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Practical digest for evaluating the uncertainty of analytical assays from
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Abstract

The estimation of the measurement uncertainty of analytical assays based on the LGC/VAM protocol from validation data is fully revisited
and discussed in the light of the study of precision, trueness and robustness.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

Two of the best known approaches for estimating the
ncertainty of analytical procedures are the ISO Guide to

he expression of uncertainty measurement, also known as
he GUM or “bottom-up” approach[1], and the Analytical
ethods Committee inter-laboratory (“top-down”) approach

2]. The GUM approach was originally intended for physi-
al measurements, and although it has been adapted by EU-
ACHEM to chemical measurements[3], it remains being te-
ious, time-consuming and analytically unrealistic[4]. GUM
rinciples are significantly different from current procedures
sed in analytical chemistry, dealing with precision or recov-
ry data[5]. Besides, the application of the “bottom-up” ap-
roach in routine analysis involves significant costs in time
nd effort, which often prevents its widespread application

6].
On the other hand, the “top-down” approach also exhibits

everal drawbacks. The first one is that it can only be ap-
lied when inter-laboratory exercises are available. In this
pproach, any individual laboratory is considered as a ran-

rors within the laboratory become only random errors f
this high level perspective. Maroto et al.[6] pointed out tha
within this approach, if we calculate the uncertainty of
results obtained in routine analysis by a given laboratory
findings could be quite misleading. Thus, if the labora
bias is very small, the uncertainty may be considerably
derestimated. Conversely, if the laboratory has a large
the uncertainty could be largely overestimated.

Besides from these two main approaches, there are
ers where the measurement uncertainty is evaluated
the information extracted at the validation stage. This
paradigm is proposed by Ellison and Barwick[7], Ellison
and Williams[8] and Maroto et al.[9]. The essential of th
approach was elaborated by Barwick and Ellison with
LGC/VAM project [10] and constitutes an excellent alter
tive for evaluating the uncertainty of analytical procedur

The aim of this paper is to provide to the routine an
R&D analyst with a practical digest, clearly outlined, to e
uate the uncertainty of analytical assays from the valida
data. Some considerations may deviate from the LGC/V
protocol but are supported by theoretical dictates o
om variable and consequently, systematic and random er-
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searchers experience.
As Massart et al.[11] pointed out in their excellent hand-

book, there are three “golden rules” for method validation
that can be summarized as follows:
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(1) The analytical procedure has to be validated as a whole,
with inclusion of sample treatments prior to the analysis.

(2) The analytical procedure has to be validated covering
the full range of analyte concentrations specified in the
method scope.

(3) The analytical procedure has to be validated for each kind
of matrix where it will be applied.

These golden rules are the keys for elaborating the suitable
scheme to be applied for evaluating uncertainty of the ana-
lytical procedure.

The ultimate objective of the validation of an analyti-
cal procedure is to guarantee that every single measurement
that will be performed later in routine analysis will be close
enough to the unknown true value of the sample[12]. Con-
sequently, the objectives of the validation are not simply
to obtain estimates of bias and precision but also evaluate
these risks, which can be expressed by the uncertainty re-
lated to the result. As a part of the validation objective, the
establishment of thefigures of meritor performance charac-
teristicsand the identification and quantitation of the most
contributing experimental factors is essential. From this per-
spective, the study of the main features derived from the
modern meaning of accuracy is of utmost importance. Ac-
cording to Garcia-Campaña et al.[13] these features are:
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study, there are both proportional bias (recoveryR signifi-
cantly different from 1) and constant bias (offsetδc signif-
icantly different from 0), then the corrected concentration
value for the analyte will be:

Z = Zfound − δc

R
(1)

If we are interested to evaluate the uncertainty ofZ, the ap-
plication of the variance propagation law leads to:

u(Z)

Z
=
√

u2(Zfound) + u2(δc)

(Zfound − δc)2
+ u2(R)

R2 (2)

Now, the termu(Zfound)/(Zfound− δc) can be ascribed to the
relative dispersion mainly due to random errors. Both the pre-
cision study and the robustness study account for this spread.
If the relative uncertainties for intermediate precision and for
the robustness study are, respectively, R.S.D.I and R.S.D.rob,
and can be considered fixed for a future determination, then
the following relationship can be easily derived:

u(Z)

Z
=
√

R.S.D.2I + R.S.D.2rob + u2(δc)

(Zfound − δc)2
+ u2(R)

R2

(3)
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nertia (robustness), trueness and precision. This poi
iew is interesting because these terms just correspo
he three main studies considered by the LGC/VAM prot
10] to estimate the measurement uncertainty of analy
ssays: the precision study, the trueness study and th
ustness study. As both precision and trueness are as
ithin a single laboratory, the uncertainty due to labora

ransfer should be taken into account. This can be atta
ith the robustness study, which considers the chang

he variables of the analytical procedure (called factors
ected in a transfer among laboratories. According to

nternational Conference on Harmonization (ICH Q2B d
ment)[14], the robustness of an analytical procedure
easure of its capacity to remain unaffected by small
eliberate variations in method parameters and provid

ndication of its reliability during normal usage. Robustn
ests can be considered to be intra-laboratory simula
f inter-laboratory studies, if the alterations introduced
uitably selected. This allows to a further approach de
ped by Hund et al.[15], which directly estimates the me
urement uncertainty from the robustness study. They a
hat usually, robustness tests that yields significant effec
he measurand leads to a further optimization of the me
nd, consequently, uncertainty evaluation should only be

ormed after the method has shown to be robust. This
tes from the LGC/VAM approach, which provides diff
nt algorithms for significant and no significant factors

he following, the LGC/VAM approach is outlined and
ised.

ConsiderZfound the analyte concentration obtained by
lying the analytical procedure to a sample. If in the true
d

f the trueness study concludes that there is neither con
or proportional method bias, thenR = 1, δc = 0, Z= Zfound
nd Eq.(3) becomes

u(Z)

Z
=
√

R.S.D.2I + R.S.D.2rob + u2(δc)

Z2 + u2(R) (4)

q. (3) or (4) indicates how the uncertainty in the anal
oncentration can be suitably evaluated from the prec
tudy (R.S.D.I), the trueness study (u(δc) andu(R)) and the
obustness study (R.S.D.rob).

. Intermediate precision study

Following the validation golden rules, the analytical p
edure should be validated separately for each class of m
onsidered, covering the full range of analyte concentrat
ccordingly, the suitable way to perform the intermed
recision study is the consideration of a single sample m
nd a range of analyte concentrations. It is recommend

east three concentration levels (low, medium and high)
ring the dynamic working range, with a number of replic
t each concentration. The ICH Q2B document recomm

hree replicates[16] and the FDA document on bioanaly
al validation considers five replications[17]. Thus, a serie
f replications within 3–5 is advised. Calculations of in
ediate precision must be carried out on results inste

esponses.
If samples containing the suitable analyte concentra

re not available, spiked samples can be prepared. In c
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pharmaceutical formulations (or other manufactured prod-
ucts), where the “placebo” is available, the precision study
should be carried out from spiked placebos. We refer to the
samples used in the intermediate precision study as “control
samples”. Control samples must be stable, homogeneous and
as similar as possible to the future samples to be analysed.
Control samples can be considered as validation standards
and they represent in the validation phase, the future samples
that the analytical procedure will have to quantify. Each val-
idation standard must be prepared and treated independently
as a future sample. The independence is essential for a good
estimation of the between-series variance. Indeed, the ana-
lytical procedure is not developed to quantify in routine with
the same operator and on the same equipment a single sample
unknown during a day but a very large number of samples
through time and so, implying often several operators and
several equipments.

Considermconcentration levels andn replicates for each
level. As indicated above, typical recommended values arem
= 3 (low, medium and high) and 3≤ n ≤ 5 in all cases. The
replication measurement should be suitably designed in or-
der to obtain time-different intermediate precision estimates.
Thus, control samples should be analysedn times over differ-
ent days to obtain the intermediate precision values according
to the USP requirements[18]. If the analytical procedure is
n di-
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In many cases, the intermediate precision seems to be pro-
portional to the analyte concentration. Thus, the relative vari-
ances, R.S.D.2, should be constant. The Cochran’s test can
be applied in a similar way for R.S.D.:

C = R.S.D.2max∑m
i=1R.S.D.2i

(7)

If C ≤ Ccrit, then there is no significant difference between
the relative variance and therefore, the intermediate precision
is proportional to the concentration of the analyte. A pooled
value can be estimated:

R.S.D.pool =
√∑m

i=1(ni − 1)R.S.D.2i∑m
i=1(ni − 1)

(8)

Sometimes, neither of the two situations considered above
applies. Then it could be necessary to evaluate separate in-
termediate precision estimation at different concentration
ranges.

The final result of the intermediate precision study is a rela-
tive standard deviation value for future real samples (R.S.D.I).
Thus, if the intermediate precision is non-depending on the
analyte concentration on the full concentration range, the ex-
pected result is:

R.S.D.I = spool (9)
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ot direct (gravimetry, titrimetry, coulometry or isotope
ution mass spectrometry), the calibration curve shoul
stablished before the control sample analysis from fre
repared reagent solutions. From the replication, the sta
eviation,s, and the relative standard deviation, R.S.D.
alculated for each concentration level.

In some instances, the intermediate precision seem
e independent of the analyte concentration. Hence, the
nces obtained at each concentration level should be un
here are several tests described for testing the homog
f variances. The Cochran’s assay[19] is very suitable whe

he number of observations is equal for all concentration
ls (as commonly carried out by following the design witm
ndn fixed) but otherwise, the Levene’s test is an interes
lternative[12]. According to the Cochran assay, the val

= s2
max∑m
i=1s

2
i

(5)

s computed (wheres2
i is the variance at the concentrat

evel i ands2
max is the maximum value) and is compared w

he critical tabulated valueCcrit(m,n,P),P being the selecte
onfidence level, commonly 95%. IfC≤ Ccrit, then there is n
ignificant difference between the variance and therefor
ntermediate precision is a constant amount, independe
nalyte concentration. In this case, an estimate of the p
tandard deviation is obtained:

2
pool =

√∑m
i=1(ni − 1)s2i∑m
i=1(ni − 1)

(6)
Z

hereZ is the analyte concentration found in the analy
ample. If, conversely, the intermediate precision is pro
ional to the analyte concentration in the whole work
ange, the expected value is:

.S.D.I = R.S.D.pool (10)

When the intermediate precision must be estimated
ately, the R.S.D.I value is computed from the standard de
ion belonging to the concentration range that correspon
he analyte concentration found in a real sample. For e
le, the whole concentration range [Zlow, Zhigh] is split into
hree intervals, where the standard deviation has been
ately evaluated:s1 belongs to the interval [Zlow, Z1], s2 to
Z1, Z2] ands3 to [Z2, Zhigh]. If the concentration of analy
ound in the real sample isZ ∈ [Z1, Z2] then we get:

.S.D.I = s2

Z
(11)

The intermediate precision seems effectively to be i
endent of the analyte concentration when the dosing r

s narrow. When the range widens, the standard devi
ncreases and the R.S.D. decreases with the concent
espectively.

. Trueness study

The trueness study covers the uncertainties relate
ethod bias. The LGC/VAM protocol shows several w

o estimate the uncertainty related to the trueness:
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(1) the analysis of certified reference materials (CRM);
(2) the comparison with a reference method; and
(3) the recovery assays with spiked samples.

Unfortunately, within the field of environmental, toxico-
logical and pharmaceutical analysis, neither CRMs nor alter-
nate methods are available for new contaminants, toxic and
drug-related analysis. Accordingly, the procedure of recovery
assays from spiked samples is the considered here because
it can be commonly applied anywhere. We consider the case
of a non-direct analytical procedure that needs calibration. A
standard calibration curve is obtained by plotting the signal or
analytical response of different standard solutions of the ana-
lyte. Let us assume that the standard calibration relationship
is linear within a given concentration range of analyte, and
consequently, the analytical response (Y) can be expressed
as a linear straight line against the analyte concentration
(Z):

Y = aSC + bSCZ (12)

The subscript SC refers to the standard calibration, estab-
lished by preparing different (generally aqueous) standard
solutions of the analyte from a primary standard if possible.
In the assessment of trueness, both proportional and con-
stant method bias have to be evaluated. If the placebo is not
available, proportional bias is assessed from recovery assays
a thod
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Fig. 1. Nested scheme for the recovery study.

alytical procedure, fortified by spiking a given amounti
(from 1 to m) of the analyte withj (from 1 to n) replicates
for each addition. The corresponding elemental recovery is
calculated as:

Rij = (Cobs− Cnative)ij
Cspike,i

=
(Ĉspike,i)j
Cspike,i

(14)

Cnativeis the concentration of the analyte in the unspiked con-
trol sample,Cobs the concentration of analyte in the spiked
sample andCspike, the concentration of the spiked analyte.
The found differenceCobs − Cnative = Ĉspike should be very
close to the added amountCspike, if the recovery is signifi-
cant. Subscripti refers to the spiked amount and subscriptj
indicates replication of this amount.

The Standard Addition Method (SAM) can be suitably
used to estimate the recovery of spiked samples[22,27]. Thus,
for a spiked sample, Eq.(13)may be rewritten as:

Y = A + B(Cnative+ Cspike) = A + BCnative+ BCspike

= aSAM + bSAMCspike (15)

where,aSAM and bSAM are the intercept and slope of the
SAM calibration straight line. An important requirement for
t test
p me.
B nal
a f
a

(

a
r

R

T of
v ween
nd constant bias is estimated according to Youden’s me
20].

.1. Recovery assays on spiked samples

Consider the application of the analytical procedur
dissolved test portion of a given sample within the lin
orking range. Assuming that (i) the matrix cannot contrib

o the signal as an interfering agent[21] and (ii) there is no
nteraction between the analyte and the matrix, the analy
esponse (Y) can be now expressed as:

= A + BZ (13)

hereA and B are sample constants.A is a constant tha
oes not change when the concentration of the analyte a

he sample change[22]. It is called the “true sample blan
23] and can be evaluated from the Youden’s sample
20,24–25].B is the fundamental term that justifies the a
ytical procedure and is directly related to the analytical
itivity [26]. If both constant and proportional bias meth
re absent, thenA = aSC and B = bSC. In order to asses

he absence of proportional bias, a homogeneous bulk s
ample from a matrix, which contains the analyte, is u
he analyte have to be spiked at several concentration

n order to cover the concentration range of the method s
s in the precision study, a given homogeneous control
le is fortified at “m” levels (for instance, low, medium a
igh) and the analyses are performed in “n” (3 ≤n ≤ 5)
eplicates by following a nested scheme as indicate
ig. 1. The control sample is treated according to the
his technique is that all solutions, unspiked and spiked
ortions of the sample be diluted to the same final volu
y using this calibration function, from the analytical sig
t each additioni and at each replicatej, Yij , the amount o
nalyte found is estimated as:

Ĉspike,i)j = Yij − aSAM

bSAM
(16)

nd consequently from Eq.(14), the recovery for thej-
eplication of thei-spike can be obtained as:

ij = Yij − aSAM

bSAMCspike,i
(17)

he uncertainty ofRij can be obtained by applying the law
ariance propagation andconsidering the covariance bet
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aSAM andbSAM [28]:

u2(Rij) = u2(Yij) + u2(aSAM)

(bSAMCspike,i)2
+
(

Yij − aSAM

b2
SAMCspike,i

)2

× u2(bSAM) + 2(Yij − aSAM)

b3
SAMC2

spike,i

cov(aSAM, bSAM)

+
(

Yij − aSAM

bSAMC2
spike,i

)2

u2(Cspike,i) (18)

u2(bSAM), u2(aSAM) are taken as the corresponding variances
s2(aSAM) ands2(bSAM) of the SAM calibration straight line.
The covariance is evaluated according to cov(aSAM, bSAM) =
−C̄spikes

2(bSAM), andC̄spike is taken as
∑m

i=1Cspike,i/m be-
cause then replications cancel with the division byn.

The uncertainty for thei-level spiked amount,u(Cspike,i)
can be easily calculated. A working standard solution of the
analyte is prepared by weighing the required mass (w) from
a primary standard of purityP (fraction scale) and dissolving
it to a volumeV0. Thei-level spiked concentration is carried
out by dissolving the sample test portion in a volumetric flask
of volumeV and before filling to the mark, to add a volume
vi of the analyte working standard solution. Accordingly, the
spiked concentration is:

C

rre-
s

T
u U-
R ly
t lance
c from
c abil-
i . .

T
e cali-
b with
t in-
d f
t the
c ons)
a

u

p-
p t-

angular distribution:

u(P) = aP√
3

(22)

When the certificate only indicates a purity interval [amin,
amax],aP = (amax − amin)/2

If the purity is expressed as “. . .higher than. . .” a given
value, this is taken asamin andamax = 1. For instance, if a
reagent certificate indicates that the purity is higher than 99%,
then in the fractional scale,amin = 0.99,amax = 1.00,aP =
(1.00− 0.99)/2 = 0.005.

The uncertainty of volume measurements has three ma-
jor influences and can be split into three contribution terms:
calibration tolerance, volume repeatability and temperature
effect. Thus, for a given volume measurement,V for instance,
we have the following uncertainty contributions:u(Vcal),
u(Vrep) andu(Vtemp).

The calibration term comes from the manufacturer’s toler-
ance in volume (±acal). Assuming a triangular distribution,
this uncertainty is computed as:

u(Vcal) = acal√
6

(23)

The volume repeatability is a type A uncertainty obtained
from a series of filling and weighing the volumeV of the
container (flask, pipette,. . .) and is expressed as the corre-
s

u

een
t e
t s
e T

| he
g a
r

u

om-
b

u

lume
u
a tal
r
c
c

u

w

R

spike,i= wPvi

V0V
(19)

Thus, the law of variance propagation gives the co
ponding uncertainty:

u(Cspike,i)

Cspike,i

=
√

u2(w)

w2 + u2(P)

P2 + u2(vi)

v2
i

+ u2(V )

V 2 + u2(V0)

V 2
0

(20)

he remaining uncertainty valuesu(w),u(P),u(vi), u(V) and
(V0) are estimated in the usual way by following the E
ACHEM/CITAC guide[3]. These uncertainties are main

ype B ones with some exceptions such as in-house ba
alibration or volume repeatability, and can be evaluated
onfidence/tolerance intervals by assuming a given prob
ty distribution function (normal, rectangular, triangular,.).
he uncertainty associated to mass measurement,u(w), is
stimated from the calibration certificate supplied by a
ration laboratory. Generally, this certificate provides us

he relative uncertaintyurel(w) to be assigned to the value
icated by the weighing instrument[29]. Thus, the value o

he uncertainty of our weight may be easily obtained in
onventional scale (without applying buoyancy correcti
s

(w) = wurel(w) (21)

The uncertainty of purity,u(P) is estimated from the su
lier’s certificate tolerance of purity (±aP) assuming a rec
ponding standard deviation:

(Vrep) = srep (24)

The temperature term arises from the difference betw
he calibration temperature (Tcal) of the glassware and th
emperature of the laboratory (Tlab). The uncertainty of thi
ffect is calculated from the difference of temperature (�=
Tlab − Tcal|), the coefficient of volume expansion for t
lass (κ= 2.1 × 10-4 ◦C-1) and the volume,V, assuming
ectangular distribution:

(Vtemp) = κ�TV√
3

(25)

The final uncertainty for the volume is computed by c
ining the three separated contributions:

2(V ) = u2(Vcal) + u2(Vrep) + u2(Vtemp) (26)

This procedure is repeated for evaluating the other vo
ncertaintiesu(vi) andu(V0). Onceu(Cspike,i) is calculated
ccording to equation(20), the uncertainty of the elemen
ecovery,u(Rij ) is computed from Eq.(18). Aside from this
ombined uncertainty, a pure repetition one,urep(Rij ) can be
onsidered:

2
rep(Rij) =

∑n
j=1(Rij − R̄i)

2

n − 1
(27)

ith

¯
i = 1

n

n∑
j=1

Rij (28)
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The uncertainty corresponding to these intermediateR̄i val-
ues is given by

u2(R̄i) = 1

n2


 n∑

j=1

u2(Rij) + u2
rep(Rij)


 (29)

As above, another pure repetition term can be considered:

u2
rep(R̄i) =

∑m
i=1(R̄i − ¯̄R)

2

m − 1
(30)

Commonly, the different intermediate recovery values are
in good agreement and are combined to give a consensus¯̄R
value:

¯̄R = 1

m

m∑
i=1

R̄i (31)

Accordingly, the final uncertainty for the consensus recovery
is:

u2( ¯̄R) = 1

m2

[
m∑
i=1

u2(R̄i) + u2
rep(R̄i)

]
(32)

Consensus recovery may be tested for significance[30] using
the Student’st-test:

t
| ¯̄R − 1|

s
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s
t yp-
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t true:
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3

, the
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c ”
i both

the native analyte and the matrix are present[27]. The SAM
calibration indicated by Eq.(15) includes this term within
the intercept (aSAM = A + bSAMCnative). The Youden’s plot
[20,24,25]consists of plotting the instrumental response (Y)
against the amount of sample (the weight or volume of sample
test portion to be dissolved up to the assay volume):

Y = A + bYoudenwsample (35)

The intercept of the plot is an estimation of the Total
Youden Blank (TYB), which is the sum of the System Blank
(SB) corresponding to the intercept of the standard calibration
(aSC) and the Youden Blank (YB) associated to the method
constant bias[27,32]. Thus, we can equate TYB =A, SB =
aSC and and YB =A − aSC. The method constant bias is
defined as[27]:

δc = YB

bSC
= A − aSC

bSC
(36)

The uncertainty of the constant bias can be obtained by
the law of the variance propagation:

u(δc) =

√√√√√√√√√
u2(A)

b2
SC

+ u2(aSC)

b2
SC

+ (A − aSC)2u2(bSC)

b4
SC

2(A− aSC)
(37)

T d
f
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s r to
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• nt

a
e is
f d in
t The
s s, as
i .
b and
p in in
t

4

nal
v les
=
u( ¯̄R)

(33)

According to the LGC/VAM protocol[10], if the degree
f freedom associated with the uncertainty of consensu
overy are known,t is compared with the two-tailed critic
alue,tcrit, for the appropriate number of degrees of freed
t 95% confidence. Ift ≤ tcrit, the consensus recovery is
ignificantly different from 1. Alternatively, instead oftcrit,
he coverage factork may be used for the comparison. T
cal values arek = 2 or k = 3 for 95% or 99% confidenc
espectively[31]. Thus:

If | ¯̄R − 1|/u( ¯̄R) ≤ k, the recovery is not significantly d
ferent from 1.
If | ¯̄R − 1|/u( ¯̄R) > k, the recovery is significantly differe
from 1 and the analytical result must be corrected by¯̄R.
In any case, the relative uncertainty for proportional
from the trueness study is taken asu( ¯̄R)/ ¯̄R.

The slope of the SAM calibration (bSAM) is an estimat
f the product of the slope of the standard calibration (bSC),
hich represents the sensitivity of the analytical method

he method recovery. Thus the following equation holds

SAM = ¯̄RbSC (34)

.2. Constant bias assessment

As mentioned above, in presence of sample matrix
elationship between the analytical response and the an
oncentration is given by Eq.(13). The independent term “A
s the true sample blank because it is determined when
+
b3

SC

cov(aSC, bSC)

he uncertaintiesu2(A), u2(aSC) and u2(bSC) are obtaine
rom the statistical parameters of the straight line fits:s2(A)
rom the Youden’s plot;s2(aSC) ands2(bSC) from the standar
alibration plot. Also cov(aSC, bSC) is computed from th
tandard calibration.

Once the uncertaintyu(δc) is evaluated, the method co
tant bias is tested for significance in a way very simila
ecovery:

if |δc|/u(δc) ≤ k, the constant bias is not significantly d
ferent from 0; and
if |δc|/u(δc) > k, the constant bias is significantly differe
from 0

nd the analytical result should be corrected byδc. As Maroto
t al. [9] pointed out, even if the analytical procedure
ree from constant bias, its uncertainty must be include
he overall uncertainty budget for future determinations.
ame applies for the absence of proportional bias. Thu
t was already mentioned, the correction indicated by Eq(1)
ecomesZ = Zfound in case of absence of both constant
roportional method bias, but their uncertainties rema

he final uncertainty expression as shown in Eq.(4).

. Robustness study

Robustness[33,34], considered in the sense of inter
alidation, deals with the effect of experimental variab
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called factors, inherent to the analytical procedure (temper-
ature, mobile phase composition, detection wavelength, pH,
. . .) on the analytical result. Robustness study examines the
alteration of these factors as expected in a transfer between
laboratories and therefore, is of utmost importance in the un-
certainty budget. Within the field of experimental design, to
study the main effects of factors, screening designs are ap-
plied. Screening designs are two-level saturated fractional
factorial designs centred on the nominal analytical condi-
tions [35]. Plackett and Burmann[36] developed such de-
signs for studyingf factors inN = f + 1 experiments when
N is any multiple of four less than 100 (except for 92)[37].
Plackett–Burmann designs are very useful tools for the ro-
bustness study of analytical procedures. However, these de-
signs cannot deal with factor interactions and hence, they are
suitable when the interactions are negligible or for the sake
of consider the key set of dominant factors[38].

The strategy to carry out the robustness study is based on
a landmark procedure suggested by Youden[39,40]:

(i) Identify the influential factors.
(ii) For each factor, define the nominal (x0) and extreme lev-

els (xmax, xmin) expected in routine work. These values
are encoded as follows:x0 = 0, xmax= +1 and xmin = −1.

(iii) Arrange the experimental design by using a two-level
7-4

( trol
cen-

l
u 3.8
t at no
q odel
c n the
r the
i

use
e ents.
T .
T the
b s
t from

T
A

R

1
2
3
4
5
6
7
8

the obtained at the level−1.

D(xk) = 1
4

(∑
iZi

)
(xk=+1) − (∑iZi

)
(xk=−1) (38)

For example, for the factorx5:

D(x5) =
(
Z1 + Z3 + Z6 + Z8

4

)

−
(
Z2 + Z4 + Z5 + Z7

4

)
(39)

Youden chosen this design because he thought seven fac-
tors are enough for any robustness study. But in case of deal-
ing with a less number of influential factors (f< 7), what is the
way to perform the study? Youden explained the procedure
in a funny manner:

“Suppose only six factors are explored. In that event, asso-
ciate with factorx7 = −1 [factorg in the original] some mean-
ingless operation such as solemnly picking up the beaker,
looking at it intently, and setting it down again. Omit this
meaningless operation for determinations that involve factor
x7 = +1 [factorG in the original]”

Once the effectsD(xk) have been estimated, to determine
whether variations in a factor have a significant effect on the
analytical result, a significance test is used[41]:

t

H level
f n)
a be
u D.
I
v
N re
i n of
R

if-
f r do
n (the
m
f not
2 fractional Plackett–Burmann matrix.
iv) Perform the experiments in random order on a con

sample with analyte concentration halfway the con
tration range of the method scope.

According to the definition of robustness[14], the interva
nder investigation is very short (−1, +1; e.g. pH from

o 4.2). Under these conditions, it must be stressed th
uadratic effect is generally observed and thus, a linear m
an be used. It is one of fundamental differences betwee
obustness study and that one of optimization, in which
nvestigated interval is wider.

Youden selected a 27-4 Plackett–Burmann design beca
nables the study up to seven factors in eight experim
he corresponding matrix design is illustrated inTable 1
he eight runs are split into two groups of four runs on
asis of the levels +1 or−1. Every factorxk is estimated a
he difference of the mean result obtained at the level +1

able 1
rrangement of factor levels for a 27-4 Plackett–Burmann design

uns,N Factorsxk (k = 1 to f)

X1 X2 X3 X4

+1 +1 +1 +1
+1 +1 −1 +1
+1 −1 +1 −1
+1 −1 −1 −1
−1 +1 +1 −1
−1 +1 −1 −1
−1 −1 +1 +1
−1 −1 −1 +1
Response,Zi (i = 1 to N)

X5 X6 X7

+1 +1 +1 Z1

−1 −1 −1 Z2

+1 −1 −1 Z3

−1 +1 +1 Z4

−1 +1 −1 Z5

+1 −1 +1 Z6

−1 −1 +1 Z7

+1 +1 −1 Z8

(xk) =
√
n|D(xk)|√

2s
(40)

ere,n is the number of experiments carried out at each
or each factor (n= 4 in the 27-4 Plackett–Burmann desig
nd s is the estimation of the method precision. It can
sed the result obtained from the precision study (R.S.I).

n that case:s = R.S.D.I Z̄, by taking Z̄ =∑iZi/8. The t
alue is compared with the two-tailed critical one,tcrit, for
− 1 degrees of freedom at 95% confidence, wheN

s the number of determinations used in the evaluatio
.S.D.I .
If t(xk) ≤ tcrit, the factor effect is not significantly d

erent from 0 and therefore, slight changes in the facto
ot have a significant effect on method performance
ethod is robust against this factor). Ift(xk) > tcrit, the ef-

ect is significantly different from 0 and the method is
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robust against this factor. In both cases, there is an uncer-
tainty in the final resultZ associated with the factorxk,
u(Z(xk)).

For the factors whose variations do not affect the method
performance, the uncertainty is evaluated according to
[10]:

u(Z(xk)) =
√

2tcrits√
n1.96

δreal(xk)

δtest(xk)
(41)

In this expression,n, tcrit and s play the same role as
above.δreal is the change in the factor level which would
be expected when the method is operating under control rou-
tine analysis.δtest is the change in the factor level specified
in the robustness study, that is,δtest = xmax

k − xmin
k . For ex-

ample, consider the extreme values for the detection wave-
length in a HPLC procedure to bexmax = 219 nm andxmin

= 209. The specifications of the detector indicate that the
expected tolerance for the wavelength is±2 nm. If the ef-
fect of wavelength does not affect the method performance,
Eq. (41) will be used to estimate the contribution uncer-
tainty. The values ofδreal andδtest will be: δreal = (+2 nm)
− (−2 nm) = 4 nm, and�test = (219 nm) − (209 nm) =
10 nm.

For those factors affecting significantly the method per-

the
iven
e
rved
el

ave
tness

con-
by

ical
ion

data is a suitable approach and can be considered as an alter-
native to other well established schemes such as “bottom-up”
and “top-down”.
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1030 A.G. González et al. / Talanta 65 (2005) 1022–1030
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