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Abstract

The construction of the favorable initial iterative vectors is the key to iterative target transformation factor analysis (ITTFA). A tentative
approach to construct the better initial vectors, which is based on the chromatographic information provided by evolving factor analysis (EFA),
is proposed. A region, which contains the peak position at maximum height, is determined. Several elements in the region of each initial
vector, instead of one element, are initialized as 1. The elements out of the region are initialized as 0. So it is not necessary to determine the
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xact peak position at maximum height for the resolution of partly overlapping chromatographic profiles, which may avoid the d
rought by determination of the peak position at maximum height. In addition, it may give acceptable resolution for the embedde

s applied to resolve 2D-simulated data and experimental liquor GC/MS data, the resolutions are reasonable and improved.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Iterative target transformation factor analysis (ITTFA),
ased upon self-modeling curve resolution (SMCR), is an

terative method approximating the results from initial vec-
ors [1,2]. At every iterative step, constraints like non-
egativity and unimodality are applied[3].

It has been commonly discussed and applied to resolve
D hyphenated chromatographic data. Lilley and Wheat[4]
sed ITTFA to inspect the chromatograms from a capil-

ary electrophoresis/diode array instrument for peak purity.
nric Comas et al.[5] applied ITTFA in second-order liquid
hromatographic data for time shift correction. Rodrı̌ıguez-
uesta et al.[6] have checked the influence of selectivity and
ensitivity parameters on detection limits in the resolution of
hromatographic second-order data by ITTFA. van Zomeren
t al.[7] compared ITTFA with some curve resolution, such
s alternating least squares (ALS), evolving factor analysis
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(EFA), and heuristic evolving latent projection (HELP),
drug impurity profiling using high performance liquid ch
matography with diode array detection. It has been pr
that ITTFA can attain great accuracy associated with the
tems where the concentration distributions of each abso
species do not overlap seriously[8]. In contrast, for extensiv
overlapped systems, a proper initial iterative vector, w
can lead us to the correct result, is the key to ITTFA[9]. Zhu
et al.[10] proposed to construct the initial vectors of ITT
based on spectral feature of isoabsorptive point between
ponents in the system for the resolution of kinetic-spe
data with an unknown kinetic model.

Since analytical objects, such as environmental, biolo
and proteomic samples, are becoming more and more
plex, there always exist overlapping spectra in experim
spectra, no matter how advanced the analytical instrume
[11,12]. If they are similar in characteristic and behavio
chromatographic profiles, co-eluting will appear in the s
aration of two or more compounds. The overlapping (e
embedded) chromatographic peaks will appear. It is ne
sary to resolve them for qualitative and quantitative anal
039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2005.04.033
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People have made attempts in modifying and combining exis-
tent methods or finding new resolution method to settle the
problem. For example, Mason et al.[13] proposed resolving
factor analysis (RFA) and applied it for resolution of sim-
ulated kinetic and chromatographic data. Gemperline and
Cash[14] proposed alternating least squares with penalty
functions, which yielded improved results by incorporating
soft constraints, for self-modeling curve resolution. Bi et al.
[15] used independent component analysis (ICA) to resolve
mixed IR spectra. Gao et al.[16] used component analysis
based on kurtosis for resolution of overlapped peaks.

Constructing favorable initial vectors is the key to ITTFA,
which can lead us to the correct result. A novel strategy of
initial vectors construction to ITTFA was proposed in this
paper.

EFA can provide us the chromatographic information of
“eluting in and eluting out”. It can be used to determine the
regions in which the peak maximum occurs. And, that in the
initial vectors all values in these regions are set to 1, while
remaining values are set to 0. The approach extends con-
ventional initialization of setting one element in each vector.
It is successfully applied to the simulated 2D data and the
analytical GC/MS data.

2. Theory and algorithm
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of the number of spectra. This forward EFA-plot gives infor-
mation about the appearance of components. Subsequently,
submatrices are formed in a similar way, starting with the last
two spectra. This results in a backward EFA-plot which gives
information about the disappearance of components. Match-
ing the appearance and disappearance of components from
the EFA-plots, provides a rank map of the data matrix. This
rank map is used to detect selective component windows.
A selective component window is a part of the data matrix
where one component of interest occurs.

2.2. Iterative target transformation factor analysis
(ITTFA)

ITTFA [2] is an iterative method approximating the results
from an initial vector. By using principal component analysis
(PCA), the data matrixY can be decomposed to two orthog-
onal matrices:Y = TPt + E. And T can be combined withC
through a target transformation matrixR (n × m), according
to:

C = TR (2)

R can be computed from the present target (the chromatog-
raphy or the absorption spectrum of individual component).
Taking chromatography for an example, provided only the
c s:

c

C
i -
t

r

H his
w

to

i n-

A,
w itial
v n of
c

2

ing
i gion
i are
c the
d re set
t

Assume a bilinear data matrix (Y) has been gained
yphenated instrument (such as HPLC/DAD or GC/MS).
ize of the matrix isn × m, wheren denotes the number
easurement time andm denotes the number of the cor

ponding wavelength (orm/z). The data matrixY is allowed
o be decomposed to the pure chromatographyC and the
ure absorption spectral matrixSt. The relationship can b
escribed by:

=
Numc∑

i=1

cis
t
i + E = CSt + E (1)

here Numc represents the number of components,ci (col-
mn vector) andst

i (row vector) represents the chromat
aphy and the spectrum of theith component, respective
uperscript t denotes the transpose of a matrix (or a ve
is the errors-related matrix.

.1. Evolving factor analysis (EFA)

The idea, on which EFA is based, is to follow the cha
r the evolution of the rank ofY with progressing elutio
y rank analysis of the submatricesYi [2,8]. The following
lgorithm is based on a paper by Maeder[17]. First of all,
ubmatricesYi are formed, which contain an ever-increas
umber of spectra, starting with the first two spectra
nd ending with the complete data matrix. Singular v
ecomposition (SVD) is applied to the submatrices and

ogarithm of the eigenvalues (log(EV)) is plotted as a func
hromatogramci of theith component is considered, give

i = T × ri (3)

onsequently, if by certain means the chromatogramci of the
th component is obtained, theith column of the transforma
ion matrix can then be calculated by:

i = (TtT)T−1ci (4)

owever,ci is unknown and is just the main target of t
ork. Here is the skeletal procedure of ITTFA:

i. Construct an initial iterative vectorc0
i .

ii. Following Eq. (4), r0
i is obtained; then substituting in

Eq.(3) yields a new vector,c1
i .

ii. Repeat step ii until
∥∥∥ck

i − ck+1
i

∥∥∥ is less than a given co

stant, and theck
i is the result.

Obvious, a favorable initial vector is the key of the ITTF
hich can lead us to the correct result. In our work, in
ectors are chosen according to the selective informatio
hromatography.

.3. The construction approach of the initial vectors

EFA provides the chromatographic information of elut
n and eluting out. It can be used to determine the re
n which the peaks maximum occurs. The initial vectors
onstructed according to the information. The values in
etermined region are set to 1, while remaining values a

o 0.



544 H. Gao et al. / Talanta 68 (2006) 542–548

Fig. 1. Two-component simulated overlapping chromatograms. Solid line:
the first component chromatogram; dashed line: the other chromatogram;
symbol line: the overlapping chromatogram.

2.3.1. Partly overlapping peak
One case of 2D data is taken to illuminate how to construct

initial vectors based on the chromatographic information by
EFA. There is a two-component partly overlapping peak on
the chromatographic dimension of the simulated data. The
chromatographic profiles and the EFA-plot of the logarithm
of the eigenvalues of the data are shown inFigs. 1 and 2,
respectively.

It can be seen fromFig. 1 that the components are agree-
able to the chromatographic property of ‘first in and first
out’. In Fig. 2, the region between points C1 and C3 denotes
a region in which the first component exists (C1 is the point
in which it starts to fill in and C3 is the point in which it
elutes out). The region between A1 and A4 denotes a region
in which the summit span of one-component peak exists. It
is the same case that the region between points C2 and C4
denotes a region in which the other component exists (C2

is the point in which it starts to fill in and C4 is the point
in which it elutes out). And the region between A3 and A2
denotes a region in which the summit span of one-component
peak exists.

The construction of initial vectors to conventional ITTFA
is to initialize the maximal element as 1, which is often deter-
mined by the method of needle search[18], the other elements
of each vector are initialized 0. In practice, whether the result
is correct or not depends on whether the position, where the
peak maximum occurs, can be determined correctly. If there is
divergence between the determined position and actual posi-
tion, the resolution of ITTFA is not acceptable. We attempt
to set more than one element, instead of only one element
in each vector, as 1. For example, the elements in the region
between A1 and A4 are initialized as 1, otherwise, those ele-
ments out of the region are initialized as 0; similarly, the
elements in the region between A3 and A2 are initialized as
1, and the elements out of the region are initialized as 0. We
realized that the size of the region had little impact on the
resolved result. We can also choose the region between A1
and A0 as the selective region to construct the initial vec-
tors, and the resolution is also reasonable. Constructing the
initial vectors like that, the resolution can be improved. The
results are reasonable even when the chromatographic res-
olution is 0.275, which can be seen fromTable 1. It can
overcome the divergence brought by determination of the
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Fig. 2. The change of log(EVs) from EFA.
eak position at maximum height in the resolution of o
apping chromatographic profiles, because it does not
o determine exactly where the peak position at maxim
eight is.

.3.2. Embedded chromatography
To illustrate how to construct initial vectors based on

hromatographic information, two cases of 2D data w
ontain completely overlapping chromatographic profiles
imulated. The simulated overlapping chromatographic
les and the EFA-plot of the logarithm of the eigenvalue
he simulated data are shown inFigs. 3 and 4, respectively

There is a peak embedded in the other peak inFig. 3, which
oes not agree to the chromatographic property of ‘fir
nd first out’. And the explanation of EFA-plot is differe

rom that of partly overlapping chromatographic profiles
ig. 4, the region between points A1 and A2 denotes a regio

n which considerable capacity of the first component ex
t is the same case that the region between points A1 and A2
enotes a region in which the summit span of one-compo
eak exists. There is a flat region between B1 and B2 in which

he summit span of narrow peak exists. It is specially n
hat the region of B1 and B2 is always contained in the regi
etween A1 and A2. We are able to construct the initial ve

ors of ITTFA according to this information to resolve
mbedded chromatographic peak. The regions, such
egion between A1 and A2, the flat between B1 and B2, are
hat we want to determine. The elements in the determ

egion of initial vectors are set as 1, and the elements o
he region are set as 0.
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Fig. 3. Two-component simulated overlapping chromatograms. Solid line:
the first component chromatogram; dashed line: the other chromatogram;
symbol line: the overlapping chromatogram.

The construction of initial vectors is the key to ITTFA,
Gemperline constructed iterative vectors by initializing as
one maximal element as 1 and the other elements as 0 in each
vector. Whereas, the position in which the maximal element
exists is difficult to determine when the chromatographic pro-
files are overlapped severely and completely. Whether the
determination is correct or not has a great impact on the res-
olution of ITTFA. A replaceable approach is proposed to
construct the initial vectors based on chromatographic infor-
mation provided by EFA. Several elements of each initial
vector, instead of one element, are initialized as 1. A region,
in which the summit span of one-component peak exists, is
determined. All values in the region are set to 1, while the
remaining values are set to 0.

Theoretically, if the elements in the region between the two
points of half-height of chromatographic peak are initialized
as 1, the computation converges fast and the resolution is rea-

sonable. But the region is difficult to determine. So a region,
which contains the summit span of one-component peak, is
taken to replace it to construct initial vectors. This approach
of constructing initial vectors to ITTFA has been applied to
resolve the overlapping peaks in this paper. The results were
reasonable.

3. Experimental

3.1. Simulated 2D data

Gaussian profiles are used as models to simulate 2D data
for theoretical studies. A 2D data matrix is reasonably mod-
eled by generating Gaussian peaks on the first dimension
(chromatographic profiles) and then made a cross product
multiplication with Gaussian peaks generated on the second
dimension (spectra). The 2D-simulated data of two com-
ponents with partly overlapping and completely overlap-
ping peaks in the chromatographic dimension are shown in
Figs. 1 and 3, respectively.

3.2. Analytical data (GC/MS)

3.2.1. Materials
The sample of GUJINGGONG alcohol liquor (made in
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Fig. 4. The change of log(EVs) from EFA.
ozhou, Anhwei province, China) was purchased fro
upermarket.

.2.2. Experimental condition
About 150 ml of GUJINGGONG liquor was treated w

H2Cl2 three times in turn by volume of 50, 30 and 20
espectively, the extracted liquids were combined toge
nd concentrated into about 20 ml; 3% Na2CO3 (10 ml) was
dded into the residual to back-extract, and then a s
uantity of CH2Cl2 was added for laving, which was co
ined into the extracted liquid obtained in the former ste
as dried by using anhydrous Na2SO4, and concentrated f
xamination.

.2.3. Instruments condition
A Hewlett-Packard 6890 gas chromatograph equip

ith a HP5973 mass-selective detection system a
plit–splitless injector was used for the analysis of the s
ed liquor. A non-polar fused-silica capillary column, HP
30 m× 25 mm i.d.) and 0.25�m film thickness supplie
y Agilent Co., was employed, with Helium as carrier
t 1 ml/min. The column temperature was maintaine
0◦C for 5 min, then programmed at 5◦C/min to 180◦C,
eld 10 min and programmed at 10◦C/min to 220◦C, held
0 min. The injector port was maintained at 250◦C and a
�l volume was injected in the split (1/40) mode. Mass s

rometer parameters: electron impact ionization mode
0 eV energy,m/z 50–550; ion source temperature, 250◦C;
S Quad temperature, 150◦C; scan rate, 0.1 s per scan; el

ron multiplier voltage, 1000; solvent delay, 3 min.
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Fig. 5. Resolution of the simulated 2D data by traditional ITTFA. Solid line:
the original curves; dashed line: the resolved curves.

3.3. Software

All the calculations were performed by using programs
written by the authors in the Matlab environment (The Math-
works, Natick, USA), running on PC with Intel (R) Pentium4
CPU 2.00 GHz and 256 MB RAM. The library searches and
spectral matching of the resolved pure components were con-
ducted on the National Institute of Standards and Technology
MS database (NIST 98).

4. Results and discussion

4.1. Simulated 2D data

The simulated 2D data was resolved by conventional
ITTFA and modified ITTFA, respectively. The resolutions
which contain both chromatographic profiles and spectra are
shown inFigs. 5 and 6, respectively. In order to estimate the

F line:
t

Table 1
The influence of chromatographic resolution (R) on modified ITTFA

R chrom Corr(C1) Corr(C2) Corr(S1) Corr(S2)

0.50 1 1 1 1
0.45 1 1 0.9999 1
0.40 1 1 0.9996 1
0.35 0.9999 0.9999 0.9985 1
0.30 0.9996 0.9996 0.995 1
0.275 0.9992 0.9993 0.9915 1
0.25 0.9987 0.9987 0.9859 1

resolution, both the resolved and original curves are normal-
ized by the maximum.

There is little discrepancy, both in peak position and in
peak shape, between the original curves and the resolved
curves resolved by modified ITTFA. This could be seen from
Fig. 6. While the resolution by conventional ITTFA is not
acceptable, and there is considerable discrepancy between
the resolved and original curves, which could be seen from
Fig. 5.

4.2. The influence of chromatographic resolution and
heteroscedastic noise on the resolution

In order to estimate the resolution, we choose the cor-
relation coefficient (correlations) to compare the resolved
curves and the original curves. The influences of chromato-
graphic resolution (Rchrom) and heteroscedastic noise on
the resolved results were shown inTables 1 and 2, respec-
tively.

It could be seen fromTables 1 and 2that reasonable and
acceptable results [0] could be obtained with our approach
when the Rchrom > 0.25 or noise level is no more than 0.06,
and most correlations of the resolved spectra and the original
spectra are not less than 0.99.

4.3. Analytical data

ec-
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ig. 6. Resolution of the simulated 2D data by modified ITTFA. Solid
he original curves; dashed line: the resolved curves.
Under the experimental condition mentioned in S
ion 3.2, the total ion chromatograms (TIC) of GUJIN
ONG liquor were obtained. Part data ranging from 6

o 17.80 min were shown inFig. 7.
It can be seen from the TIC that most of the chromatog

eparated ideally and could be analyzed (qualitative
sis) directly by MSD data analysis software and NIS
S database. There were about 11 alcohols, 3 aldeh
nd 22 esters that could be identified. However, there

able 2
he influence of heteroscedastic noise on modified ITTFA

oise level Corr(C1) Corr(C2) Corr(S1) Corr(S

.01 1 1 1 1

.02 0.9999 1 1 1

.03 0.9998 1 1 1

.04 0.9998 1 0.9999 1

.05 0.9992 0.9984 0.9667 1

.06 0.9985 0.9999 0.9999 1
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Fig. 7. Total ionic chromatograms of liquor from 6.38 to 17.80 min.

also some overlapping peaks in the TIC, the matches from
direct searching with the NIST MS database were quite
low for these chromatographic peaks. If these overlapping
peaks were not resolved, the simple search with the database
would fail, since the mass spectra of mixtures measured
could not get a good match with that of a pure component
in the NIST MS database. Furthermore, since a 2D data
obtained by mass spectral measurement unavoidably con-
tained peaks associated with base line and noise, it was dif-
ficult to estimate low content components correctly with the
database.

We took the GC/MS data from 8.46 to 8.60 min and the
data from 17.38 to 17.52 min as examples to validate the
construction initial vectors to ITTFA.

4.3.1. Partly overlapping chromatographic profiles
The #1 peak, which is from 17.38 to 17.52 min inFig. 7,

looks like a one-component peak. But it is actually a two-
component peak which can be tested by cross-validation.
The resolved chromatograms and mass spectra are shown
in Figs. 8 and 9, respectively.

Fig. 9. The resolved mass spectra of the #1 peak.

Fig. 10. The resolved chromatographic profiles of the #2 peak.

With modified ITTFA [0], the match quality of C10H20O2
(butyl caproate) increased from 90.9 to 94.5% in the NIST
MS database, and that of the isomeric compound (butyric
acid, hexyl ester) increased from 86.0 to 91.6%.

Fig. 11. The resolved mass spectra of the #2 peak.
Fig. 8. The resolved chromatographic profiles of the #1 peak.
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4.3.2. Completely overlapping chromatographic profiles
The #2 peak, which is from 8.46 to 8.60 min inFig. 7, looks

like a one-component peak, but the result of cross-validation
showed that it is actually a two-component chromatography.
The resolved chromatograms and mass spectra were shown
in Figs. 10 and 11, respectively.

After resolved using modified ITTFA, the match of
C7H14O2 (hexanoic acid, methyl ester) enhanced from 91.3
to 92.0% in the NIST MS database, and that of the iso-
meric compound (pentanoic acid, 4-methyl-, methyl ester)
enhanced from 80.9 to 81.6%.

5. Conclusions

When one recognizes that the construction of the initial
iterative vectors is the key to ITTFA, a natural consequence
is to improve the initial vectors just as what were proposed
in this paper. The merits of our tentative approach are: the
region in which the summit span of one component exists
is easier to determine than the peak position at maximum
height. The resolution is correct; moreover, it can be applied
in the resolution for embedded chromatography.
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