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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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1. Introduction rors within the laboratory become only random errors from
this high level perspective. Maroto et f] pointed out that

Two of the best known approaches for estimating the within this approach, if we calculate the uncertainty of the
uncertainty of analytical procedures are the ISO Guide to results obtained in routine analysis by a given laboratory, the
the expression of uncertainty measurement, also known asfindings could be quite misleading. Thus, if the laboratory
the GUM or “bottom-up” approacfi], and the Analytical bias is very small, the uncertainty may be considerably un-
Methods Committee inter-laboratory (“top-down”) approach derestimated. Conversely, if the laboratory has a large bias,
[2]. The GUM approach was originally intended for physi- the uncertainty could be largely overestimated.
cal measurements, and although it has been adapted by EU- Besides from these two main approaches, there are oth-
RACHEM to chemical measuremef®), itremainsbeingte-  ers where the measurement uncertainty is evaluated from
dious, time-consuming and analytically unrealiffit GUM the information extracted at the validation stage. This new
principles are significantly different from current procedures paradigm is proposed by Ellison and Barwiq, Ellison
used in analytical chemistry, dealing with precision or recov- and Williams[8] and Maroto et al[9]. The essential of this
ery datg5]. Besides, the application of the “bottom-up” ap- approach was elaborated by Barwick and Ellison within a
proach in routine analysis involves significant costs in time LGC/VAM project[10] and constitutes an excellent alterna-
and effort, which often prevents its widespread application tive for evaluating the uncertainty of analytical procedures.
[6]. The aim of this paper is to provide to the routine and/or

On the other hand, the “top-down” approach also exhibits R&D analyst with a practical digest, clearly outlined, to eval-
several drawbacks. The first one is that it can only be ap- uate the uncertainty of analytical assays from the validation
plied when inter-laboratory exercises are available. In this data. Some considerations may deviate from the LGC/VAM
approach, any individual laboratory is considered as a ran-protocol but are supported by theoretical dictates or re-
dom variable and consequently, systematic and random er-searchers experience.

As Massart et a[11] pointed out in their excellent hand-
* Corresponding author. Tel.: +34 954557173; fax: +34 954557168, POOK, there are three “golden rules” for method validation
E-mail addressagonzale@us.es (A.G. Gdilez). that can be summarized as follows:
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(1) The analytical procedure has to be validated as a whole,study, there are both proportional bias (recovBrgignifi-
with inclusion of sample treatments prior to the analysis. cantly different from 1) and constant bias (off$gtsignif-
(2) The analytical procedure has to be validated covering icantly different from 0), then the corrected concentration
the full range of analyte concentrations specified in the value for the analyte will be:
method scope.
(3) The analytical procedure has to be validated foreach kind 7 — Ztound — b¢ (1)
of matrix where it will be applied. R
If we are interested to evaluate the uncertaintZ pthe ap-
These golden rules are the keys for elaborating the suitableplication of the variance propagation law leads to:
scheme to be applied for evaluating uncertainty of the ana-
lytical procedure. u(Z) u2(Zound) + u2(8c)  u?(R)
The ultimate objective of the validation of an analyti- —— = (Ziound — 80)2 R2
cal procedure is to guarantee that every single measurement
that will be performed later in routine analysis will be close Now, the termu(Zound)/(Zsound — 8¢) can be ascribed to the
enough to the unknown true value of the sanf®]. Con- relative dispersion mainly due to random errors. Both the pre-
sequently, the objectives of the validation are not simply cision study and the robustness study account for this spread.
to obtain estimates of bias and precision but also evaluate|f the relative uncertainties for intermediate precision and for
these risks, which can be expressed by the uncertainty re-the robustness study are, respectively, R.SabBd R.S.Dop,
lated to the result. As a part of the validation objective, the and can be considered fixed for a future determination, then
establishment of thgures of merior performance charac-  the following relationship can be easily derived:
teristicsand the identification and quantitation of the most
contributing experimental factors is essential. From this per- ;(7) ) ) u2(8¢) u?(R)
spective, the study of the main features derived from the —, = {/R-S-Di' + R.S.Diop + (Ziowa— 302 | R
modern meaning of accuracy is of utmost importance. Ac- (3)
cording to Garcia-Campa et al.[13] these features are:
inertia (robustness), trueness and precision. This point of If the trueness study concludes that there is neither constant
view is interesting because these terms just correspond tonor proportional method bias, th&= 1, & = 0, Z= Zsoung
the three main studies considered by the LGC/VAM protocol and Eq.(3) becomes
[10] to estimate the measurement uncertainty of analytical
assays: the precision study, the trueness study and the ro(z)
bustness study. As both precision and trueness are assessed; —
within a single laboratory, the uncertainty due to laboratory
transfer should be taken into account. This can be attainedEq. (3) or (4) indicates how the uncertainty in the analyte
with the robustness study, which considers the changes inconcentration can be suitably evaluated from the precision
the variables of the analytical procedure (called factors) ex- study (R.S.D), the trueness study (w)sandu(R)) and the
pected in a transfer among laboratories. According to the robustness study (R.S.&).
International Conference on Harmonization (ICH Q2B doc-
ument)[14], the robustness of an analytical procedure is a
measure of its capacity to remain unaffected by small, but 2. Intermediate precision study
deliberate variations in method parameters and provides an
indication of its reliability during normal usage. Robustness  Following the validation golden rules, the analytical pro-
tests can be considered to be intra-laboratory simulationscedure should be validated separately for each class of matrix
of inter-laboratory studies, if the alterations introduced are considered, covering the full range of analyte concentrations.
suitably selected. This allows to a further approach devel- Accordingly, the suitable way to perform the intermediate
oped by Hund et al15], which directly estimates the mea- precision study is the consideration of a single sample matrix
surement uncertainty from the robustness study. They adviseand a range of analyte concentrations. It is recommended at
that usually, robustness tests that yields significant effects forleast three concentration levels (low, medium and high) cov-
the measurand leads to a further optimization of the method ering the dynamic working range, with a number of replicates
and, consequently, uncertainty evaluation should only be per-at each concentration. The ICH Q2B document recommends
formed after the method has shown to be robust. This devi- three replicate§l6] and the FDA document on bioanalyti-
ates from the LGC/VAM approach, which provides differ- cal validation considers five replicatiofis7]. Thus, a series
ent algorithms for significant and no significant factors. In of replications within 3-5 is advised. Calculations of inter-
the following, the LGC/VAM approach is outlined and re- mediate precision must be carried out on results instead of
vised. responses.
ConsideZsoung the analyte concentration obtained by ap- If samples containing the suitable analyte concentrations
plying the analytical procedure to a sample. If in the trueness are not available, spiked samples can be prepared. In case of

)

”2(5c)
72

R.S.D?+R.S.D2, + + u?(R) (4)
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pharmaceutical formulations (or other manufactured prod- In many cases, the intermediate precision seems to be pro-
ucts), where the “placebo” is available, the precision study portional to the analyte concentration. Thus, the relative vari-
should be carried out from spiked placebos. We refer to the ances, R.S.B, should be constant. The Cochran’s test can
samples used in the intermediate precision study as “controlbe applied in a similar way for R.S.D.:
samples”. Control samples must be stable, homogeneous and 2

- - R.S.D
as similar as possible to the future samples to be analysed¢ = mimaxz (7)
Control samples can be considered as validation standards ~ >_i=1R-S.D;

and they represent in the validation phase, the future samplesf C < C.;, then there is no significant difference between
that the analytical procedure will have to quantify. Each val- e relative variance and therefore, the intermediate precision

idation standard must be prepared and treated independentlyg proportional to the concentration of the analyte. A pooled
as a future sample. The independence is essential for a gooqa|ye can be estimated:

estimation of the between-series variance. Indeed, the ana-
lytical procedure is not developed to quantify in routine with R.S.Dpool = Dicalni — 1)R.S.D,.2 )
the same operator and on the same equipment a single sample ="~ P%° S (i — 1)

unknown during a day but a very large number of samples S . ither of th N idered ab
through time and so, implying often several operators and pmet|mes,.ne|t er of the two situations considered a ove
applies. Then it could be necessary to evaluate separate in-

several equipments. N diat . timati i diff i trati
Considem concentration levels armreplicates for each ermediate precision estimation at difierent concentration
ranges.

level. As indicated above, typical recommended valuesare The final tofthei di - dvi |

= 3 (low, medium and high) and8 n < 5in all cases. The _ e |(rj1a (rjedsu tofthe |n|terrpef|ate preC||S|on stlu yllz\)sarg a

replication measurement should be suitably designed in or-tve stqn ard ewatlop vajuetor .“t“Te reaisamp es_( »D.
Thus, if the intermediate precision is non-depending on the

der to obtain time-different intermediate precision estimates. ) .
Thus, control samples should be analyséiches over differ- analyte concentration on the full concentration range, the ex-

entdays to obtain the intermediate precision values accordingP€Cted resultis:
to the USP requiremen{s8]. If the analytical procedureis o g D = Spool )
not direct (gravimetry, titrimetry, coulometry or isotope di- Z

lution mass spectrometry), the calibration curve should be whereZ is the analyte concentration found in the analysed
established before the control Sample analySlS from freSth Samp|e_ |f’ Converse|y, the intermediate precision is propor-

prepared reagent solutions. Fromthe replication, the standardjonal to the analyte concentration in the whole working
deviation,s, and the relative standard deviation, R.S.D., are range, the expected value is:

calculated for each concentration level.
In some instances, the intermediate precision seems toR-S-Di = R.S.Dpool (10)

be indepen_dent of the analyte cont_:entration. Hence, the_ vari- \when the intermediate precision must be estimated sepa-
ances obtained at each concentration level should be uniform rately, the R.S.Qvalue is computed from the standard devia-

There are several tests described for testing the homogeneityjo, helonging to the concentration range that corresponds to
of variances. The Cochran's asgag] is very suitable when  he analyte concentration found in a real sample. For exam-
the number of observations is equal for all concentration lev- hje the whole concentration rangedz, Znigh] is split into

els (as commonly carried out by following the designwith  tnree intervals, where the standard deviation has been sepa-
andn fixed) but otherwise, the Levene’s test is an interesting rately evaluateds; belongs to the interval [y, Z1], S to
alternative[12]. According to the Cochran assay, the value: [Z1, Z2) ands3 to [Z2, Znigh]. If the concentration of analyte

found in the real sample & € [Z1, Z7] then we get:

2
C Smax (5)

= 52
S 2 R.S.D| = - (11)

The intermediate precision seems effectively to be inde-
pendent of the analyte concentration when the dosing range
is narrow. When the range widens, the standard deviation
increases and the R.S.D. decreases with the concentration,
respectively.

is computed (Where,.2 is the variance at the concentration
leveli ands?,, is the maximum value) and is compared with
the critical tabulated valu€it(m,n, P), P being the selected

confidence level, commonly 95%.0f< Cgit, thenthereis no

significant difference between the variance and therefore, the
intermediate precision is a constant amount, independent on
analyte concentration. In this case, an estimate of the poole

standard deviation is obtained: d3 Trueness study

p” 2 The trueness study covers the uncertainties related to
Yiza(ni — 1)s7 ©) method bias. The LGC/VAM protocol shows several ways
m . .
Yitq(ni — 1) to estimate the uncertainty related to the trueness:

2 _
Spool =
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(1) the analysis of certified reference materials (CRM); Spike levels i
(2) the comparison with a reference method; and
(3) the recovery assays with spiked samples. ‘ ‘

]l

Unfortunately, within the field of environmental, toxico- R, . R, . =}
logical and pharmaceutical analysis, neither CRMs nor alter- Replications j
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 becaus
it can be commonly applied anywhere. We consider the case Y
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 alytical procedure, fortified by spiking a given amodint
consequently, the analytical response (Y) can be expresse¢from 1 tom) of the analyte with (from 1 ton) replicates
as a linear straight line against the analyte concentrationfor each addition. The corresponding elemental recovery is
(2): calculated as:

Y = asc+ bscZ (12)

Fig. 1. Nested scheme for the recovery study.

L (Cobs — Cnative)ij _ (Cspike,z)j 14
The subscript SC refers to the standard calibration, estab-""% — Cspike.i = Copike (14)
lished by preparing different (generally aqueous) standard

solutions of the analyte from a primary standard if possible. c, . cis the concentration of the analyte in the unspiked con-
In the assessment of trueness, both proportional and con+ro| sample,Cyps the concentration of analyte in the spiked
stant method biaS haVe to be eVaIUated. If the placebo iS notsamp|e and:spike’ the Concentration Of the Sp|ked analyte_
available, proportional bias is assessed from recovery assaySne found differenc€qps — Cnative = éspikeShomd be very
and constant bias is estimated according to Youden's method;yse to the added amouBkpike if the recovery is signifi-

[20]. cant. Subscript refers to the spiked amount and subscript
_ indicates replication of this amount.
3.1. Recovery assays on spiked samples The Standard Addition Method (SAM) can be suitably

] o ) used to estimate the recovery of spiked sam2i227]. Thus,
Consider the application of the analytical procedure to fq, a spiked sample, E¢13) may be rewritten as:
a dissolved test portion of a given sample within the linear

working range. Assuming that (i) the matrix cannot contribute
to the signal as an interfering agd@i] and (ii) there is no
interaction between the analyte and the matrix, the analytical = asam + bsamCspike (15)
response (Y) can be now expressed as:

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

where,asam and bsay are the intercept and slope of the
SAM calibration straight line. An important requirement for
where A and B are Samp|e constanté. is a constant that this teChnique is that all SOlUtionS, Unspiked and Splked test
does not change when the concentration of the analyte and/oPortions of the sample be diluted to the same final volume.
the sample chang@?]. It is called the “true sample blank” By using this calibration function, from the analytical signal
[23] and can be evaluated from the Youden's sample plot at each addition and at each replicaie Yj;, the amount of
[20,24—-25] B is the fundamental term that justifies the ana- analyte found is estimated as:
Iytical procedure and is directly related to the analytical sen-
sitivity [26]. If both constant and proportional bias method (é
are absent, theA = agc and B = bgc. In order to assess
the absence of proportional bias, a homogeneous bulk spiked
sample from a matrix, which contains the analyte, is used. and consequently from Ed14), the recovery for thg-
The analyte have to be spiked at several concentration levelgeplication of the-spike can be obtained as:
in order to cover the concentration range of the method scope.
As in the precision study, a given homogeneous control sam- 5 . _ Yij — asam 17)

. - e G . . ij =
ple is fortified at “m” levels (for instance, low, medium and bsamCspike, i
high) and the analyses are performed in “n” (3n<< 5)
replicates by following a nested scheme as indicated in The uncertainty oR;j can be obtained by applying the law of
Fig. 1. The control sample is treated according to the an- variance propagation andconsidering the covariance between

Y=A+BZ (13)

Yij —asam

16
bsam (16)

spike,l)j =
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asam andbsawm [28]:

u?(Yij) + u?(asam)
(bSAM Cspike,z‘)2

2
Yij — asam
b%AM Cspike,i

u?(Rij) =

o

2(Y;j — asam)
x u?(bsam) + =5 -—5—COV(asam. bsam)
bSAM Cspike,i
v 2
Y OSAM uz(cspikei) (18)
bsamC2 .. - ’
SAML spike, i

u?(bsam), U?(asam) are taken as the corresponding variances
s?(asam) ands?(bsam) of the SAM calibration straight line.
The covariance is evaluated according to cexfw, bsam) =
—Cspikes?(bsam), andCspike is taken a """, Cspike.i/ m be-
cause the replications cancel with the division oy

The uncertainty for thelevel spiked amount,i(Cspike;)
can be easily calculated. A working standard solution of the
analyte is prepared by weighing the required mass (w) from
a primary standard of purity (fraction scale) and dissolving
it to a volumeVy. 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
v; of the analyte working standard solution. Accordingly, the
spiked concentration is:

w Pv;
VoV

Thus, the law of variance propagation gives the corre-
sponding uncertainty:

Cspike,i = (19)

”(Cspike,z)

Cspike,i
u(w) | u?(P) | u(v;) | u?(V)  u?(Vo)

= 20
\/w2+P2+v§+v2+V§()

The remaining uncertainty valuegw), u(P),u(y;), u(V) and
u(Vp) are estimated in the usual way by following the EU-
RACHEM/CITAC guide[3]. These uncertainties are mainly
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angular distribution:

ap
u(P) 73
When the certificate only indicates a purity intervakhia
amax],ap = (@max — @min)/2

If the purity is expressed as “.higher than..” a given
value, this is taken agnin andamax = 1. For instance, if a
reagent certificate indicates that the purity is higher than 99%,
then in the fractional scal@min = 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 measurem&ffyr instance,
we have the following uncertainty contributions(Vcay),
U(Viep) andu(Viemp)-

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

(22)

dcal
NG
The volume repeatability is a type A uncertainty obtained
from a series of filling and weighing the voluméof the
container (flask, pipette,.). and is expressed as the corre-
sponding standard deviation:

u(Veal) = (23)

M(Vrep) = Srep (24)

The temperature term arises from the difference between
the calibration temperature {4) of the glassware and the
temperature of the laboratory{f). The uncertainty of this
effectis calculated from the difference of temperature (AT
|Tiab — Tcall), the coefficient of volume expansion for the
glass (k= 2.1 x 104°C1) and the volumey, assuming a
rectangular distribution:

KkATV
”(Vtemp) N

The final uncertainty for the volume is computed by com-

(25)

type B ones with some exceptions such as in-house balancéining the three separated contributions:

calibration or volume repeatability, and can be evaluated from 2
confidence/tolerance intervals by assuming a given probabil-

ity distribution function (normal, rectangular, triangular). . .
The uncertainty associated to mass measuremén, is
estimated from the calibration certificate supplied by a cali-
bration laboratory. Generally, this certificate provides us with
the relative uncertaintye(w) to be assigned to the value in-
dicated by the weighing instrumef9]. Thus, the value of
the uncertainty of our weight may be easily obtained in the
conventional scale (without applying buoyancy corrections)

as
u(w) = wire|(w) (21)

The uncertainty of purity)(P) is estimated from the sup-
plier’s certificate tolerance of purity (42 assuming a rect-

V)= uz(vcal) + MZ(Vrep) + MZ(Vtemp)

This procedure is repeated for evaluating the other volume
uncertaintiesi(v;) andu(Vo). Onceu(Cgpike,) is calculated
according to equatio(20), the uncertainty of the elemental
recovery,u(R;) is computed from Eq(18). Aside from this
combined uncertainty, a pure repetition ongg(Rjj) can be
considered:

=12
> i—1(Rij — Ry)

u (26)

urzep(Rij) = n—1 (27)
with

_ 1<

Ri=— Z Rij (28)

n
J=1
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The uncertainty corresponding to these intermediateal- the native analyte and the matrix are pregemt. The SAM
ues is given by calibration indicated by Eq15) includes this term within
the intercept (gam = A + bsamCnative)- The Youden'’s plot
0, = 1 |<& 2 2 [20,24,25]consists of plotting the instrumental response (Y)
u(Ri) = 2 Z u”(Rij) + urep(Rij) (29) against the amount of sample (the weight or volume of sample
=1 test portion to be dissolved up to the assay volume):
As above, another pure repetition term can be considered:

—> Y=A+ bYouderiUsampIe (35)
m _~ —
MrZep(ﬁi) — Zi:l(R—’R) (30) The intercept of the plot is an estimation of the Total
m—1 Youden Blank (TYB), which is the sum of the System Blank

Commonly, the different intermediate recovery values are (SB) corresponding to the intercept of the standard calibration
in good agreement and are combined to give a consefisus (asc) and the Youden Blank (YB) associated to the method

value: constant bia§27,32]. Thus, we can equate TYBA; SB =
A asc and and YB =A — asc. The method constant bias is
R==3"Ri (31) defined a$27]:
m i—1
= YB A —asc
Accordingly, the final uncertainty for the consensus recovery 8c = bsc  bsc (36)
is:

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

_ 1 m _ .
u*(R) = =) [Z u?(Ri) + ufer(R:)

i=1

u?(A) . u*(asc) | (A —asc)®u?(bso)

Consensus recovery may be tested for significgB@jusing

He Student . bic bac bc
the Lu ent's-test: u(de) = 204 ) (37)
B — asc,
_ |R _1| (33) —|—fCOV(aSC, bSC)
(R bsc

According to the LGC/VAM protocol10], if the degrees  The uncertainties?(A), u2(asc) and u2(bsc) are obtained
of freedom associated with the uncertainty of consensus re-from the statistical parameters of the straight line §8A)
covery are knownt is compared with the two-tailed critical  from the Youden’s plots?(asc) ands?(bsc) from the standard
value,teit, for the appropriate number of degrees of freedom c¢gjibration plot. Also cov(gc, bsc) is computed from the
at 95% confidence. K < tgit, the consensus recovery is not  gtandard calibration.
significantly different from 1. Alternatively, instead i, Once the uncertainty(s;) is evaluated, the method con-

the coverage factdtmay be used for the comparison. Typ-  stant bias is tested for significance in a way very similar to
ical values arek = 2 or k= 3 for 95% or 99% confidence, recovery:

respectivelyf31]. Thus:
= = o if |8¢c|/u(8c) < k, the constant bias is not significantly dif-
ferent from 0; and
e if |c|/u(c) > k,the constant bias is significantly different
from O

e If |[R—1|/u(R) < k, the recovery is not significantly dif-
ferent from 1.

e If |[R — 1|/u(R) > k, the recovery is significantly different
from 1 and the analytical result must be corrected®by
In any case, the relative uncertainty for proportional bias and the analytical result should be correcteddyAs Maroto
from the trueness study is takenigR)/R. et al. [9] pointed out, even if the analytical procedure is

free from constant bias, its uncertainty must be included in

the overall uncertainty budget for future determinations. The
same applies for the absence of proportional bias. Thus, as
it was already mentioned, the correction indicated by(Ey.

= becomes = Z;oung in case of absence of both constant and

bsam = Rbsc (34) proportional method bias, but their uncertainties remain in

the final uncertainty expression as shown in &Jj.

The slope of the SAM calibration §an) is an estimate
of the product of the slope of the standard calibratiost)p
which represents the sensitivity of the analytical method and
the method recovery. Thus the following equation holds true:

3.2. Constant bias assessment

As mentioned above, in presence of sample matrix, the 4. Robustness study
relationship between the analytical response and the analyte
concentration is given by E(L3). The independent term “A’ Robustnes$33,34], considered in the sense of internal
is the true sample blank because it is determined when bothvalidation, deals with the effect of experimental variables
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called factors, inherent to the analytical procedure (temper- the obtained at the levell.
ature, mobile phase composition, detection wavelength, pH,

...) on the analytical result. Robustness study examines theD(Xk) = %<Zizi)(xk:+1) - (Zizi)(xk=—l) (38)
alteration of these factors as expected in a transfer between-qor example, for the factos:
laboratories and therefore, is of utmost importance in the un-

certainty budget. Within the field of experimental design, to 1,y — <Zl +Z3+ Zs + Z8>
study the main effects of factors, screening designs are ap- 4

plied. Screening designs are two-level saturated fractional (22 + Za+ Zs+ Z7>

factorial designs centred on the nominal analytical condi- 2
tions [35]. Plackett and Burman[86] developed such de-
signs for studyind factors inN = f + 1 experiments when

(39)

? . Youden chosen this design because he thought seven fac-
N is any multiple of four less than 100 (except for 42]. tors are enough for any robustness study. But in case of deal-

Plackett-Burmann deS|g.ns are very useful tools for the ro- ing with aless number of influential factors(¥), what is the
bustness study of analytical procedures. However, these de-

o .
signs cannot deal with factor interactions and hence, they areWay to perform the study? Youden explained the procedure

. . : T in a funny manner:
suitable when the interactions are negligible or for the sake afunny manne

of consider the key set of dominant fact¢es]. “Suppose only six factors are explored. In that event, asso-
The strategy to carry out the robustness study is based orciate with factox; = —1 [factorgin the original] some mean-
a landmark procedure suggested by Yough40]: ingless operation such as solemnly picking up the beaker,
looking at it intently, and setting it down again. Omit this
() Identify the influential factors. meaningless operation for determinations that involve factor

(i) Foreach factor, define the nominaP]band extreme lev- x7 = +1 [factorG in the original]”

els (@ xMin) expected in routine work. These values _ _
are encoded as follows® = 0, Y13 = +1 and N = —1 Once the effect®(xc) have been estimated, to determine

(i) Arrange the experimental design by using a two—IéveI whether variations in a factor have a significant effect on the
27-4 fractional Plackett—Burmann matrix. analytical result, a significance test is ugétl]:

(iv) Perform the experiments in random order on a control S| D)
sample with analyte concentration halfway the concen- (o) = T2 (40)

tration range of the method scope. ] . .
Here,nis the number of experiments carried out at each level

According to the definition of robustnefist], the interval  for each factor (= 4 in the 2" Plackett-Burmann design)
under investigation is very short (—1, +1; e.g. pH from 3.8 ands is the estimation of the method precision. It can be
to 4.2). Under these conditions, it must be stressed that noused the result obtained from the precision study (R;$.D.
quadratic effect is generally observed and thus, a linear modelln that cases = R.S.D;Z, by takingZ = }~,Z;/8. Thet
can be used. Itis one of fundamental differences between thevalue is compared with the two-tailed critical ortgy, for
robustness study and that one of optimization, in which the N — 1 degrees of freedom at 95% confidence, whire
investigated interval is wider. is the number of determinations used in the evaluation of

Youden selected &2 Plackett—Burmann design because R.S.D;.
enables the study up to seven factors in eight experiments. If 7(xx) < zcit, the factor effect is not significantly dif-
The corresponding matrix design is illustratedTiable 1. ferent from 0 and therefore, slight changes in the factor do
The eight runs are split into two groups of four runs on the not have a significant effect on method performance (the
basis of the levels +1 or1. Every factorx is estimated as ~ method is robust against this factor).r(k;) > fcrit, the ef-
the difference of the mean result obtained at the level +1 from fect is significantly different from 0 and the method is not

Table 1

Arrangement of factor levels for &2 Plackett—-Burmann design

Runs,N Factorsx (k=1tof) ResponseZ; (i =1to N)
X1 X2 X3 X4 Xs Xe X7

1 +1 +1 +1 +1 +1 +1 +1 Z

2 +1 +1 -1 +1 -1 -1 -1 Z

3 +1 -1 +1 -1 +1 -1 -1 Z3

4 +1 -1 -1 -1 -1 +1 +1 Zy

5 -1 +1 +1 -1 -1 +1 -1 Zs

6 -1 +1 -1 -1 +1 -1 +1 Zs

7 -1 -1 +1 +1 -1 -1 +1 Z;

8 -1 -1 -1 +1 +1 +1 -1 Zg
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robust against this factor. In both cases, there is an uncer-data is a suitable approach and can be considered as an alter-

tainty in the final resultZ associated with the factox,
U(Z(%))-

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

@ Sreallxr)

«/51-96 Stest(Xk) “1)

u(Z(xr)) =

In this expressionn, tgit and s play the same role as
above.éreq is the change in the factor level which would
be expected when the method is operating under control rou-
tine analysisdiest is the change in the factor level specified
in the robustness study, that st = x;"® — x;"". For ex-
ample, consider the extreme values for the detection wave-
length in a HPLC procedure to b&2 = 219 nm andk™"
= 209. The specifications of the detector indicate that the
expected tolerance for the wavelengthdi& nm. If the ef-
fect of wavelength does not affect the method performance,
Eqg. (41) will be used to estimate the contribution uncer-
tainty. The values 085 and Stest Will be: Sreg = (+2 nm)

— (—2nm) = 4nm, anMiest = (219nm) — (209 nm) =
10 nm.

For those factors affecting significantly the method per-
formance, the uncertainty is computed as:
u(Z(xk)) = u(xr)cr (42)

Here,u(X) is the type B uncertainty estimated from the
specifications of the corresponding item assuming a given
probability density function, andg is an estimation of the
sensitivity coefficient, taken as the quotient of the observed
effect on the result (D) and the change in the factor level
(x’r(nax_ xzwin):

D(xx)

max __
k

_ D(xz)
x}r{nin -

(43)

Ck =

X Stest

When all the uncertainty contributions of the factors have

native to other well established schemes such as “bottom-up”
and “top-down”.
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