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A new augmented parallel factor analysismodel (Augmented PARAFAC) is presented, inspired by the useful aug-
mentation concept employed inmultivariate curve resolution-alternating least-squares (MCR-ALS), applicable to
calibration based on non-quadrilinear four-way data, such as those produced by high-performance liquid chro-
matography with matrix excitation–emission fluorescence detection. The new model involves creating an aug-
mented three-way array in the elution time direction, containing data for the calibration sample set and for
each of the test samples, subsequently analyzed with an Augmented PARAFAC version. To test the properties
of this approach, chromatographic data were simulated with different degrees of overlapping and misalignment
among the chromatographic peaks. Additionally, experimental data from olive oil samples were tested with the
new model, aimed at the quantitation of the level of chlorophylls and pheophytins. The results were compared
with those obtained by data processing with MCR-ALS. Relative prediction errors (%) were: Augmented
PARAFAC, 9.7, 21.0, 14.7 and 9.3, and MCR-ALS, 5.9, 14.5, 20.0 and 14.7 for Chl a, Chl b, Phe a Phe b, respectively,
for concentrations in the range 0.00–1.00 μgmL−1. BothMCR-ALS and Augmented PARAFAC allow one to obtain
a detailed and realistic description of the analyzed samples, in terms of pure elution time, excitation and emission
spectral profiles, which can be independently retrieved for every component.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Chemical multi-way calibration has become an important frontier in
chemometric research. Themultivariate analysis of excitation–emission
fluorescence matrix (EEM) data, constituting three-way arrays when
joining data for a group of samples, has been summarized in two recent
reviews and a tutorial, all reporting up-to-date applications in the bio-
medical, environmental and food analysis fields [1–3].

High-performance liquid chromatography (HPLC), when combined
with spectroscopic techniques, such as UV–visible diode-array detec-
tion (DAD) or fast-scanning fluorescence detection (FSFD) is also able
to yield spectral-elution timematrix data. The response can be arranged
as a data matrix, where each column corresponds to a different wave-
length and each row to a different elution time. When full selectivity
in the chromatographic separation is not achieved, and even in the pres-
ence of unexpected components, multivariate calibration can be suc-
cessfully applied to the three-way arrays obtained by joining data for
a group of samples. Additional benefits are decreasing cost and times
of analysis. Several recent reports deal with the advantages and draw-
backs associated with the combination of multivariate calibration and

chromatography, and pertinent references on the successful processing
of spectroscopic–chromatographic data can be found [4–14].

Four-waydata can be obtained by joining third-order data for a set of
samples into a four-dimensional mathematical object. The latter data
not only retain the ‘second-order advantage’ inherent to three-way/
second-order calibration [15], but can also have additional advantages
[16]. They would display the obvious advantage of providing richer an-
alytical information, implying more stable methods towards interfer-
ences and matrix effects, and less sensitive to minor changes in
reaction conditions, which should allow for an improvement in predic-
tive ability. In addition, improvements in sensitivity and the resolution
of collinearity problemshave been reported [17]. However, it is interest-
ing to note that only few experimental four-way data have been record-
ed and used to develop analytical methodologies to date, which can be
attributed to the fact that the practical acquisition of these data arrays
is still difficult to implement. In addition, a thorough understanding of
their analytical advantages is still needed.

Four-way data can be collected with a single instrument; the most
common approach is the recording of luminescence EEMs as a function
of some factors such as reaction time, decay time or any additional var-
iable affecting the analytical signal (pH, sample volume, quenching ef-
fects, etc.). These factors are introduced as independent analytical
modes, to construct multi-way data and to exploit the additional
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information they provide. Several different experimental approaches,
describing practical analytical applications, can be found in the litera-
ture [18–41].

In the case of chromatographic data, four-way arrays can be generat-
edwith comprehensive gas or liquid two-dimensional chromatographic
systems equipped with detection based on time of flight mass spec-
trometry (TOFMS) or DAD, leading to GC × GC–TOFMS or LC × LC–
DAD hyphenated data. This is a currently growing scenario, and exam-
ples of different analytical problems in samples of high complexity
have been reported [42–47].

Unidimensional chromatography can also provide four-way data,
and Bro was the first to explore this possibility by recording full fluores-
cence EEMs during detection [48]. An alternative are LC–DAD-kinetic
data, collected while following the hydrolysis of the Aly pesticide [49].
Recently, two different approaches have been reported by recording
four-way LC–EEMdata,whichwere employed for the analysis of: chloro-
phylls and pheophytins in olive oil samples [50], and fluoroquinolones in
water samples [51].

When component profiles change from sample to sample, as it usu-
ally happens during the collection of chromatographic data because of
elution time shifts or peak shape changes, the four-way LC–EEM data
are not quadrilinear (strictly speaking, low-rank quadrilinear) [52]. In
this case, the elution time mode is considered to be the ‘quadrilinearity
breaking’ mode, or the mode suspected of breaking the quadrilinearity
of the data [51,53]. Only a few multivariate techniques have been duly
tested for data processing of these data: multivariate curve resolution
with alternating least-squares (MCR-ALS) is the most common one
[51], although the variant parallel factor analysis-2 (PARAFAC2) has
also been applied [48]. However, it should be noted that the use of
MCR-ALS implies unfolding the four-way data set into a super-
augmented matrix. The statistical efficiency of decomposing multi-
way arrays is higher (and consequently the sensitivity is larger) when
the original data structure is maintained, in comparison with unfolding
into arrays of lower dimensions [54]. PARAFAC2, on the other hand, has
been shown to be less efficient than MCR-ALS when processing multi-
way data in the presence of unexpected interferents not included in
the calibration phase [55].

To avoid the abovementioned potential disadvantages, we propose a
new model based on three-way PARAFAC, taking advantage of the aug-
mentation philosophy applied in MCR-ALS studies. In the present work,
both simulated and experimental four-way liquid chromatographic
data with EEM detection are analyzed using the new Augmented
PARAFAC model which allows to model inter-sample chromatographic
profile variations, with an exhaustive comparison with the MCR-ALS al-
gorithm. In the case of experimental data, samples already analyzed in
Ref. [50] were now processed by Augmented PARAFAC, MCR-ALS and
PARAFAC2.

2. Theory

2.1. Simulations

Data have been synthesized for a system having two calibrated
analytes and a single potential interferent in the test samples along
with the analytes. All data arrays were built mimicking four-way chro-
matographic data with EEM detection (elution time-excitation
wavelength-emissionwavelength), similar to those recorded for the ex-
perimental systems. The simulated signal for component n at unit con-
centration (mn) is governed by the following equation:

mn ¼ tn⊗wn⊗zn ð1Þ

wheremn is the JKL × 1 vectorized signal at unit concentration (J, K and
L are the number of channels in each mode – elution time, excitation
and emission wavelength, respectively – and are equal to 30, 20 and
50), tn, wn and zn are the individual profiles in each data mode (of size

J × 1, K × 1, and L × 1, respectively), and the symbol ‘⊗’ indicates the
Kronecker product.

Representative Gaussian elution time profiles tn (n = 1, 2 and 3),
partially overlapped in the timemode, are shown in Fig. 1A, although
they change randomly from sample to sample during the simula-
tions. Various types of chromatographic shifts were introduced into
these time profiles, in order to generate a comprehensive set of

Fig. 1.Noiseless profiles employed for the simulations, in the elution timemode (A), in the
emissionmode (B) and in the excitationmode (C), for sample components at unit concen-
tration. Solid line, analyte 1, dotted line, analyte 2, dashed line, potential interferent. The
time profiles in (A) are scaled to unit area under each profile, while in (B) and (C) they
are normalized to unit length.
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