c if both sources of error occur,�* is compared with

the product of� by �C.

In the three cases, if there are not significant differences,
the obtained recovery model is valid and can be applied.
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2.5. Recovery profiles

When the recovery value is function of the analyte concen-
tration in sample, it is necessary to have information about
the recovery behaviour along the whole application method
interval to evaluate the compliance with recovery regulation
limits. In this sense, the conclusions derived from the tra-
ditional procedure considering only a few recovery values
(one or two analyte concentration levels) could be erroneous
because the selected studied recovery levels may not be rep-
resentative of the analytical method. Therefore, we propose
to establish previously, for example in the validation step, a
“fit for purpose” analyte concentration range for which the
recovery requirements are complied. With this purpose, the
recovery model established (Eq.(9)) could be easily applied.

In Fig. 3, both apparent and calibration recoveries, theo-
retically obtained by applying Eq.(9), are plotting in function
of the analyte reference (actual) concentration (arbitrarily se-
lected between 0 and 10), as well as a recovery compliance
interval (70–110%). In all selected cases, a value for the re-
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.4. Uncertainty of the calibration recovery

From a metrological point to view, to calculate
tandard uncertainty associated to the calibration reco
(�C), it is necessary to know the uncertainties of the
ection coefficients (AandB) and the measured (estimat
nalyte concentration (Cmeas) from the calibration curve ap
lied. When the error propagation is properly applied on
q.(7), and replacingCE byCmeas, the following expressio

s derived:

2(�C) = (�C)
4 ×

[
A2

C4
meas

u2(Cmeas) + 1

C2
meas

u2(A)

+u2(B) + 2

Cmeas
rA,Bu(A)u(B)

]
(11)

hereu(A) andu(B) are the standard uncertainties assoc
o theA andB estimations, respectively, andrA,B is the cor-
elation coefficient between both coefficients. The met
logy to calculate these uncertainty contributions has
stablished by us in a previous paper[16]. Theu(Cmeas) term
as to be known by the analyst and must be previously e

ished. Some examples have been recently published fo
ethods in residue analysis[17–22](the standard uncertain

alues of habitually found in pesticide multiresidue anal
ary between 10 and 25%).

In the same way, if the calibration recovery is expres
s correction (or calibration factor) Eq.(6), the associate
tandard uncertainty can be obtained as follows:
overy factor of 80% has been considered, which impl
0% of the analyte concentration simulates is “falling do
uring the preliminary steps of the analytical process.
onsequence, different recovery profiles are obtained,
esponding to the values for both apparent recovery an
alibration recovery, for which its mutual separation depe
n the value of the recovery factor. In the case of no an
falling down” occurs,� = 100%, only one recovery profil
orresponding to the calibration recovery, should be obta
ecause of�* =�C (the apparent recovery profile overla
o the calibration recovery profile).

The curve profile indicates that the recovery depend
he analyte concentration and tends to have a constant va
igh concentration values. The higher the coefficientA is, the
igher the curvature degree will be, so, ifA= 0, a horizonta
traight line would be obtained. The height of the curve
he straight line whenA= 0) depends inversely on the quan
f the coefficientB.

Depending on the values of the correction coeffici
A andB) and of the recovery factor (�), different situ
ions can be considered:A< 0 andB> 1 (Fig. 3(1));A> 0
ndB> 1 (Fig. 3(2));A> 0 andB< 1 (Fig. 3(3));A< 0 and
< 1 (Fig. 3(4)). WhenA takes a negative value (Fig. 3
nd (4)), the recoveries decrease as the analyte concen
ecreases, however, whenA takes a positive value (Fig. 3(
nd (3)), the opposite situation occurs.

From the cut-points between the recovery profiles an
op and bottom extremes of the recovery compliance int
t is possible to deduce the “fit for purpose” analyte con
ration range in which the analytical method complies w
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Fig. 3. Different examples of recovery profiles for apparent recovery (solid line) and the calibration recovery (dashed line) curves and recovery compliance
bands in presence of matrix effects (correction coefficient values, (1):A=−3, B= 3; (2):A= 1,B= 1.5; (3):A= 1,B= 0.7; (4):A=−0.5,B= 0.95. Recovery
factor value,� = 0.8; see further explanation in the text).

recovery requirements. In this sense,Fig. 3(2) shows an ad-
verse situation because of the recovery profiles are out of the
established interval and the analytical method does not com-
ply with requirements for any analyte concentration. There-
fore, in order to achieve the compliance it is necessary to
decrease the matrix effect, for example, by improving the an-
alyte clean-up step or applying a matrix-matched calibration.

Situations shown inFig. 3(3) and (4) are seemingly sat-
isfactory but it can be cautiously considered. In both cases,
two different systematic errors are present, which are mutu-
ally compensated. The analyte “falling down” introduces a
systematic error by defect (�< 100%) while the matrix effect
contributes with a systematic error by excess (�C > 100%),
and, as a consequence, the apparent recovery complies the re-
quirements. So to increase the assurance to compliance, it is
necessary to decrease simultaneously both sources of errors.

The recovery profiles plotted inFig. 3(1), that represents,
in our experience, a common situation in the pesticide residue
analysis, shown a small “fit for purpose” application interval
since the horizontal curve portion is out of the compliance
interval.

3. Application example of the proposed methodology

3.1. Equipment, chemicals, extraction procedure and
a

as
c ector

(ECD 63Ni) was used in all the experiments. Fused silica
HP-1 and HP-1701 capillary columns were used. Injections
were performed with an autosampler HP 7673. An HP 3365
Chemstation software was used for instrument control and
data treatment.

Disposable coveralls Tyvek Pro-Tech (DuPont Engineer-
ing Products S.A., L-2984 Luxembourg) was the personal
protection equipment (PPE) used.

The characteristics of all used reagents and chemical (pro-
cymidone and dieldrin standard,n-hexane, placebo of com-
mercial formulation of procymidone) were described in a
previous article[16]. The experiences for the procymidone
extraction and determination have been carried out following
the methodology previously developed[23].

3.2. Establishment of the calibration curves

Three calibration curves were prepared as described in
Ref. [16]: (i) a solvent external calibration (EC) from four
standards of procymidone inn-hexane (solvent-blank); (ii) a
“coverall matrix-matched calibration” (CMC) from calibra-
tion solutions with the same concentration levels but using a
material blank extract of Tyvek Pro-Tech coverall to fill-up
to the volume, and (iii) a “coverall and formulation matrix-
matched calibration” (CFMC) from calibration solutions that
include placebo formulation and surfactant solution, which
a 0.1%
( the
s ex-
nalytical method

A Hewlett-Packard (Palo Alto, CA, USA) Model 5890 g
hromatograph equipped with an electron capture det
re added to obtain a concentration equivalent to 1 and
m/v), respectively, to obtain a similar concentration to
pray tank used in field applications, and material blank
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tract of Tyvek Pro-Tech coverall. These last solutions contain
the same ingredients as the field samples.

In all cases, the calibration solutions contained 500, 750,
1000 and 1500�g l−1 of procymidone and 0.1�g l−1 dieldrin
(internal standard).

3.3. Recovery study

Recoveries were assessed by spiking some pieces of
Tyvek Pro-Tech (30 cm× 30 cm) at two concentration lev-
els (750 and 1500�g l−1, respectively) with six replicates
for each level. The spiked solution used was a standard pes-
ticide solution (500 mg l−1) prepared in water and contain-
ing placebo formulation in the same way as the calibration
solutions.

3.4. Correction functions, calibration recovery model
and calibration recovery uncertainty

Due to the presence of matrix effect, the results previously
obtained[16] showed that the calibration curves present sig-
nificant differences between them (EC from CMC and EC
from CFMC). It is possible to establish two correction func-
tions, which will allows us to convert the analytical results
o that
w red
f

ulat-
i
B s
a and
C ere:
A
a in-
t
u e
c ll
c cribed
i

ach
e

�

w b-
t
s
u
� nd
f tions
(
c cen-
t

Table 1
Estimated analyte concentrations

Crefer= 750�g l−1 Crefer= 1500�g l−1

Cmeas,EC(�g l−1) 630.8 1156.5
�C

EC (%)a 86.1 77.8
u(�C

EC) (%)b 7.55 4.56
�*

EC (%)c 84.1 77.1
s�* EC (%) 6.42 4.94

Cmeas,CMC(�g l−1) 651.8 1288.5
�C

CMC (%)a 87.8 87.8
u(�C

CMC) (%)b 3.4 3.4
�*

CMC (%)d 86.9 85.9
s�* CMC (%) 7.51 4.07
� (%)e 100.1 101.8
s� (%) 9.90 7.98

Estimated analyte concentrations obtained from EC,Cmeas,EC, and CMC,
Cmeas,CMC, and the corresponding calibration recoveries,�C

EC and�C
CMC,

together with their associated uncertainties,u(�C
EC) andu(�C

CMC), cor-
responding to two different reference analyte concentrations. Mean values
of the experimental apparent recovery (�* ) and experimental recovery fac-
tor (�) and their corresponding standard deviations (s�* , s�) for spiked
free-analyte samples at the same two reference analyte concentration levels,
quantified by using different calibration curves (EC and CMC).

a By application of Eq.(13).
b By application of Eq.(11). For the estimation of the uncertainty, the

values are calculated considering a constant relative uncertainty associated
to the measured concentration equal to 5%.

c �*
EC =Cmeas,EC/Crefer.

d �*
CMC =Cmeas,CMC/Crefer.

e � =Cmeas,CFMC/Crefer.

3.5. Validation of the model recovery

From recovery data included inTable 1, and following the
steps described in the flow-chart inFig. 2, both recovery mod-
els expressed in Eq.(13), have been validated by the different
statistical comparisons. From these statistical comparisons it
is possible to assure there is not analyte “falling down” (re-
covery factor is not significantly different from 100%), and
the systematic errors are only due to the matrix effect. This ef-
fect decreases when a calibration containing coverall extract
is used for quantification purposes, and the corresponding
apparent recoveries increase.

3.6. Recovery profiles: delimitation of the “fit for
purpose” analyte concentration range

Fig. 4(1) shows the calibration recovery profile when the
quantification is carried out from the solvent external cali-
bration curve (EC), as well as the corresponding uncertainty
bands, calculated from the Eq.(11). In addition, the compli-
ance intervals in connection with the recovery requirements
for validation (70–110%)[6,10], quality control (60–140%)
[5] have also been plotted. From the cut-points between the
recovery curve and/or the uncertainty bands with the straight
lines which limit those intervals, it is possible to obtain an
a

ct,
w o the
btained from EC and CMC to the corresponding results
ould be obtained applying CFMC (which are conside

ree of matrix error).
The correction functions are established by calc

ng the corresponding correction coefficients (AEC-CFMC,
EC-CFMC and ACMC-CFMC, BCMC-CFMC) from the slope
nd intercepts, of the regression curves (EC, CMC
FMC) previously established. The found values w
EC-CFMC=−172.6; BEC-CFMC= 1.44; ACMC-CFMC= 0;
nd BCMC-CFMC= 1.14, their associated uncerta

ies were: u(AEC-CFMC) = 44.53; u(BEC-CFMC) = 0.054;
(ACMC-CFMC) = 0; and u(BCMC-CFMC) = 0.044, and th
orrelation coefficient betweenA andB were 0.3037 for a
ases (the way to calculate this features has been des
n Ref. [15]).

The calibration recovery models corresponding to e
stablished calibration are given by:

C = 1
−172.6
Cmeas,EC

+ 1.46
; �C = 1

1.14
= 0.878 (13)

here�C
EC and�C

CMC are the calibration recoveries o
ained when EC and CMC are applied, respectively.Table 1
hows the calculated values for�C

EC and�C
CMC and their

ncertainties, and the experimental mean values for�*
EC,

*
CMC and�, together with the standard deviation fou

rom six replicates, for two analyte reference concentra
750 and 1500�g l−1). As can be seen in Eq.(13),�C

CMC is
onstant (87.8%) and independent from the analyte con
ration and its uncertainty takes a value of 3.4%.
nalyte concentration range that is fitted for purpose.
There is an important contribution from the matrix effe

hich yields to a curvilinear shape dependence due t
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Fig. 4. Recovery profiles obtained from: (1) external solvent calibration (EC), and (2) coverall matrix-matched calibration (CMC) for the procymidone
determination in coverall workers by GC-ECD to assess dermal exposure. Two compliance bands have been indicated, covering the ranges between 70 and
110% (for validation purposes) and between 60 and 140% (for routine quality control). Dashed curves represent the uncertainty bands on the calibration
recovery.

high value of the correction coefficientAEC-CFMC. However,
when the analyte concentration increases, the calibration re-
covery profile tends to a constant value of approximately
75%, that is function of the correction coefficientBEC-CFMC.
Due to the calibration interval covers the analyte concentra-
tion range on 500–1500�g l−1, the analytical method com-
plies with the routine quality control requirements. Never-
theless, in relation with the validation requirements, two sit-
uations can be considered: (i) if the recovery curve is just
judged, the method is also fitted for purpose; but (ii) if the un-
certainty bands are taken into account, the applicable analyte
concentration range covers only the values between 500 and
800�g l−1, approximately. The use of the uncertainty interval
is justified because it improves the assurance on the validation
conclusions, since it removes the risk to obtain recoveries out
of the compliance interval due to procedure errors.

If the analyst wishes to enlarge the applicable analyte con-
centration range it is necessary to reduce the systematic ma-
trix error. For this purpose, it is possible to incorporate some

matrix components to the calibration solution such as coverall
blank extracts and to establish a “more closed matrix-matched
calibration” (coverall matrix-matched calibration, CMC).

When the quantification is carried out from this CMC, the
correction coefficientA becomes zero (the recovery curve is
a straight line) and the correction coefficientBdecreases (the
recovery curve ascends to a value of 87.8%). In these condi-
tions, the method is fitted for both quality control and valida-
tion purposes in the whole application interval (seeFig. 4(2)).

4. Conclusions

Recovery is a analytical feature very usual in Analytical
Chemistry. Nevertheless, the lack of harmonisation in the
meaning of the recovery term and how the recovery factor is
calculated have created some confusions among the analysts,
since it can be used to assess the apparent analyte concentra-
tion in analyte stability studies, the efficiency of an extraction
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process (or any sample treatment) or the method trueness in
validation.

In the current article, the authors define and justify a new
term, called “calibration recovery” related with the matrix-
effect error which usually disturbed the results in residue
chromatographic analysis on real samples even when MS
is used as hyphenated detection technique. This term would
complete the recent IUPAC approach[2] since it allows the
establishment of a formal relation between the IUPAC terms
“recovery factor” and “apparent recovery” Eq.(1). The mean-
ing of all these terms is clarified and related with different
types of analytical systematic errors and with the appropriate
steep of the analytical process.

From a metrological point to view, the “calibration recov-
ery” is related to a correction factor and defined based on two
correction coefficients which have been defined by authors
in a preceding paper[21]. Therefore, to calculate the calibra-
tion recovery and to differentiate both recovery components
(recovery factor and calibration recovery) is need to estab-
lish two calibrations: an external calibration (from standard
in working solvent) and a matrix-matched calibration (from
standard in free-analyte matrix). If it was necessary, the pro-
posed model (Eqs.(1) and (9)) could be validated following
the process described in Section2.3).

In addition, the authors propose an approach to assess the
compliance of the recovery values with the validation and/or
q akes
i sam-
p eans
o pro-
c how
a ing
w

cov-
e tion
r ause,
a ctual
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