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Abstract

Simple to use interactive self-modelling mixture analysis (SIMPLISMA), orthogonal projection (OPA) and Needle Search
(NS) approaches have been applied to the determination of a number of compounds present in a complex multicomponent
system. None of these three approaches succeeded completely when they were tested using the whole data matrix. When
OPA and NS were applied to three simpler submatrices, obtained by dividing the total data matrix, and where a smaller
number of compounds were present, better performance was achieved.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction larly critical in environmental analysis, since samples
contain large numbers of analytes and coelution

The application of high-performance liquid chro- often occurs. In those cases the problem of ascertain-
matography (HPLC) coupled with diode-array de- ing the number of compounds present under a
tection (DAD) is becoming more and more important chromatographic profile is not an easy task.
for the analysis of multicomponent systems. This An important step forward in the assessment of
hyphenated technique generates data matrices where peak purity in hyphenated techniques has been the
the columns correspond to chromatograms and the development of multivariate approaches for data
rows to spectra. When more than one component analysis. In general, approaches for peak purity
elutes, the matrices contain linear combinations of analysis can be classified in two categories [1]: (a)
the pure spectra of the eluting compounds in its those based on the comparison of rows or columns of
rows, and combinations of the pure elution profiles the data matrix with a reference profile (spectrum or
in its columns. In spite of the high separation chromatogram) and (b) those based on principal
efficiency of the technique, the occurrence of over- component analysis (PCA). Methods such as the
lapped peaks is often unavoidable. This is particu- orthogonal projection approach (OPA) [2–5] or

simple to use interactive self-modelling mixture
*Corresponding author. analysis (SIMPLISMA) [4,6–10] belong to the fist
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category. The main difference between them consists 2. Theory
in the selection of the reference profile. The criterion
used for this purpose is called dissimilarity and HPLC–DAD provides a data matrix X(m 3 n)
purity for the OPA and SIMPLISMA approaches, where the m rows are spectra measured at different
respectively. Both techniques were initially de- time intervals and the n columns are chromatograms
veloped for the determination of the number of measured at different wavelengths. This allows ex-
compounds present in a multicomponent system, traction of useful information applying the multi-
although they have subsequently been extended by variate approaches in both data matrix directions.
adding a least squares (in SIMPLISMA) or an Usually, the pure spectra of the components are
iterative least squares (in OPA) stage to resolve the rather similar, and selective spectral regions cannot
data matrix into the individual concentration profiles be found. However, often there are selective chro-
and spectra. matographic regions, at least for the main compound

Approaches belonging to the second category are, eluting. Here, we apply peak purity methods in the
for instance, heuristic evolving latent projection chromatographic direction to search for the purest
(HELP) [11–13], fixed size window evolving factor rows of X, i.e. the analysis times where ideally only
analysis (FSW EFA) [14,15], eigenstructure tracking one compound is eluting. In this case the selected
analysis (ETA) [9,16,17], singular value evolving times yield the ‘pure spectra’, i.e. approximations of
profile (SVEP) [18,19], and iterative target trans- the spectral profiles of the pure compounds.
formation factor analysis (ITTFA) [20–23]. A detailed mathematical explanation of the meth-

The Needle Search (NS) algorithm is an alter- ods used has been given elsewhere [1,23]. Here only
native multivariate approach for the assessment of a brief description of each method is given.
peak purity. Recently, promising results have been For clarity, the following notation is used in this
obtained with NS in the characterization of HPLC– paper. Matrices will be denoted by bold upper case
DAD data [23]. It was initially proposed for the letters (e.g., X), vectors by bold italic lower case
selection of initial chromatographic profiles, known letters (e.g., y) and scalars by italic lower case letters
as targets, to be refined by using iterative target (e.g., k).
transformation approaches [24]. It is also based on
PCA, so does not require a priori information about 2.1. SIMPLISMA
the number and identity of the compounds present in
the data matrix. The interpretation of the results is SIMPLISMA is a stepwise approach that identifies
easy: the number of targets found by NS equals the the ‘purest spectra’. The purity of spectrum i in plot
number of compounds eluting and their position j, p , is defined asij
coincides with the retention times of the compounds.

siIn general, the above multivariate peak purity ]]]p 5 w for i 5 1, . . . ,m (1)ij ij m 1 offsetiapproaches have been applied successfully to the
resolution of systems with two or three overlapped where s and m represent, respectively, the standardi icompounds and where one of them was the main deviation and the mean of each spectrum. The offset
component and the others acted as minor compo- is a positive number, usually 1–3% of the maximum
nents up to impurity levels. In this work the power of absorbance, and is added to the denominator to avoid
SIMPLISMA, OPA and NS for detecting multiple spectra with low mean absorbance (i.e. noise spectra)
closely eluting compounds is discussed. In particular, obtaining a high purity value. The weight of each
the performance of these three approaches, intro- spectrum i in plot j, w , is defined as the determinantijducing slight modifications in the OPA and NS, is of the dispersion matrix of Y :ijcompared for a very complex real system that

Tw 5 det(Y Y ) (2)contains 12 overlapped compounds. Here we investi- ij ij ij

gate the advantage of reducing peak clusters to
submatrices where a smaller number of species are In the first plot, before the selection of the first
present. ‘pure spectrum’, Y contains only one row, z , whichi1 i
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Tis the normalized spectrum. Therefore, the weight for dis 5 det(Y Y ) for i 5 1, . . . m (3)i1 i1 i1

the spectrum at time i, w , is equal to the square ofi1
2the length of the normalized spectrum, iz i . The The dissimilarity of each spectrum with respect toi

normalization of the spectra takes into account the the mean spectrum is determined and plotted as a
offset. This means that spectra with low mean function of the analysis time. The spectrum x thats1

absorbance have a smaller weight than spectra with a yields the highest dissimilarity with respect to the
high mean absorbance in the first plot. After the mean spectrum is selected, normalized to unit length,
selection of the spectrum with the highest purity z , and taken as reference, instead of the means1

value the weight factor used in the second plot, w , spectrum, for the calculation of the dissimilarityi2

will compare each normalized spectrum, z , with the values in the second plot.i

first selected and normalized spectrum z . Spectra In the second step, the dis of each individuals1 i2

which are similar to the first selected spectrum will spectrum of X with respect to z is calculated. Ass1

obtain a low weight and due to this the effect of the before, the dis is calculated as the determinant ofi2

first selected compound will be eliminated in the the dispersion matrix of Y , which now contains thei2

second plot. The weights in the third plot are previously selected spectrum z as reference spec-s1

calculated using the information of the two previous trum, and a measured spectrum x . The most dissimi-i

selected spectra. This process continues, including lar spectrum, x , is selected, normalized, z , ands2 s2

previous selected and normalized spectra in the included as a second reference in each matrix Y fori3

matrix Y , as long as there are peaks observed in the the determination of the third dissimilarity plot.i

corrected purity plots. The procedure continues by comparing each spec-
In each step, the purity of each spectrum is plotted trum from X with the normalized spectra that have

as a function of the analysis time and the resulting already been selected, including the one most dis-
plot is known as a purity chromatogram. A random similar to Y ( j being the number of the plot) andij

profile of the purity plot indicates that the correct calculating the determinant of the dispersion matrix
number of spectra has been selected and the process of Y until the dissimilarity plot shows a randomij

finishes. profile indicating that only noise is left. The number
SIMPLISMA is an interactive approach because of selected spectra should equal the number of

the user selects the offset and decides whether a absorbing compounds in the system.
spectrum ought to be selected or not. At the end, the
number of selected ‘pure spectra’ indicates the 2.2.1. Modified OPA
number of compounds present in the system. This method can be modified by introducing in

each step the normalized spectrum of a standard of
2.2. OPA the component that elutes at the same retention time

as the most dissimilar spectrum selected. Initially,
OPA is also an interactive approach, which de- the dis of each spectrum with respect to the meani1

termines the number of compounds by visual inspec- spectrum is determined, as in the previous OPA
tion of successive dissimilarity plots. These plots are method. Then, instead of selecting the spectrum with
obtained by comparing the spectra of the data matrix the highest dissimilarity and taking it as reference for
X with one or more reference spectra. The number the calculation of the next dis values, the normal-i2

and the origin of the reference spectra used to ized spectrum of the standard of the component
calculate the dissimilarities depends on the number eluting at the time of the most dissimilar spectrum
of the plot. The dissimilarity for each spectrum i in detected is introduced. The process continues until
the first plot, dis , is calculated as the determinant of all reference spectra of the components in the datai1

the dispersion matrix of Y , which initially contains set have been introduced. The goal is to detect thei1

the mean spectrum (considered as the reference existence of impurities or smaller intensity peaks
spectrum) of the data matrix normalized to unit under the main compounds. Reference spectra for
length, and the non-normalized measured spectrum i each component were available, permitting the appli-
from the complete data set x cation of this modified method.i
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2.3. Needle Search each minimum indicates the peak position of a given
compound.

Needle Search is a powerful algorithm for the
location and determination of the number of com- 2.3.1. Modified NS
pounds present in a data matrix. The standard To study artefacts and complex mixtures, NS was
procedure can be summarised in the following steps. slightly modified to achieve more informative re-

(a) Decomposition of the data matrix X(m 3 n) by sults. Three modifications were carried out. The first
singular value decomposition (SVD) concerns the way of projecting the targets: instead of

a unique projection space for all factors, as inTX 5 U 3 S 3 V (4) Tclassical NS: UpUp , p projection spaces (each
associated with a given factor j) were considered:where each column of U(m 3 m) contains a row-

Tu u . This makes it easier to visualise the contribu-singular vector (or abstract chromatogram), each j j

tion of each component.column of V(n 3 n) consists of a column-singular
The second modification introduced was the wayvector (or abstract spectrum) and S(m 3 n) is the

of representation. Because targets and projections arediagonal matrix of the associated singular values.
very dissimilar, the cosine of the angle target–pro-The superscript ‘T’ denotes transposition.
jection, instead of the distance target–projection (as(b) Selection of the significant number of factors,
in classical NS), is used to give more contrast toi.e. the first ‘p’ column and row singular vectors of
small anomalies. Due to targets and selected singularU and V, that allow the reconstruction of the data
vectors having unit length, the projection of thematrix X within the noise. Theoretically, ‘p’ is the
target into each abstract chromatogram is the follow-number of eluting compounds.
ing:(c) Creation of as many as possible ideal chro-

matographic profiles, known as needle targets, or Tp 5 u u tg (6)j jfakes, which are m ideal chromatograms that sample
each time of the data matrix. Each fake is a column where u is the selected singular vector j and tg thejvector where all the elements are zero except one, target (i.e. an identity column vector, which ex-
which has a value of 1. When all possible fake amines each time point in the HPLC–DAD chro-
vectors are written together, sorted increasingly matogram). The representation of the cosine as a
according to the position of the non-zero element, function of the analysis time is similar to the
they form an identity matrix m 3 m. The NS method standard needle plot, but with positive peaks instead
selects p targets from a population of m in such a of valleys, where the differences with respect to the
way that they correspond best with the elution times targets are inflated.
of the p compounds present. The targets are later The third modification consists of the application
refined by least squares for transformation into true of unimodality to each needle plot if the mixture is
elution profiles. too complex. Because each factor is associated with

(d) Projection of each target into the space defined a single compound, one must expect a unimodal
by the selected singular vectors. If p columns from U needle plot if we are using individual projection
were selected, a given needle target (tg ) will bem,i spaces. Removing secondary peaks makes it easier to
projected through a simple matrix product: discover meaningless components, associated withTUpUp tg . When the matrix Tg including all targetsm,i noise, and to eliminate disturbing residual contribu-Tis projected, we have: UpUp Tg. tions under a given peak. Only the most meaningful

(e) Finally, the distance from the projection and feature will remain.
each target is determined: Displacements in peak positions were also de-

T scribed in classical NS. In the same way as thed 5 iTg 2 UpUp i (5)
maxima in overlapped chromatographic elution pro-

and represented versus retention time. The repre- files are displaced with respect to the individual
sentation shows a multivalley curve, where ideally signals for each compound, the addition of p repre-
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sentations into a single NS multivalley plot produces (Pestanal quality) of iprodione (Ip), procymidone
displacements with respect to the true peak positions; (Pr), chlorothalonil (Ct), chlorfenvinphos (Cf),
this is, another reason for applying NS in individual fenamiphos (Fe), malathion (Ma), parathion-methyl
projection spaces and removing small contributions (P-m), parathion-ethyl (P-e), tebuconazole (Te), tri-
from other peaks. adimefon (Td), triazophos (Tz) and vinclozolin (Vi)

¨were obtained from Riedel-de Haen (Seelze, Ger-
many) and used without further purification.

3. Data

The data were acquired on a Waters (Milford, MA, 4. Software
USA) Model 990 DAD liquid chromatographic
system, equipped with a Hypersil C column (1003 Analysis of the data was performed using in-house18

0.46 mm I.D., 5 mm particle size). An acetonitrile– routines written in Matlab V. 4.0.
water (60:40, v /v) mobile phase under isocratic
conditions was used. Injections were made through a
Rheodyne six-port injection valve with a 20 ml 5. Results and discussion

21sample loop. The flow-rate was 1 ml min . Photo-
metric detection was performed in the 200–280 nm Fig. 1 shows the superposed baseline-corrected
range, with a spectral resolution of 1.4 nm. Data was chromatograms of the individual pure standards of
obtained over an integration period of 1.4 s per the 12 pesticides. Baseline correction was performed
spectrum. by modelling selected regions without disturbances

Analytical-reagent-grade solvents from Merck before and after the elution of the peaks. A linear
(Darmstadt, Germany) and purified Milli-Q water model was established for modelling the drift of each
(Bedford, MA, USA) were used. Pesticide standards diode. There is severe overlap between components,

Fig. 1. Superposed baseline-corrected chromatograms of the 12 pesticide standards: (1) fenamiphos (Fe), (2) triadimefon (Td), (3)
parathion-methyl (P-m), (4) iprodione (Ip), (5) malathion (Ma), (6) triazophos (Tr), (7) procymidone (Pr), (8) chlorothalonil (Ct), (9)
vinclozolin (Vi), (10) chlorfenvinphos (Cf), (11) tebuconazole (Te) and (12) parathion-ethyl (P-e).
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especially for the two first eluting compounds, and has the largest purity value and is selected (Fig.
for the fifth, sixth and seventh eluting compounds. 4(b)). This corresponds to the Ct compound. In the
The absorption spectra of the compounds are shown third to sixth purity chromatograms, the following
in Fig. 2. time indices are selected: 91 (P-e), 60 (Vi), 76 (Te)

and 68 (Cf) (Fig. 4(c–f)). In the following purity
5.1. Application of the peak purity approaches chromatogram (Fig. 4(g)) time 17 has the highest
using the whole data matrix purity value. This spectrum was not a pure spectrum

but a mixture spectrum of the Fe and Td compounds
The performance of SIMPLISMA, OPA and NS which have very similar retention times. Time index

for the assessment of peak purity in the 12-com- 40 is selected in the eighth purity chromatogram
ponent mixture was investigated. The baseline-cor- (Fig. 4(h)). Around this time index three compounds,
rected chromatogram for the mixture is shown in Ma, Tz and Pr, elute and the selected spectrum is a
Fig. 3. Baseline correction was performed in the mixture of the three compounds. The random profile
same way as previously described for the standards. of the ninth purity chromatogram (Fig. 4(i)), together

Analysis of the data matrix by SIMPLISMA, with the order of magnitude of the purity values
216using an offset of 3%, results in the selection of eight (10 ), indicates that all the variance in the data is

‘pure spectra’ (Fig. 4). The first ‘pure spectrum’ was explained by the eight spectra selected in the previ-
located at time index 31 (Fig. 4(a)). This time ous steps. The third eluting component (P-m) was
corresponds to the peak maximum of the Ip com- not detected, probably due to the perturbing effect of
pound. In the second purity chromatogram, time 48 the last compound (P-e). Both have similar absorp-

Fig. 2. Absorption spectra of: (a) (1) Td, (2) Fe and (3) P-m; (b) (1) Ip, (2) Ma, (3) Tz, (4) Pr and (5) Cf; (c) (1) Vi, (2) Cf, (3) Te and (4)
P-e.
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Fig. 3. Baseline-corrected chromatograms of the 12-component mixture.

tion spectra and, for that reason, the information OPA, the modified OPA method was applied. The
corresponding to the P-m compound was removed dissimilarity with the chromatogram of the mixture,
when the P-e compound was selected. after introducing the standard spectra of the 12

OPA was applied to the same data set and the compounds, is shown in Fig. 6. There are some
results are presented in Fig. 5, where the position of variations in the data that cannot be explained with
the selected spectra is marked on the chromatogram the standard spectra, i.e. part of the variance in the
of the mixture. OPA results in the selection of 10 experimental data matrix is not caused by changes in
spectra around the time indices: 46, 32, 19, 42, 23, the concentration of the underlying compounds but
62, 68, 78, 16 and 90. These indices correspond to by other factors. This effect is larger at time index
the eluting compounds Ct, Ip, Td, Ma1Tz1Pr, Pm, 40, where three compounds elute.
Vi, Cf, Te, Fe and Pe, respectively. Resolution The modified NS algorithm was also applied to the
between the first two compounds was now possible, experimental data and the results are presented in
perhaps due to the presence of a selective small Fig. 7. NS results in the selection of nine spectra
region at the beginning of the elution of the first with time indices 47, 43, 20, 32, 41, 62, 68, 78 and
compound. As for the SIMPLISMA approach, the 23, which correspond to eluting compounds Ct, Tz1

spectrum selected at time index 42 has contributions Pr, Fe1Td, Ip, Ma1Tz, Vi, Cf, Te and P-m,
from more than one compound. Thus, 10 spectra respectively. As for SIMPLISMA, the selected spec-
were selected, nine well correlated with the position trum at time index 20 includes contributions from
of the standards, and the other represents three two compounds. However, NS shows a better res-
unresolved compounds. olution around time index 40, selecting two spectra

With the aim of improving the performance of with very close time indices.
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Fig. 4. Purity chromatograms obtained by SIMPLISMA for the 12-component mixture using the whole data matrix.
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Fig. 5. Chromatograms of the mixture where the position of the selected spectra by OPA is indicated.

Fig. 6. Dissimilarity plot with the chromatogram of the 12-component mixture after introducing the standard spectra of the 12 components.

Fig. 7. Modified needle plot corresponding to the 12-component mixture, showing overlapping of the mean chromatogram, the projection of
each factor and the position of the selected spectra.
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Therefore, none of the three approaches, SIM- Region 1. This includes the time indices 1 to 27
PLISMA, OPA or NS, achieves the goal of finding (Fig. 8(a)). Three compounds are present, Fe, Td and
the right number of compounds. In all cases the P-m, the first two having very similar retention times
number of compounds was underestimated, mainly but also some selective regions in the spectra (Fig.
because compounds that have similar spectra are 2(a)). The results obtained with OPA are given in
confounded and are selected as one single com- Fig. 9(a). The three spectra with maxima at times 23,
pound. 18 and 20 indicate the presence of the three com-

pounds P-m, Fe and Td, respectively. A fourth
5.2. Application of OPA and NS approaches using spectrum selected at time index 27 corresponds to
submatrices the first compound of the second region (Ip).

NS was also applied in this time region and the
It is believed that some of the problems mentioned results indicate the presence of three compounds

earlier arise because analysis of the total data matrix with time indices 23, 19 and 20 (Fig. 9(b)). Only one
is attempted. Therefore, a logical procedure would be time index differs slightly from those selected with
to extract a smaller matrix from the larger one and to OPA. The modified needle plot shows the mean
apply multivariate purity approaches to these smaller chromatogram, the projection of each factor and the
matrices. With the aim of improving the performance position of the selected times. In conclusion, both
of OPA and NS, the original data matrix was approaches give a good estimation of the number and
subdivided into three regions (Fig. 8). location of the three compounds.

Fig. 8. Chromatograms corresponding to the three submatrices obtained from the whole data matrix: (a) region 1, (b) region 2 and (c) region
3.
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Fig. 9. Analysis of the 12-component mixture by OPA and modified NS, respectively: (a and b) region 1; (c and d) region 2; (e and f) region
3.

Region 2. This included time indices 28 to 53 Pr compounds, respectively. These time indices
(Fig. 7(b)). This is the more complex region; there differ slightly from those selected by OPA, except
are five compounds eluting, Ip, Ma, Tz, Pr and Ct. In for Ip which is selected at the beginning of its elution
fact, this region could be treated as a four-component (time index 28). This compound was already select-
system, since the first eluting compound (Ip) is ed in region 1 (time index 27, Fig. 9(b)). The
reasonably separated from the other four compounds. selection order of the first, second and fourth com-
The second, third and fourth compounds elute with pounds with OPA were different to that found with
low chromatographic resolution. The second com- NS. With both approaches, Pr was the last selected
pound, Ma, has a low signal relative to the other compound, probably due to the perturbing effect of
compounds, and its absorption spectrum does not Ip, which has a similar absorption spectrum. How-
present selectivity with respect to that of Pr. ever, eventually the OPA and NS approaches show

Analysis of this region by OPA and NS indicates similar results, giving the correct number of com-
the presence of five compounds (Fig. 9(c and d)). pounds as well as their correct location.
The five spectra selected by OPA are those at time Region 3. This included the time indices 53 to 110
indices 47, 32, 42, 39 and 45. They correspond to the (Fig. 7(b)). Four compounds elute in the order Vi,
Ct, Ip, Tz, Ma and Pr compounds, respectively. The Cf, Te and P-e. Tebuconazol (Te) has a poor
spectra selected by NS have indices 43, 47, 41, 28 chromatographic response with a wide and low peak.
and 45, which correspond to the Tz, Ct, Ma, Ip and Analysis of this region by OPA and NS indicates the
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presence of the four compounds (Fig. 9(e and f)). This strategy also appears interesting as a starting
The four spectra selected by OPA are, in this order, point for obtaining initial estimates for more
those at time indices 90, 65, 61 and 74, which sophisticated curve resolution methods, such as ALS
correspond to P-e, Cf, Vi and Te, respectively. The (alternating least squares) [25,26], which allow re-
spectra selected by NS are those at time indices 68, covery of the individual chromatograms and spectra
90, 61 and 74, which correspond to Cf, P-e, Vi and of the individual compounds.
Te, respectively. With both approaches, the Te
compound was selected last, probably due to the
poor signal. In conclusion, both approaches give a
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