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a b s t r a c t

A critical comparison of methods for correcting severely retention time shifted gas chromatography–mass
spectrometry (GC–MS) data is presented. The method reported herein is an adaptation to the piecewise
alignment algorithm to quickly align severely shifted one-dimensional (1D) total ion current (TIC) data,
then applying these shifts to broadly align all mass channels throughout the separation, referred to as a
TIC shift function (SF). The maximum shift varied from (−) 5 s in the beginning of the chromatographic
separation to (+) 20 s toward the end of the separation, equivalent to a maximum shift of over 5 peak
widths. Implementing the TIC shift function (TIC SF) prior to Fisher Ratio (F-Ratio) feature selection
and then principal component analysis (PCA) was found to be a viable approach to classify complex
chromatograms, that in this study were obtained from GC–MS separations of three gasoline samples
serving as complex test mixtures, referred to as types C, M and S. The reported alignment algorithm via
the TIC SF approach corrects for large dynamic shifting in the data as well as subtle peak-to-peak shifts.

The benefits of the overall TIC SF alignment and feature selection approach were quantified using the
degree-of-class separation (DCS) metric of the PCA scores plots using the type C and M samples, since
they were the most similar, and thus the most challenging samples to properly classify. The DCS values
showed an increase from an initial value of essentially zero for the unaligned GC-TIC data to a value of
7.9 following alignment; however, the DCS was unchanged by feature selection using F-Ratios for the
GC-TIC data. The full mass spectral data provided an increase to a final DCS of 13.7 after alignment and

atio
two-dimensional (2D) F-R

. Introduction

Gas chromatography (GC) is an important chemical analysis
ool for separating complex mixtures [1–3]. However, for many GC
pplications for truly complex samples, the analyst is faced with the
eality that it is not practical, and indeed not possible, to physically
esolve all of the compounds of interest [4–10]. Additionally, tra-
itional data analysis strategies such as compound identification
hrough “peak” retention time and mass spectral matching with
tandards followed by integration for quantification purposes are
ot as appealing if many of the important analyte compounds are
verlapped with interfering compounds; if these traditional data
nalysis strategies are applied, the results are often unacceptable. In

hese situations, multivariate “chemometric” data analysis meth-
ds are often relied upon to mathematically complete the analysis
8–19].

∗ Corresponding author.
E-mail address: synovec@chem.washington.edu (R.E. Synovec).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.11.046
feature selection.
© 2009 Elsevier B.V. All rights reserved.

Many studies have shown how powerful initial pre-processing,
like retention time alignment, can be to glean information from
chromatographic data [4,8,10,20–26]. This pre-processing cor-
rection of the GC data must maintain the desired chemical
information [22,24,25,27]. Indeed, retention time precision has
been clearly shown to be an important component in many types
of semi-automated and automated analyses [15,22,24,26,28,29].
Obtaining good results from chemometric methods such as the
generalized rank annihilation method (GRAM), principal com-
ponent analysis (PCA) and partial least squares (PLS) all share
this need for improving retention time precision via an objec-
tive alignment prior to applying these chemometric algorithms
[3,4,6,8,9,11,12,14,17,18,20,22,30,31].

Satisfactory retention time precision prior to applying chemo-
metric algorithms is essential no matter what the order of the data
is, i.e., first order as that produced by GC coupled with flame ioniza-

tion detection (GC-FID) [4,9,19,21,22,24,25,32], second order such
as that produced by GC coupled with mass spectrometry (GC–MS)
[3,6,8,10,11,13–15,20,23,28,33,34], and even in third order data,
such as that produced by comprehensive two-dimensional GC
coupled with time-of-flight mass spectrometry (GC × GC-TOFMS)
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35,36]. Even with the extra chemical information afforded by the
ther dimensions, analysis of higher order GC data generally bene-
ts by improving the retention time precision through an alignment
re-processing procedure.

Many algorithms have been developed to obtain the reten-
ion time precision necessary for chemometric analysis. The major

ethods for this purpose include peak matching [28,32], win-
owed shifting [9,10,22,31], correlation optimized warping (COW)
13,21,23–25,37], and rank minimization [16,29,30,38,39]. Rank

inimization is specifically tailored to the alignment of second
rder data, e.g., GC–MS or GC × GC-FID. However, rank minimiza-
ion (and peak matching algorithms in general) is useful mainly for
ata that are shifted less than one chromatographic peak width.
his limits or even prevents their usefulness with severely shifted
ata. However, the windowed shifting and COW algorithms are
ery useful for severely shifted data [9,21–25,37]. Unfortunately,
here are few methods that combine the speed and robustness of
he windowed shifting or COW algorithms with the precision of
he rank minimization or other peak matching algorithms. Meth-
ds that do incorporate the alignment of multi-dimensional data
ith methods like COW still require a correlation calculation of the

egments with a larger amount of data, thus slowing their perfor-
ance for severely shifted data [21,23]. Initial alignment is one way

o both incorporate the robust algorithms and retain the precise
lignment that the multi-dimensional data allows [23]. However,
oarse shifting of the entire data set, if not properly implemented,
an incorrectly align segments of the data.

Another aspect of various alignment algorithms that can be
mportant is the ability, or lack thereof, to view the path the
lignment algorithm took to improve the retention time precision
23,32–34,40]. Most of the methods provide a procedure for cor-
ecting the shifting but fewer offer visual inspection of the shifts.
n example of the benefit of shift inspections can be seen with the
CMS algorithm, which first uses a peak finding algorithm to find

he similar peaks and shifts all the peaks into alignment, and after
second fine tuned alignment, it calculates retention time devia-

ions, which are used to align the mass spectral information [40].
hese shift deviations could be quite helpful in comparing the pre-
ision of a set of chromatographic separations or even the change of
olumn condition over time. The idea implemented in this report is
o use this information in a diagnostic format. If the run-to-run
hift deviations are put in vector format, and defined along the
hromatographic time axis, they comprise a “shift function,” des-
gnated SF, that can be used to align one chromatogram to another.

key benefit of using a SF is to speed up the alignment of the full
C–MS data, which is demonstrated herein, retaining the spectral

nformation, in order to facilitate second order chemometric data
nalysis.

In this report, a method of alignment that utilizes a SF based
pon the total ion current (TIC) of GC–MS data is developed and
xplored. The basic idea is to align the TIC chromatograms for
set of GC–MS data, and then to keep track of the TIC SF for

ach GC–MS chromatogram relative to a chosen common target
hromatogram. The TIC SF incorporates both a coarse alignment
to correct large shifting) and secondary sub-alignment (to cor-
ect subtle peak-to-peak shifting) steps. The subsequent TIC SF for
ach GC–MS chromatogram is then applied across the board to
ll m/z chromatograms. In this way, all of the entire GC–MS chro-
atograms can be aligned at all m/z, thus preserving the integrity

f the second order data structure. A goal is to demonstrate the abil-
ty of the TIC SF approach to improve the quality of the data prior

o chemometric data analysis, specifically PCA in this report. The
ltimate goal of the TIC SF-based algorithm is to be able to quickly
lign complex GC–MS data for the purpose of optimal chemometric
ata analysis. The method reported herein finds the shifts of every
oint in the TIC, with a piecewise alignment algorithm [9,10,22],
81 (2010) 120–128 121

and then using this SF, aligns all the m/z ion chromatograms along
the chromatographic time dimension. The method has advantages
in applicability and memory usage. Additionally, and very impor-
tantly, the TIC SF can be successfully applied to the chromatograms
at specific m/z channels that do not have enough peaks by them-
selves to independently properly align. The notion is that the TIC
represents the “most complex version” of a given sample, and thus
the TIC SF will provide the most robust alignment of all m/z relative
to each other within a given GC–MS chromatogram and from one
chromatogram to another.

To test the performance of the TIC SF alignment approach, two
sufficiently different temperature programs are used with three
gasoline samples, as test mixtures, with chromatograms collected
using GC–MS. The retention time shifting that will be corrected
by the TIC SF approach is significantly larger (several peak widths
and variable) than that corrected in a prior study (a fraction of the
peak width) [10]. The two programs introduce substantial run-to-
run retention time shifting, that is akin to that confronted when
researchers need to analyze chromatographic data sets that have
been collected over long periods of time such as in an industrial
application. The two temperature programs produce very chal-
lenging data to align across all m/z for the entire length of the
chromatograms. Principal component analysis (PCA) is used to
examine the performance of the TIC SF-based alignment for the
application of classifying samples, since PCA performance is very
sensitive to having the data properly registered from sample to
sample. In this case, PCA of the TIC chromatograms (as a bench-
mark of first order GC-TIC data) is compared to PCA of the entire
GC–MS data that had each m/z aligned using the TIC SF method-
ology. Subsequently, a comparison is also made using specific m/z
that have been selected via an ANOVA based Fisher Ratio (F-Ratio)
approach using a training set of two complex samples. For these
studies, gasoline samples are used as model complex samples.

2. Experimental

All GC separations were performed on an Agilent 6890GC
equipped with a 5973A Mass Spectrometer with unit mass resolu-
tion, and a 7683B auto injector, equipped with electronic pressure
control (Agilent, Palo Alto, CA, USA). Unleaded gasoline samples
were collected from fueling stations as previously described [9].
The gasoline samples were arbitrarily labeled Type C (C), Type M
(M), and Type S (S). All gasoline samples were separated on a 30.0 m
DB-5 fused silica column with 0.25 mm i.d. and 0.2 �m DB-5 (Agi-
lent, Palo Alto, CA, USA) stationary phase. The inlet temperature
was 275 ◦C. Two temperature programs were used to induce severe
shifting to purposely challenge the TIC SF algorithm. Temperature
program 1 (P1) was initiated at 40 ◦C for 1 min then increased at a
rate of 10 ◦C/min to 80 ◦C, then increased at a rate of 20 ◦C/min
to 240 ◦C and held constant for 2 min. Temperature program 2
(P2) was initiated at 40 ◦C for 0.85 min then increased at a rate of
10 ◦C/min to 80 ◦C and held for 0.5 min then increased at a rate of
20 ◦C/min to 240 ◦C and held for 1.65 min. The flow rate for both pro-
grams was held constant at 1.5 ml/min with an initial head pressure
of 3.25 psi (22.4 kPa) using H2 as the carrier gas.

The GC–MS data provided by the Chemstation software were
extracted and imported into Matlab 7.0.4 (The Mathworks, Inc.,
Natick, MA, USA) for further manipulation. All chromatograms were
initially unskewed to remove the concentration bias caused by the
data collection of each ion not being sufficiently faster than the
chromatographic separation, i.e., to keep up with the eluting peak

concentration changing sufficiently quickly in relation to the mass
spectrum scanning rate [15,41]. All chromatograms were baseline
corrected by taking the first and last 16 s of each ion chromatogram
and fitting a straight line through the baseline to remove either an
increasing slope or decreasing slope, and any offset. The data were
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ig. 1. (A) Typical chromatogram of a gasoline sample using temperature program P1
rom (A).

hen normalized to the total signal of all the ion chromatograms for
given sample. Subsequently, the data were analyzed using PCA

oftware (PLS Toolbox Version 4.2.1, Eigenvector Research, Inc.,
enatchee, WA, USA).

. Theory

The alignment algorithm implemented in this report using the

IC SF is intrinsically based upon an algorithm reported by Pierce
nd co-workers [9,10,22]. The steps in the alignment follow the
eneral form previously described [9,32]. In the first step, the sig-
al for all the ions at each retention time for a given GC run are
dded together to produce the total ion chromatogram (TIC). The

ig. 2. (A) Difference in the temperature between the two programs is plotted as a func
xplained in Section 3, shows that the different hold times cause the peaks in temperature
nd lag behind by about 20 s at the end of the chromatogram. (C) The TIC SF following
ection 3). (D) Subtraction of the TIC SF with sub-alignment from the TIC SF (coarse) wit
tage of alignment provides fine tuning of the retention time alignment.
conditions provided in Section 2. (B) The full mass spectral 2D plot of the separation

TIC is fractionated into windows (W), smaller data sections from the
overall separation of equal length, and the windows are iteratively
shifted, limited by a maximum shift value (L) to match to an arbi-
trarily chosen target TIC. The target TIC is one of the samples chosen
as a retention time reference for all the other samples, including the
target, to be aligned to it. The shift of each of the windows is the
shift that gives the maximum correlation coefficient between the
sample and the target [9]. After all of the shifts of the TIC for each

of the windows are calculated, a function of the new locations for
every data point is linearly interpolated. The resulting function is
called the TIC SF for a given GC–MS chromatogram. The TIC SF is
used to interpolate between points at every m/z ion for the given
GC–MS chromatogram. At this point, a ratio of the number of points

tion of time: P2 − P1. (B) The total ion current shift function (TIC SF), obtained as
program P2 to come out about 10 s faster in the initial portion of the chromatogram
sub-alignment, corrects the subtle shifting in the chromatogram (as explained in
hout sub-alignment: (C) − (B). It is possible to see all the locations where a second
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n the window before and after interpolation is produced. This ratio
s multiplied by the window to ensure the conservation of peak
rea for each window after alignment. A secondary alignment step
as applied to correct the more subtle shifting that remained after

he initial “coarse” alignment. In this secondary alignment step,
he coarse aligned data matrix, m × n, and target, 1 × n, are linearly
nterpolated to make matrices which are 5n points long. Hence, the

indow size and shift parameters in the alignment software were
educed 5-fold to provide a refined, and hence more precise, align-
ent, i.e., referred to as sub-alignment. This step in the alignment

orrects for the subtle peak-to-peak shifting seen in the data and
an correct for shifting that is smaller than the collection rate of
he instrument. The resulting TIC SF from the secondary alignment
tep is then combined with the coarse TIC SF to produce an overall
IC SF used to align the original unaligned GC–MS data with n time
oints in the separation. The TIC SF approach essentially uses the
most complex version” of the sample, thus avoids trying (unsuc-
essfully) to align all m/z individually, which is not feasible since
t many m/z there is not enough signal relative to the baseline to
rovide a reliable individual m/z SF. Thus, the TIC SF is a global
pproach to correct misalignment for all m/z, presuming there is
ot too much chemical selectivity-based shifting from one m/z to
he next. The issue of chemical selectivity-based shifting (e.g., from
un-to-run column degradation) can be addressed by testing the
IC SF occasionally to be “under control.”

. Results and discussion
.1. The total ion current (TIC) shift function (SF)

Before alignment was performed, six replicates of three gasoline
ypes (C, M and S) were run on two different temperature programs,
1 and P2 (36 chromatograms total). Note that there are two pri-

ig. 3. (A) Run-to-run retention time shifting in a portion of the data in the beginning of
ollowing correction using the TIC SF with sub-alignment (i.e., in Fig. 2C). (C) Run-to-run r
s illustrated by this zoom-in of Fig. 1. Note that shifting is in opposite direction of that s
ub-alignment (i.e., in Fig. 2C).
81 (2010) 120–128 123

mary sources of retention time shifting: the large shifting due to
the different temperature programs and high frequency shifting
(misalignment “noise”) due to uncontrollable subtle flow rate and
temperature fluctuations inherent to running the GC instrument,
even though the instrument was run under electronic pressure con-
trol. The original (raw, unaligned) gasoline chromatogram of the
Type C gasoline sample is shown in Fig. 1A, representing the sum-
mation of the mass spectral information (TIC), of the full GC–MS
chromatogram shown in Fig. 1B.

The temperature difference between the two temperature pro-
grams, P2 − P1, is shown in Fig. 2A. The program P1 was used for
the target chromatogram for alignment essentially making it the
“target program.” A TIC Shift Function (TIC SF) in Fig. 2B is the point-
by-point correction of the retention times for the components in the
sample chromatogram (to be aligned) minus the retention times for
the components in the target chromatogram. The separation from
temperature program P2 lags behind the target by about 5 s in the
initial segment of the separation and pushes beyond the target by
about 20 s in the latter part of the separation. The difference in the
two temperature programs severely shifted the data beyond more
than ∼5 neighboring peaks, which gives a maximum shift observed
from this cause of ∼22 s. The TIC SF in Fig. 2B also provides the
retention time shifts necessary to correct the misalignment for the
chromatograms at all m/z in the one chromatogram relative to the
other, presuming sufficient consistency in the chemical selectiv-
ity provided by the chromatography, as will be demonstrated. The
TIC SF pictorially shows how the two chromatographic separations
differ under the two temperature programs, and also shows the

path the algorithm must take to correctly align all m/z. As seen
in Fig. 2B, the shifts of the data are dynamic. For the piecewise
alignment algorithm, large and dynamic shifting requires a large
window for correct alignment of these data. Because of this large
window, only the major shifts are initially corrected, and the subtle

the chromatogram is illustrated by this zoom-in of Fig. 1. (B) Same region as in (A),
etention time shifting in a portion of the data toward the end of the chromatogram
hown in (A). (D) Same region as in (C), following correction using the TIC SF with
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Fig. 4. Ions were identified to compare the individual m/z ion SFs to the TIC SF. In
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(essentially absence of enough peaks at the given m/z). The use of
his plot, the largest signals were plotted to find ions that were selective for different
unctional groups, and/or had a substantial total signal that would in principle lead
o an improved alignment of chromatograms.

eak-to-peak shifts are not corrected for until a sub-alignment is
pplied where the window size represents the approximate peak
idth of the data. The TIC SF with sub-alignment (Fig. 2C) from this

econdary alignment step corrects the subtle peak-to-peak shifting
reviously uncorrected. Because the sub-alignment step corrects
or the more subtle “high frequency” shifting, the TIC SF with sub-
lignment differs slightly from the coarse TIC SF. The difference
etween the two functions (i.e., subtracting the TIC SF with coarse
lignment only from TIC SF with sub-alignment) is visible in Fig. 2D.
he differences between these SFs are never more than 0.5 s and are
enerally centered around zero.

We turn our attention now to describe how the TIC SF incorpo-
ating both coarse and sub-alignment as in Fig. 2C performs when
mplemented. For example, a sample data run on P2 lag behind
he target data on P1 in the region between 3 and 4 min (Fig. 3A).
he two separations are superimposed after applying the TIC SF
ith sub-alignment (Fig. 3B), indicating the negative shifts at the

eginning of the chromatogram are eliminated. In a similar man-
er, Fig. 3C shows the large positive shifting of the sample relative
o the target near the end of the chromatogram. Again, in Fig. 3D,
he sample and target are essentially superimposed on each other
fter alignment.

.2. Using individual m/z ion shift functions to test the TIC shift
unction for robustness

The alignment of all m/z ions using the TIC SF-based alignment
lgorithm relies upon the condition that the TIC SF can sufficiently
xplain (i.e., correct for) the retention time imprecision for each and
very m/z ion chromatogram in the GC–MS data. To demonstrate
ow the shift of a given TIC chromatogram run on temperature
rogram P2 compares to the actual shifting of the ions in these data,
representative ions (m/z 57 and 58 for alkane groups, m/z 91, 105,
06, 119, and 117 aromatic groups and m/z 142 for low signal-to-
oise) with variable signal were aligned to a target chromatogram

rom temperature program P1. All the m/z ions are shown in Fig. 4
ith the selected ions circled and labeled for reference. The window
ize and maximum shift were optimized for each of the ions and
ith the optimum W and L values each ion was aligned to the target

on from temperature program P1. The alignment again produced
hift functions at the individual m/z.
81 (2010) 120–128

An example of a well-behaved ion is shown with m/z 57, and
an example of an ill behaved ion is shown with m/z 106. Ions
with higher signal aligned better in general, but based on signal,
no general trend could be drawn in this regard. The m/z SFs and
TIC SFs both with sub-alignment are shown relative to the coarse
TIC SF, analogous to how the TIC SF (with sub-alignment) was
shown relative to the TIC SF (coarse alignment only) in Fig. 2D.
However, the individual ion m/z SFs with sub-alignment are only
shown in regions where there are peaks present. The individual
m/z 57 SF with sub-alignment in Fig. 5A behaves in a very simi-
lar manner to the TIC SF with sub-alignment. As shown in Fig. 5B,
in the latter region of the separation the sample peaks are shifted
positively relative to the target peaks prior to alignment. The align-
ment of m/z 57 using the m/z 57 SF with sub-alignment is shown
in Fig. 5C, and using the TIC SF with sub-alignment is shown in
Fig. 5D. Both the m/z 57 SF with sub-alignment and the TIC SF with
sub-alignment corrected the retention time imprecision observed
in Fig. 5B. Another way to evaluate the benefits (or lack thereof)
of implementing a given SF is to show important regions indicated
by a Fisher Ratio (F-Ratio) analysis using a training set with closely
related samples such as the type C and M samples in this study.
The F-Ratios in this context would find retention time locations in
which the peaks in the aligned data were, with statistical signifi-
cance, different in the type C and M samples. The F-Ratios using the
type C and M samples are shown in Fig. 5E after m/z 57 SF alignment
(lower plot) and after TIC SF alignment (upper plot). Results from
the F-Ratio analysis on the m/z 57 mass channel data show that the
same two major regions indicated as being significantly different
with the m/z 57 SF and the TIC SF, with the F-Ratios for the TIC SF
aligned data appearing to be slightly more sensitive (e.g., the peak
at 7.8 min with an F-Ratio of about 400).

In contrast to the results for m/z 57 are the results for m/z
106. The TIC SF subtracted from the m/z 106 SF and the TIC SF
both with sub-alignment are shown in Fig. 6A. The m/z 106 SF
with sub-alignment differed significantly from the TIC SF with sub-
alignment. There is a significant negative spike in the m/z 106 SF
plot, indicating improper alignment. The actual m/z 106 data shown
in Fig. 6B indicates the shifting of the sample peaks relative to the
target peaks was again positive. Alignment using the m/z 106 SF
with sub-alignment is shown in Fig. 6C while alignment using the
TIC SF with sub-alignment is shown in Fig. 6D. When using the m/z
106 SF to correct the misalignment, several peaks were improperly
corrected, but using the TIC SF, the data were correctly aligned. The
F-Ratios between the type C and type M samples after TIC SF with
sub-alignment and m/z 106 SF with sub-alignment are shown in
Fig. 6E. Note that the two F-Ratio plots are on very different scales
since the F-Ratios for the m/z 106 SF aligned data were very small
due to significant misalignment throughout the entire type C and
M training set. The results show that F-Ratios obtained after the
individual m/z 106 alignment is essentially just noise and no useful
information can be gleaned from this analysis. However, the TIC SF
alignment provided F-Ratios that could be used to find regions of
interest, i.e., peaks that change with statistical significance between
the type C and M samples such as the peak at 8.1 min with an F-
Ratio of nearly 400. For the m/z ions evaluated, m/z 57, 91, 105,
119, 58, and 142 all behaved well using either the TIC SF with sub-
alignment or the individual m/z SFs with sub-alignment. However,
m/z 106 and 117 were corrected only by using the TIC SF with sub-
alignment, and the individual m/z SFs were problematic for these. In
general, for many of the m/z ions, as indicated in Fig. 4, the individ-
ual m/z SFs would be very problematic due to low signal-to-noise
the TIC SF makes it possible to align all m/z without any consid-
eration to signal or peak locations in the individual m/z data. The
improved accuracy using the TIC SF is evidence that using the TIC
SF is a reasonable approximation for describing the retention time
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ig. 5. (A) The SF (with sub-alignment) for m/z ion 57, and the TIC SF (with sub-align
ver the entire signal range. See Fig. 2D for example of plot. (B) Data portion illustr
he m/z 57 SF with sub-alignment. (D) Misalignment as in (B) is corrected by applyi
op) and (D, bottom).

hifting in the chromatographic separation, hence application of
he TIC SF across all m/z. Additionally, one could imagine selecting
set of m/z ions to routinely check (as in Figs. 5A and 6A) how accu-

ately the individual m/z SF compare to the TIC SF. The individual
/z should be selected to test key compound classes in the samples.

f there is good accuracy between the individual m/z SFs relative to
he TIC SF, then the TIC SF could more confidently be applied to all
/z, hence saving computational time.

.3. Demonstration of TIF SF utilization by PCA classification

Retention time precision gained by using the TIC SF with sub-
lignment, was evaluated using PCA. The scores plots from the PCA

f the three gasoline sample types run over 2 days using the GC-
IC data before alignment is shown in Fig. 7A. Please note, we are
nitially evaluating the TIC SF alignment on the TIC data to serve
s a benchmark to see what benefits there are to having the full
C–MS data aligned via the TIF SF approach. The only separation
), both relative to the TIC SF (coarse, without sub-alignment) show similar behavior
isalignment of the m/z 57 ion. (C) Misalignment as in (B) is corrected by applying
TIC SF with sub-alignment. (E) F-Ratio analysis of the aligned separations from (C,

or “clustering” in the scores plot for the GC-TIC data is between
the first two principal components (PCs) based on the temperature
program type separation even though 95% of the variance is cap-
tured by the first two PCs. The first PC shows a separation between
the P1 and P2 classes. A scores plot of the first two PCs of the same
gasoline types after alignment of the GC-TIC data using the TIC SF
are shown in Fig. 7B. The three types of gasoline samples all suc-
cessfully cluster separately by gasoline type with no clear program
type classification. This decrease in program type specification is
important for proper classification.

The PCA of the full GC–MS data prior to alignment was very sim-
ilar to Fig. 7A so is not shown for brevity. The PCA results of the full
GC–MS data after TIC SF alignment are shown in a scores plot with

PCs one and two in Fig. 7C. The type S samples clearly separate
away from the types C and M samples on the first PC. However,
the type C samples and type M samples are only slightly separated
on the first two PCs even though the temperature program infor-
mation is substantially removed. Fig. 7D shows more clearly how
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ig. 6. (A) In contrast to Fig. 5A, the SF (with sub-alignment) for m/z ion 106, and th
ignificantly different behavior over the entire signal range. (B) Data portion illus
pplying the m/z 106 SF with sub-alignment. (D) Misalignment as in (B) is corrected
rom (C, top) and (D, bottom).

ell separated the sample types C and M are on the first two PCs.
he degree-of-class separation (DCS) between these types is only
.1, likely because of all the extra extraneous spectral information,
hereas the DCS was 7.9 between the type C and M samples in

ig. 7B using the GC-TIC data. In both cases the DCS increased from
n initial unaligned value of essentially zero (classified by program
sed instead). F-Ratios are a good way to find the regions of interest

n a complex separation, especially if there is a second dimension
f information as is the case with GC–MS, to fine tune the PCA data
nalysis to achieve a DCS more in favor of the analyst.

To evaluate the PCA results of both the GC-TIC and full GC–MS

ata, in the context of taking advantage of the information provided
y the F-Ratio analysis using the type C and M training set, the ten
est regions from the 2D F-Ratio analysis and the TIC F-Ratio anal-
sis were used for comparison. The top ten F-Ratios are circled in
ig. 8A on the full 2D F-Ratio plot of the GC–MS data of sample types
SF (with sub-alignment) both relative to the TIC SF (without sub-alignment) show
misalignment of the m/z 106 ion. (C) Misalignment as in (B) is not corrected by

plying the TIC SF with sub-alignment. (E) F-Ratio analysis of the aligned separations

C and M. Fig. 8B shows the summation over all the mass channels
from the 2D F-Ratios (from Fig. 8A) with the 1D F-Ratios using the
GC-TIC data from sample types C and M. The 2D F-Ratio in Fig. 8A
plot not only gives the time ranges of all the maximum F-Ratios,
but the best m/z to use as well. The 2D information is lost when the
summed 2D F-Ratios or the 1D F-Ratios are used to find regions of
interest for enhancing classification studies. The identified m/z and
times of interest were used to improve the PCA results of the full
GC–MS data. The PCA scores plot in Fig. 8C displays the first two PCs
and all three gasoline samples with 95% of the variance explained
by these two PCs. The separation of types C and M is much greater,

now with a DCS of 13.7, than in Fig. 7C and even better than the
separation using the aligned TIC data shown in Fig. 7B. For com-
parison, the 1D TIC F-Ratio regions of interest identified in Fig. 8B
were also used to evaluate the separation between sample types C
and M using PCA, with the scores plot shown in Fig. 8D. However,
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Fig. 7. Demonstration of PCA of the TIC chromatograms (as a benchmark of first order GC-TIC data) as compared to PCA of the entire GC–MS second order data that had each
m/z aligned using the TIC SF methodology. (A) Scores plot from PCA with three gasoline types (C, M, and S) run on two temperature programs (P1 and P2) of GC-TIC data prior
to alignment. Class separation is by separation program conditions. (B) Scores plot of GC-TIC data from (A) following complete alignment (with coarse and sub-alignment)
shows proper fuel classification. (C) Scores plot, as in (A), but of the entire GC–MS data set prior to alignment. (D) Scores plot of entire GC–MS data set using TIC SF alignment
with coarse and sub-alignment (e.g., Fig. 2C) shows proper fuel type classification. Note that all mass spectral information is preserved in this approach. A zoom-in of the
two classes is provided.

Fig. 8. Fisher Ratio analysis is used to improve the PCA classification by training from type C and type M fuels. (A) Fisher Ratio analysis of the full GC–MS data, as in Fig. 1B.
(B) The F-Ratio analysis of the TIC data as in Fig. 1A (top) and the 1D projection of (A). (C) PCA scores plot using the top ten F-Ratios identified from (A) with PCA capturing
95% of the variance. (D) PCA scores plot using the top ten F-Ratios identified from (B, top) with PCA capturing 94% of the variance.
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fter the addition of the S type samples, the separation between
ll the classes remained essentially unchanged, with the DCS of 7.8
etween the type C and M samples. The results show that the use
f the TIC SF alignment procedure to the full GC–MS data (coarse
nd sub-alignment) to initially very misaligned data is essential in
he subsequent classification using PCA, and the use of the F-Ratio
pproach further improves the classification.

. Conclusions

The retention time precision of second order chromatographic
ata such as from GC–MS can be improved by using a TIC SF
pproach. An important point is that the column’s condition must
e relatively constant over the analysis (i.e., sufficiently constant
un-to-run chemical selectivity). Significant changes in the chem-
cal selectivity can cause more dynamic shifting between the
ndividual m/z ions than can be sufficiently accounted for by the
IC SF. The TIC SF approach saves time over attempting to align
ll m/z individually or as a larger 2D windows of data, and indeed,
ligning all m/z individually is not likely to work at many m/z that
o not exhibiting sufficient signal (i.e., many peaks). The retention
ime alignment method described herein can be used for severely
hifted data or data that are only slightly misaligned. For the larger
hifts, larger windows are typically necessary to correctly align the
hromatographic data. Because of the large shifts, a secondary, fine
uned alignment is necessary. Also, corrections to retain the area of
eaks are necessary for alignment of severely shifted data. Because
he chromatographic data is analyzed by a windowed approach and
oes not compare the profile of the data to every region in the tar-
et, the algorithm does not require a large amount of memory, and
s very fast to implement.
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