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Building robust calibration models for the analysis of estrogens
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Abstract

Five hormonal growth promotants (diethylstilbestrol, hexestrol, dienestrol, 17-�-estradiol and 17-�-ethynylestradiol) have been analysed
by gas chromatography with mass spectrometry detection (GC/MS, SIM mode) for four non-consecutive days. The aim is to build models with
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table predictions. The strategies applied are internal standardization and global models carried out by gathering signals recorde
ays. Two models were examined: univariate models (with standardized peak area) and PARAFAC2 (the analyte scores were stan

he scores of the internal standard). Internal standardization has been proved to be efficient for both models of dienestrol and ethy
he mean relative error in absolute value when samples recorded on a different day to the calibration set are quantified by PARAFAC
nd 7.11% for dienestrol and ethynylestradiol, respectively. For diethylstilbestrol and estradiol, internal standardization was com
lobal calibration models built with signals recorded under several sources of variability (different days). Thus predictions becom
ver time and in the estradiol example, errors decrease from 33.10% to 9.76%. The mean relative error in absolute value with P
pdated models oscillates between 6.34% for ethynylestradiol and 10.74% for diethylstilbestrol. For univariate updated models e

rom 6.42% to 14.19% for ethynylestradiol and estradiol respectively. The combination of both strategies has been proved to b
ndependently of the analyte and of the signal order.

2004 Elsevier B.V. All rights reserved.
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. Introduction

Due to their anabolic properties, hormonal growth pro-
otants (HGPs) have increasingly been used during the last
ecades to accelerate growth in livestock. That is why in
ebruary of 1998 an assessment[1] was initiated to eval-
ate the side effects of six substances with estrogenic, an-
rogenic or gestagenic action. In April 1999, the potential
dverse effects to human health from hormone residues and

heir metabolites were published. It was proved that the six
ubstances considered may cause developmental, immuno-
ogical, neurobiological, immunotoxic, genotoxic and car-
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cinogenic effects and that of the various susceptible
groups, children constitute the group of greatest concern
thermore, the recurring use of these hormonal substan
promote growth in livestock increases their levels in the e
ronment which might have dangerous consequences no
for humans but also for wildlife. Directives 1996/22/EC a
2003/74/EC[1] have accordingly banned substances with
trogenic, androgenic or gestagenic effects for administe
to farm or aquaculture animals. Their administration is ex
sively authorised for the purpose of therapeutical or zoot
nical treatment.

Hormones have been determined by several analy
methods[2] although mass spectrometry[3] is the mos
widely used technique mainly employed as detector, in
chromatography, GC/MS[4–7], and liquid chromatograph

003-2670/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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LC/MS [5,8], and LC/MS/MS[5,9]. Regarding the sample
nature, urine[4] is the most frequent matrix analysed to de-
tect illegal administration in living animals as being a readily
available sample. Moreover, hormonal residue levels are ris-
ing in river water[6,8], sewage effluents[9], etc., because of
the increasing supply of both endogenous and synthetic estro-
gens to animals and humans. Methods for analysing residues
in aquatic environmental samples are examined in Ref.[3].

In this paper five substances with estrogenic action have
been determined by GC/MS, diethylstilbestrol (DES), hexe-
strol (HEX) and dienestrol (DIEN), belonging to the stil-
bene group and the steroids 17-�-estradiol (E2) and 17-�-
ethynylestradiol (EE2). During the method validation[10],
the robustness of the analytical method itself to operating
and environmental conditions is often tested[11,12]but not
the stability or robustness of the mathematical models for
quantifying new samples over time. The calibration step
in residue analysis is time consuming, which is why once
the model has been validated it is of interest to maintain
accurate (true and precise) predictions over a long period
of time.

The sources of variability in GC/MS causing changes in
the signal and therefore instability in the models can be re-
lated to variations in the chromatograph (column and flow
meter ageing, deterioration of certain components, replace-
m ning
t men-
t n of
t

been
p pro-
d ave
b tion
m y in
m tage.
R iate
s not
e h and
1 cen-
t cause
t Be-
s many
i men-
t noise
t

ll as
i lytes
i e
a s
s lution
t f the
s ond-
o dard.
A pute
t d, the
c

For the sensitivity to be more stable, internal standardiza-
tion will be combined with another technique based on up-
dating calibration models with signals recorded under several
sources of variability. Thus the extra-variability in the chro-
matograms will be accounted for and the calibration mod-
els (here called global or updated) become more robust to
experimental changes. Because updated models incorporate
information related to new states, the quantification does not
depend so much on them but on the analyte itself and its
fragmentation pattern. Thus the updating of models makes
possible the quantification of samples measured on different
days to the calibration set and leads to more accurate predic-
tions.

Although the methodology based on building updated
models has predominantly been applied to first-order sig-
nals from near-infrared (NIR) spectroscopy[16], the main-
tenance of signals from electrochemistry[17] and Raman
spectroscopy[18] among others has also been explored.
Other alternatives for maintaining the validity and appli-
cability of two-way calibration models can be found in
Ref. [19].

This paper is aimed at combining two strategies to build
robust calibration models whatever the signal order. On one
hand, second-order signals have been newly standardized
through the scores of the PARAFAC2 model. Furthermore,
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ent of worn out parts, etc.) or in the mass detector (clea
he ion source, tune the detector, etc.) or in the experi
al conditions (temperature, humidity, analyst, preparatio
he standards, material, chemicals, etc.) among others.

Internal standardization of the peak area has already
roved to be an efficient technique to improve the re
ucibility of the GC/MS results. Several alternatives h
een used to build robust and stable two-way calibra
odels and to correct the multivariate signal instabilit
ass spectrometry without a complete recalibration s
ef. [13] shows that internal standardization of multivar
ignals (mass spectra) with the intensity of a sole ion is
ffective enough to quantify standards arranged 1 mont
year after the model was performed. The predicted con

rations were biased towards greater concentrations be
he signal stability is different for each mass fragment.
ides, mass spectrometry is a technique which provides
ons representing only noise and depending on the frag
ation pattern, even significant masses are affected by
o a different extent.

Because of its uniqueness property (quantify as we
dentify the chromatograms and the spectra of pure ana
n non-specific signals), PARAFAC2[14] is often used for th
nalysis of biological matrices[15]. As PARAFAC2 model
econd-order data (mass spectra recorded at different e
imes), in this paper we propose the standardization o
cores estimated by PARAFAC2 (rather than the raw sec
rder signal) by the scores computed for the internal stan
s the whole mass spectra is taken into account to com

he scores of both the analyte and the internal standar
orrection might be more effective.
ncluding signals recorded on different days is another a
ative to keep the predictions over time.

. Theory

.1. PARAFAC2 models

Chromatographic data will be decomposed accordin
he PARAFAC2[14,20] model which can be expressed
ollows:

k = ADk(Bk)T + Ek (1)

here the matrixXk is thekth slab with dimensionsI× J,
mass fragments recorded atJ times during analyte elu

ion, A the loading matrix of the first mode,Dk a diago-
al matrix holding thekth row of the third mode,Bk the
th profile of the second mode, andEk is the matrix of the
esiduals.

PARAFAC2, unlike PARAFAC[21], does not assum
hat the elution profiles of each component are invaria
ach sample but the cross-product matrixBTB. This allows
ne to solve the problem of factor shifts disturbing tri
arity such us changes in the retention time and the s
f the chromatograms which makes the model more
ble for developing the strategy of updating calibration m
ls. The PARAFAC2 model expressed in Eq.(1) constrained
ith constantBTB [22] overk is unique (estimates the tr
nderlying profiles) under certain conditions describe
ef. [14].
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3. Experimental

3.1. Chemicals and reagents

Analytical standards of diethylstilbestrol, hexestrol, dien-
estrol, 17-�-estradiol and 17-�-ethynylestradiol were pur-
chased from Riedel de Haën (Deisenhofen, Germany).
Methanol andtert-butyl methyl ether were obtained from
Merck (Darmstadt, Germany).

3.2. Standard solutions and data sets (C, V and T)

Individual standard solutions of diethylstilbestrol, hexe-
strol, dienestrol, 17-�-estradiol and 17-�-ethynylestradiol
were prepared at 0.3 g l−1 in methanol. 3 mg l−1 diluted so-
lutions were arranged by diluting the standard solutions in
methanol. The nine standards used to build the calibration
curve were prepared as follows: 70, 110, 150, 190, 230, 270,
310, 350 and 390�l of the diluted solution (3 mg l−1) were
evaporated to dryness under nitrogen stream at 40◦C. The
dried residues were then dissolved with 200�l of tert-butyl
methyl ether obtaining working standard solutions at concen-
trations 1.1, 1.7, 2.3, 2.9, 3.5, 4.1, 4.7, 5.4 and 6.0 mg l−1 of
each analyte.

Each standard was injected twice (Section3.3) so the data
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to 260◦C at 30◦C min−1, kept at 260◦C for 4 min, subse-
quently raised to 300◦C at 30◦C min−1 and held for 6 min.
The oven equilibration time was set at 0.50 min. Sample in-
jection volume was 2�l. Analyses were carried out in the
electron impact (EI) ionization mode at 70 eV operating in
the selected ion monitoring mode (SIM). Two groups of ions
were registered. Group 1 (DES, HEX and DIEN) start time
was 10 min and the fragments (14 ions) recorded were 107,
120, 121, 135, 145, 173, 210, 237, 239, 251, 253, 266, 268
and 270. Group 2 (E2 and EE2) starts at 14.85 min and the
15 ions registered were 124, 133, 145, 146, 160, 172, 202,
213, 228, 229, 245, 272, 284, 296 and 302. In both groups
the dwell time per ion was 100 ms.

3.4. GC/MS data, internal standardization and
calibration models

Internal standardization was performed with one of the
hormones analysed. As the concentration of the internal stan-
dard is not the same in all the standards, its signal must be
previously normalized by the concentration in the standard
(Section3.2). Faults in the preparation of the internal stan-
dard were proved to be not significant by performing the total
least squares regression (TLS)[23] which handles errors in
both the independent and the dependent variables. Similar re-
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et recorded each day consists of 18 samples. Nine sa
from 1.1 to 6.0 mg l−1) were used as the calibration data
C) and the other nine replicates (from 1.1 to 6.0 mg l−1) as
he validation data set (V). Working standards were arra
nd measured on three non-consecutive days (named a
–3). On a different day (day 4) nine standards (T) w
repared in the concentration range mentioned above
ecorded once. There will consequently be three calibr
ets (labelled C1, C2 and C3), three validation sets (V1
nd V3) and a nine-standard test set (T).

In order to include in the models the variability due to
egistration of the signals on different days, signals reco
n 2 days were grouped into a global calibration set (t
re three possible combinations for assembling 2-day si
hich will be named C12, C13 and C23) and in a glo
alidation set (V12, V13 and V23). Signals recorded on
ays were joined in a global calibration set (C123) and
alidation set (V123).

.3. Instrumental analysis

Analyses were performed with the HP 5973N gas c
atograph from Hewlett Packard. The separation
chieved with the J&W DB-17 ms GC Column from Agile
bonded phase, 50% phenyl–50% dimethyl arylene silox
.25�m film thickness) with dimensions 30 m× 0.25 mm

.d. Injections were made in the splitless mode with 10 m
olvent delay and using helium as carrier gas at 2.6 ml m−1.
he injector was kept at 250◦C and the detector at 290◦C.
he oven temperature was programmed as follows: the i

emperature was set at 140◦C for 2 min, increased from 14
s

ults to those of least squares were obtained and the err
he preparation of the internal standard can be consequ
onsidered non-significant.

Univariate models were built with the area recorde
he following ions 268, 135, 266, 272 and 213 for D
EX, DIEN, E2 and EE2, respectively. Internal standardiz

ion was carried out by dividing the area of each peak betw
hat of EE2 (normalized by its concentration in the standa
ecorded at 213. The area of EE2 was standardized with th
rea of DIEN at 266.

The original chromatogram was divided into the five pe
orresponding to each analyte so that each hormone can
ependently analysed. The dimensions of the GC/MS m
es are (8× 14), (10× 14), (10× 14), (8× 15) and (16× 15)
or DES, HEX, DIEN, E2, and EE2, respectively. The firs
imension refers to the chromatographic profile (numbe
cans or of elution times recorded in each peak). The se
imension refers to the mass spectra (number ofm/z frag-
ents). For simplicity all the results reported in the pape

xpressed in terms of scan number rather than elution
cans were numbered from 10 min (scan 1). Data corres

ng to each standard are grouped into the third dimensi
he tensor (scan× mass spectra× sample) which will have 2
bjects (samples) for 1-day models, 45 standards for 2
odels and 63 objects for 3-day models.
Calibration with PARAFAC2 models consists of the f

owing steps: (i) a set of representative calibration sam
re collected which span all expected sources of varia
ii) data decomposition according to Eq.(1); (iii) selection
f the proper number of factors; (iv) standardization of
ample scores of the factor related to the analyte with
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scores of the internal standard; (v) build a univariate regres-
sion between the standardized scores and the concentration of
the standards in the training set; (vi) apply this regression to
quantify new samples (validation and test set). The first three
stages refer to PARAFAC2 which is a decomposition model
whereas the other ones refer to the calibration step. The ad-
vantage of using a decomposition model (PARAFAC2) over
a regression model (for example, PLS) is that in the first one
not only the calibration set (C) but also the validation (V) and
the test (T) sets intervene in the phase of data decomposition
(steps (i)–(iii)), so that the additional variability from T will
be taken into account.

Several initialization methods and convergence criteria
were checked to perform PARAFAC2. Similar results were
obtained in all cases which prove the robustness and valid-
ity of the PARAFAC2 models. In other words changes in the
modeling procedure will not affect the conclusions derived
from the fitted model. The results presented here were ob-
tained by applying the ALS algorithm without restrictions
in any mode in combination with a line search every fifth
iteration. All PARAFAC2 models were carried out with one
factor.

Internal standardization of the second-order signal was
performed by dividing the scores of the analyte by the normal-
ized scores of EE2 (scores from EE2 divided by the concen-
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Fig. 1. Chromatogram of a standard containing diethylstilbestrol (1), hexe-
strol (2), dienestrol (3), 17-�-estradiol (4) and 17-�-ethynylestradiol (5).
The chromatograms of dienestrol (3) registered on four different days have
been enlarged to display the between day variability.

quantifying samples recorded on day 4 (T set did not inter-
vene in the calibration step). The objective is to build models
with small T errors, precise predictions (low standard devia-
tions from the T set) as well as similarity between T and V
errors (prediction of samples recorded on the same day as the
calibration set).

Although the results obtained with both models are de-
tailed in tables, most of the conclusions discussed here refer
to PARAFAC2 due to the novelty of its standardization. Nev-
ertheless differences between them are clearly stated.

4.1. Performance of the models without internal
standardization

The performance of both univariate and PARAFAC2 mod-
els was firstly examined with non-standardized signals, that
is calibration models were built with the peak area or the
scores obtained from the PARAFAC2 decomposition. The
results of the PARAFAC2 analysis are detailed for HEX and
DIEN in Table 1and are comparable to those obtained with
univariate models (summed up inTable 2) because signals
are specific. The same trend was observed for the rest of the
compounds and their mean together with the standard devia-
tion from the three 1-day models, the three 2-day models and
the 3-day model are listed inTable 2. Among all five com-
p rrors
a e rest
o -day
m tify-
i ation
s

ration in the standard). EE2 scores were standardized w
IEN scores.

.5. Software

PARAFAC2 models (Section3.4) were built with the
LS Toolbox 3.0 for use with MATLAB® (Version 6.1). The
nivariate models (standardized area versus concentrat
tandardized scores versus concentration) were done
ROGRESS[24] which performs the least median squa

LMS) regression. Those data with a LMS standardised r
al in absolute value greater than 2.5 deviate from the line
nd are removed from the calibration set.

The capability of detection, CC� (X0 = 0), of the three
ay models was determined[25] with NWAYDET, available

rom the authors.

. Results and discussion

Chromatograms of all five analytes are displayed inFig. 1
t the following mass fragments (m/z): 268, 135, 266, 27
nd 213 for DES, HEX, DIEN, E2 and EE2, respectively
hromatograms of dienestrol (DIEN, third analyte elutin
re amplified to show the inter-day variability from the
ays. There are variations in intensity, the retention tim

he shape of the peaks, etc. The signal instability obse
ill be consequently transmitted to the calibration mo
nd to the estimations derived from them.

In this paper the robustness of the models is guara
hrough the mean of the relative errors in absolute valu
ounds, HEX is the most favourable case because T e
re not only the smallest but also the most precise. For th
f the compounds errors are high and irreproducible so 1
odels without standardization cannot be used for quan

ng standards recorded on a different day to the calibr
et.
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Table 1
Mean of the relative errors in absolute value from the validation (V) and the
test (T) sets. PARAFAC2 models built with non-standardized signals were
used for quantifying the concentration of hexestrol (HEX) and dienestrol
(DIEN)

Calibration day HEX DIEN

V error (%) T error (%) V error (%) T error (%)

1 11.27 7.39 12.78 9.65
2 15.63 12.85 8.69 25.07
3 12.14 18.42 7.41 17.79
1 + 2 10.84 11.17 21.43 15.82
1 + 3 11.39 11.18 13.52 15.08
2 + 3 13.43 16.15 13.80 13.03
1 + 2 + 3 9.57 12.51 15.72 14.16

To solve this problem both univariate and PARAFAC2
global models were performed with signals recorded on dif-
ferent days. The validation of the univariate global calibra-
tion models conclude that residuals do not comply with the
condition of normality[26] which prevents their applica-
tion from quantifying future samples. Despite having nor-
mal residues and including several sources of variability,
PARAFAC2 models do not succeed in decreasing prediction
errors. It can be observed inTable 2that T mean errors from
the 2-day models are similar to those found for 1-day mod-
els. However, updating models has an advantage; predictions
of the T set become more stable and the standard deviation
decreases. The improvement of the precision is considerable
for most of the analytes but above all for E2, for which the
standard deviation diminishes from 11.46% to 3.36%.

Differences in the precision of the analytes might be due
to the different stability of the mass spectra. HEX is the com-
pound with the most stable results not only in prediction but
also in the detection limit. The standard deviation of the detec-
tion limit estimated by PARAFAC2 from C12, C13 and C23

Table 2
Mean and standard deviation (S.D.) of the relative errors in absolute value
from the validation (V) and the test (T) sets from the three 1-day models,
the three 2-day models and the 3-day model. PARAFAC2 models were per-
formed with non-standardized signals

C

1

2

3

Fig. 2. Mass spectra of dienestrol (DIEN) and hexestrol (HEX) registered
in the SIM mode and the same ionization conditions.

is 0.08 mg l−1 of HEX whereas that of DIEN is 0.51 mg l−1.
Differences found between both compounds might be related
to their fragmentation pattern shown inFig. 2. Mass spectra
of HEX have two major fragments (107 and 135) and sev-
eral minor fragments. However, DIEN fragments to a greater
extent which might be less reproducible over time. This prop-
erty could be used for improving the stability of the models
over time by selecting the proper mass fragments or even
the ionization conditions (ion sources, electron energy, kind
of derivatives, etc.) which makes the fragmentation pattern
more robust over time.

4.2. Calibration models built with standardized signals

4.2.1. One-day calibration models
Most of the changes in the sensitivity of the peak area of

GC/MS can be corrected by using an internal standard. The
main difficulty for standardizing multivariate signals is that
the sensitivity of each mass fragment is affected in a different
way and one ion cannot be used to correct the whole spectra.
In this work we propose the standardization of the scores with
the scores of the internal standard.

Despite the fact that several internal standards were tested
for standardizing HEX signals, prediction errors, not pre-
sented in this paper, were worse than those displayed in
Table 1. As stated in Section4.1the fragmentation pattern of
H nal
s

alibration Analyte V error (%) T error (%)

Mean S.D. Mean S.D.

day DES 6.18 1.44 20.21 9.99
HEX 13.03 2.31 12.89 5.52
DIEN 9.63 2.80 17.50 7.71
E2 8.56 2.96 21.22 11.46
EE2 7.07 1.87 18.52 13.44

days DES 15.85 7.67 13.82 9.15
HEX 11.89 1.36 12.83 2.87
DIEN 16.25 4.49 17.97 4.39
E2 15.73 5.88 17.00 3.36
EE2 15.47 6.41 18.75 4.93

days DES 11.94 – 3.80 –
HEX 9.57 – 12.51 –
DIEN 15.72 – 14.16 –
E2 13.96 – 19.31 –
EE2 16.87 – 16.69 –
EX is stable and dividing its signal by that of the inter
tandard leads to poorer results.
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Table 3
Mean of the relative errors in absolute value for predicting the concentration of the validation (V) and the test (T) sets of dienestrol (DIEN) and 17-�-
ethynylestradiol (EE2)

Calibration day DIEN EE2

Univariate PARAFAC2 Univariate PARAFAC2

V error (%) T error (%) V error (%) T error (%) V error (%) T error (%) V error (%) T error (%)

1 5.70 13.81 3.23 6.46 4.08 7.69 3.48 6.19
2 6.46 9.54 7.85 8.35 4.13 6.62 7.00 8.65
3 5.83 9.33 5.41 6.19 5.48 8.76 4.67 6.48
1 + 2 7.24 10.62 6.56 8.93 4.53 6.86 5.29 7.76
1 + 3 6.50 9.11 5.67 5.93 6.39 6.40 5.24 5.49
2 + 3 6.82 8.90 7.18 7.01 5.57 6.67 6.70 6.89
1 + 2 + 3 6.52 9.11 6.88 7.53 5.13 6.42 6.46 6.34

Univariate and PARAFAC2 models were performed with standardized signals.

The mean correlation coefficient from the three univari-
ate 1-day models (C1, C2 and C3) is 0.94, 0.98, 0.99 and
0.99, whereas for PARAFAC2 is 0.98, 0.99, 0.99 and 0.99
for DES, DIEN, E2 and EE2, respectively. As models have
correlation coefficients greater than 0.9, they explain most of
the variability included in the standardized data.

Regarding the prediction ability of 1-day models, errors
are listed in the first three rows ofTable 3for DIEN and EE2
and ofTable 4for DES and E2. The greatest differences be-
tween standardized and non-standardized signals have been
found for DIEN and EE2. Differences between V (predic-
tions on the same day) and T (predictions on another day)
errors are smaller with standardization than without it. This
means that most of the variability due to the change of day
has been removed by standardization and that the models
and their estimations become more accurate. Specifically for
DIEN, the averages of V and T errors from PARAFAC2 per-
formed with non-standardized signals (Table 1, calibration
day 2) are 8.69% and 25.07%, respectively; with standard-
ized scores (Table 3) the mean from V errors, 7.85%, remains
comparable but that from T errors decreases up to 8.35%.

On the other hand, not only has the mean from T errors de-
creased but also the standard deviation (more similar results
between different days). Basically it involves models being
more accurate. The improvement can be graphically observed

T
M centration of the validation (V) and the test (T) sets of diethylstilbestrol (DES)and
1

C E2

Univariate PARAFAC2

T error (%) V error (%) T error (%) V error (%) T error (%)

1 4.68 8.69 34.25 3.54 8.90
2 13.04 4.01 19.74 4.29 33.10
3 4.80 5.27 10.35 3.78 2.67
1 14.25 5.07 29.05 12.98 18.42
1 5.29 10.96 12.34 5.93 5.73
2 15.08 11.24 13.62 14.04 14.53
1 10.74 10.95 14.19 8.84 9.76

U signals.

Fig. 3. Mean of the relative errors in absolute value for quantifying the
test set (T) with 1-day (C1, C2 and C3), 2-day (C12, C13 and C23) and
3-day (C123) PARAFAC2 models. Comparison between non-standardized
and standardized signals of dienestrol (DIEN).

in Fig. 3 which displays T errors for all seven PARAFAC2
models performed with standardized and non-standardized
signals. The conclusion reached is important because by us-
ing an adequate technique for data pre-processing, the true-
ness and the precision of the analytical procedure signifi-
cantly increases.

Another aspect which has been revised is the sign of
the relative errors to determine if the PARAFAC2 estima-
tions are biased towards smaller or greater values. For the
1-day PARAFAC2 models as many positive errors have been
able 4
ean of the relative errors in absolute value for predicting the con
7-�-estradiol (E2)

alibration day DES

Univariate PARAFAC2

V error (%) T error (%) V error (%)

9.27 8.32 3.64
10.67 7.94 8.23
10.29 10.21 5.92

+ 2 9.14 8.73 10.56
+ 3 10.69 8.22 15.04
+ 3 10.81 9.90 10.31
+ 2 + 3 8.54 8.65 12.96

nivariate and PARAFAC2 models were performed with standardized
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obtained as negative errors. For example, the EE2 mean rel-
ative error in absolute value from C3 is 6.48% (Table 3)
whereas the mean relative error is−0.93% and its median
1.03%. Both the mean and the median of the relative errors
are statistically zero at a significance level of 0.05 and there is
not a systematic error. In other words, the internal standard-
ization has successfully corrected changes in the sensitivity
of multivariate signals. This statement can be proved by com-
paring all three calibration curves (standardized scores versus
concentration) which are−0.12 + 1.07X, −0.00 + 0.99X and
−0.15 + 1.06X for C1, C2 and C3, respectively. Fixing the
significance level at 0.05 all regression lines can be consid-
ered statistically equal which allows one to conclude that the
stability of the standardized signals are extended to the cali-
bration curves and consequently to the quantification of the T
set over time. Because of taking into account the whole spec-
tra of the internal standard, standardization of multivariate
signals by means of the scores successfully corrects varia-
tions in the signals.

Results obtained for DES and E2 (Table 4) were not so sat-
isfactory in some cases. With regard to the univariate mod-
els built for E2, T errors (34.25%, C1) are large compared
with those of V errors (8.69%). This means that the model
is valid for quantifying samples recorded on the same day
as the calibration set (high correlation coefficient with small
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Fig. 4. Mean of the relative errors in absolute value for quantifying the
validation (V) and the test (T) sets with 1-day (C1, C2 and C3) and 3-day
(C123) PARAFAC2 models. 17-�-Estradiol (E2) scores were standardized
by those of 17-�-ethynulestradiol (EE2).

the same magnitude as the error when the area of E2 is stan-
dardized with the EE2 area (Table 4, 19.74%). The standard-
ization of the scores with the scores of the internal standard
has been consequently proved to be more efficient than the
standardization of the three-way signals with the univariate
ones.

The solution proposed here for minimising T errors is the
use of global models.

4.2.2. Global calibration models
The results of updating models with the signals recorded

on 2 and/or 3 days are listed in rows 4–7 ofTables 3 and 4.
As internal standardization successfully corrects the changes
for DIEN and EE2 and global models do not significantly
improve the outcome, in this section we will focus on their
efficiency on DES and E2 (Table 4). Specifically, the results
achieved with the PARAFAC2 models of E2 will be detailed.

It can be observed that global calibration models succeed
in reducing T errors with respect to those of the second day
(33.10%). The worst T error is 18.42% (C12) so the improve-
ment is notable. It can also be observed that whenever signals
recorded on the second day intervene in the model, T errors
increase: 18.42 and 14.53% for C12 and C23, respectively.
However, this effect is reduced by adding signals recorded
on all 3 days (T error from C123, 9.76%).Fig. 4shows both
V
e rors
( train-
i ded
o s not
o more
a ari-
a od-
e ady
a

d
w tive
f tion
c s
a rform
r der.
errors) but the standardization of the area is not effic
nough to maintain accurate predictions over time. The

bration curves for the three 1-day models are 0.39 + 0.X,
.18 + 0.52X and 0.62 + 0.46X for C1, C2 and C3, respe

ively. It can be observed that the model parameters ch
nd standardization cannot handle alterations in the sen

ty of the E2 signal.
Conclusions derived from univariate and PARAFA

odels differ. The worst errors are obtained on the first da
nivariate models and the second day for PARAFAC2.

mplies that the same sources of variability do not equall
ect univariate and three-way signals. The correction of
ariate signals only takes into account one ion and the
f the mass spectrum does not directly affect the resul

he E2 ion is affected to the same extent by the change
he experimental conditions as the fragment of the inte
tandard then the standardization will succeed in the co
ion (as happened to DIEN and EE2). On the other hand th
orrection of the three-way signals was performed with
cores computed by PARAFAC2 which allows one to id
ify the factor related to the analyte and not to another sou
f variability.

This conclusion was proved by standardising E2 scores
computed from the three-way signal) with the peak are
E2 (univariate signal). The mean T error in absolute v

rom C2 is 45% which is worse than the error obtained w
he signal standardised by the scores (Table 4, 33.10%). The
eason for the worsening is that the signal of only one ion
een used to correct the full mass spectra.

And viceversa, univariate signals of E2 were standardize
ith the scores of EE2. The T mean error is 17% which is
and T errors estimated from 1- and 3-day models of E2. T
rrors from C1 and C2 are significantly higher than V er
prediction of samples recorded on the same day as the
ng set), that is, both models fail to quantify signals recor
n day 4. However, the updated model makes both error
nly equal but also more stable and therefore becomes
ppropriate for keeping steady predictions. Additional v
bility not corrected by internal standardization can be m
lled by global calibration models, thus maintaining ste
nd accurate predictions over time.

As is shown inTables 3 and 4, similar results are obtaine
ith univariate models. Internal standardization is effec

or DIEN, EE2 and DES whereas internal standardiza
ombined with global models succeed in the E2 case. Thi
llows one to state that both strategies can be used to pe
obust calibration models independently of the signal or
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5. Conclusions

It has been proved that data pre-processing is an important
step in the performance of calibration models. An adequate
technique, in this case internal standardization, might ame-
liorate and stabilize the estimations. The problem of stan-
dardizing three-way signals has been successfully solved by
dividing the PARAFAC2 scores of the analyte between the
scores calculated for the internal standard. In those cases
in which internal standardization cannot deal completely
with the changes in the sensitivity, updating calibration mod-
els by including signals recorded under several sources of
variability has fixed the difficulty. The methodology here
proposed worked for one-way (univariate) and three-way
(PARAFAC2) models.
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[11] I. Garćıa, M.C. Ortiz, L.A. Sarabia, C. Vilches, E. Gredilla, J. Chro-
matogr. A 992 (2003) 11.

[12] M.B. Sanz, L.A. Sarabia, A. Herrero, M.C. Ortiz, Talanta 56 (2002)
1039.
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