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ABSTRACT

An image processing approach originating from the proteomics field has been transferred successfully
to the processing of data obtained with comprehensive two-dimensional gas chromatographic separa-
tions data. The approach described here has proven to be a useful analytical tool for unbiased pattern
comparison or profiling analyses, as demonstrated with the differentiation of volatile patterns (“aroma”)
from fruits such as apples, pears, and quince fruit. These volatile patterns were generated by headspace
solid phase microextraction coupled to comprehensive two-dimensional gas chromatography (HS-SPME-
GC x GC). The data obtained from GC x GC chromatograms were used as contour plots which were then
converted to gray-scale images and analyzed utilizing a workflow derived from 2D gel-based proteomics.
Run-to-run variations between GC x GC chromatograms, respectively their contour plots, have been com-
pensated by image warping. The GC x GC images were then merged into a fusion image yielding a defined
and project-wide spot (peak) consensus pattern. Within detected spot boundaries of this consensus pat-
tern, relative quantities of the volatiles from each GC x GC image have been calculated, resulting in more
than 700 gap free volatile profiles over all samples. These profiles have been used for multivariate statisti-
cal analysis and allowed clustering of comparable sample origins and prediction of unknown samples. At
present state of development, the advantage of using mass spectrometric detection can only be realized
by data processing off-line from the identified software packages. However, such information provides

a substantial basis for identification of statistically relevant compounds or for a targeted analysis.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Since its first instrumental implementation in the early 1990s
[1,2], the advantages of comprehensive two-dimensional (2D)
chromatographic separations for the analysis of many complex
samples have been well demonstrated and applications from vari-
ous fields have been recently reviewed [3-6]. Improved resolution,
higher peak capacities and structured separation space are some
of the important benefits obtained with comprehensive 2D sep-
arations. The dimensionality of the analytical data compared to
classical (1D) analyses (time versus signal intensity) increases dra-
matically by adding multivariate spectrometric detection, such
as mass spectrometry, especially in the case of comprehensive
2D separations. This could be shown e.g. for comprehensive 2D
gas chromatography coupled to time-of-flight mass spectrometry
(GC x GC-TOFMS) [7,8]. The amount of information and structure
of such 2D data sets has encouraged many research groups to
look into chemometric methods for more efficient treatment of the
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analytical information obtained after comprehensive 2D separa-
tions. Citing only a subset of many articles published, chemometric
approaches have been applied to method development [9], peak
alignment or warping[10-13], background removal [14,15], decon-
volution of overlapping peaks [16-20], and pattern recognition
[21-27] for clustering or “profiling” analysis. An overview about
the still evolving chemometric techniques applied may be found in
reviews published by several authors, with focus on comprehen-
sive 2D separations [28,29]. Despite considerable improvements
in analytical instrumentation, computer technology and software
development over the last decade, there is still a demand for solu-
tions to process comprehensive 2D separation data as the recent
publications from many research groups reflect [27,30-37].

In the work described here, we were exploring commercially
available software solutions which could be used for a global as well
as for cluster analysis of the data obtained by comprehensive 2D gas
chromatographic analysis. Inspired from the field of proteomics,
specifically the separation of proteins in two-dimensional gel elec-
trophoresis [38]—which is often abbreviated as “2-D” (discussion
on this peculiarity in the editorial of J. Sep. Sci. (2006) 479)—we
looked into the data analysis methods commonly applied in this
area. Among “omics” technologies, 2D gel electrophoresis is one
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of the most prominent examples for decomposing complex mix-
tures of analytes, proteins in this case, by the application of two
orthogonal separations. This may result in patterns of more than
10,000 protein spots using a 2D gel of 30 x 40cm? in size [39],
which are recorded in image files with sufficient x; y-resolution
in size and signal resolution in depth. The comparison of patterns
originating from different states of cell cultures, tissue samples or
microbial fermentation batches provides us with insights about
the expression behavior of any expressed protein, and allows a
better understanding of physiological phenomena resulting from
varying experimental conditions. A series of expression data for a
protein is called an expression profile and commonly reflects the
accumulated amount of this biomolecule e.g. within a defined time
course or in different cell types. The methods for data analysis in
these experiments face a variety of problems which can be found
also when processing contour plot images from GC x GC chro-
matograms — among them distortions of the separation pattern,
spot detection and separation problems, background removal, and
more. While 2D gel electrophoresis separates non-volatile protein
analytes according to their pl (isoelectric point) and MW (molecular
weight) within electric fields, comprehensive 2D gas chromatogra-
phy (GC x GC) decomposes a complex mixture of volatile analytes
according to their retention time in two preferably orthogonal chro-
matographic separations. The resulting data sets are structurally
related to 2D gel separations, with chromatographic peaks as “2D
spots” (the latter being gel electrophoresis terminology), and peaks
representing a cluster of pixels with larger intensity values than
the surrounding background in comprehensive 2D chromatograms
[40]. The 2D spots possess a defined x-; y-coordinate and a sig-
nal intensity representing z-coordinate, often declared as image or
grey level depth, and in GC x GC software packages often presented
in color mode for better visualization (potentially applying some
data processing prior to visualization [41]). If we assume a suffi-
cient sample to sample reproducibility of GC x GC separations and
signal intensities which are proportional to the analyte amounts,
volatile profiles over several samples should be extractable. These
volatile profiles give us information about the sample content of
specific amounts of different volatiles and, if we assume a time
course analysis, also a time response. In this way, analytical tech-
niques common in “omics” studies can, at least in part, be applied or
transferred to experiments with chromatographic analyses, espe-
cially for the purpose of non-targeted profiling analyses of complex
mixtures. Besides classical chromatographic analytical approaches,
such as target component or group-type analysis, “fingerprinting”
analysis becomes more and more relevant, especially for complex
mixtures and in combination with multivariate statistical methods
(chemometrics) [42].

Since this study will demonstrate how an image processing
technique known from 2D gel electrophoresis can be applied for the
analysis of GC x GC chromatograms, it is reasonable to first explain
some general aspects of the techniques involved. With the ongoing
development in computer hardware, powerful image processing
techniques have been developed in the last years and are available
for desktop computers. Today, image processing is a well estab-
lished method not only for gel-based proteomics [43], but also for
gel-free workflows, such as liquid chromatography coupled with
mass spectrometry (LC-MS or LC-MS/MS) [44]. Similarly to gas
chromatographic separations (certain aspects of which will be dis-
cussed later), although fundamentally different, the 2D gel images
present comparable and often highly complex spot patterns after
2D separations of proteins. Such gels or their images suffer from
distortion effects, thus shifts in the isoelectric focusing or poly-
acrylamide SDS electrophoretical separation (PAGE), which then
have to be aligned or “warped” prior to further analytical treatment.
Applicable correction methods and algorithms derive from astro-
nomical photography [45], and reviews on correction methods have

been published recently [46-48]. Since the early beginning of 2D
gel electrophoresis, an improved workflow has developed, based
on aligning (also referred to as “registering” or “warping”) of indi-
vidual images to the coordinates of a defined reference (gel) image
first, then creating a consensus image using a fusion algorithm [49].
On the basis of this fusion image, a consensus spot pattern is gener-
ated, and finally, the consensus spot pattern is propagated to all gel
images for quantification. The main advantage of this workflow is
that a resulting (spot) table is achieved without missing values, the
latter being a pre-requisite for statistical analysis. Finally, in 2D gel-
based experiments so-called expression profiles can be achieved.
For further reading, the present state-of-the-art in this field has
been summarized recently [50,51].

In the work described hereafter, a state-of-the-art software
package from 2D gel electrophoresis will be evaluated for its
application to the analysis of GC x GC data with particular empha-
sis on the potential for image alignment (or peak alignment),
peak recognition and profiling analysis, using statistical methods.
The differentiation of patterns obtained from volatile components
derived from fruit varieties (“aroma profiling analysis”) will be
described as an example.

2. Experimental
2.1. Samples

Apples (Malus domestica varieties “Braeburn”, “Cox-Orange”,
“Elstar”, “Fuji”, “Gala”, and “Pinova”), pear fruits (Pyrus communis L.
“Alexander Lucas”, “Conference”, and “Williams Christ”), as well as
aquince fruit (Cydonia oblonga Mill.) were obtained from the Pomol-
ogy Department of the DLR Rheinpfalz, Neustadt, Germany. The ripe
fruit samples were stored under normal household conditions and
cut into small pieces (except core) prior to analysis.

2.2. Instrumental analysis

A GC x GC system equipped with a programmed temperature
vaporizing injector and a double cryo jet modulator (Trace GC x GC
Ultra) was coupled to a DSQ quadrupole mass spectrometer (both
ThermoFisher Scientific, Dreieich, Germany). Data acquisition and
control of the GCx GC-qMS system was achieved with Xcal-
ibur software version 1.4, while HyperChrom software version
2.4.1 was used to process the two-dimensional GC x GC-qMS data
(both from ThermoFisher Scientific). Automated headspace solid
phase microextraction (HS-SPME) was performed with a TriPlus
autosampler including the SPME option (ThermoFisher Scientific).

2.3. Analytical conditions

Analyte extraction was achieved after incubation of 5-7g of
cut fruit pieces for 10 min at 45°C in a 20ml headspace vial,
crimped with teflon coated silicon rubber septa. A 50/30 pum
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS,
Sigma-Aldrich, Steinheim, Germany) fiber coating was selected
for extraction. Desorption of the SPME fiber was performed at
230°C in the vaporizing injector, using a dedicated small bore
SPME liner in splitless mode (BGB Analytik, Bockten, Switzer-
land). A pressure surge of 450kPa was maintained for the first
3 min and splitless conditions were held for 2 min, after which the
split valve was opened to allow a split flow of 15 ml/min. Carrier
gas used for chromatographic separation was helium at a con-
stant flow of 1.2 ml/min. The analytical column system consisted
of a 30m x 0.25mm i.d. fused silica first dimension separation
column, coated with 0.25 pum SolGel-Wax (a polyethylene glycol
phase) from SGE, Griesheim, Germany and coupled to the sec-
ond dimension column set, consisting of a 0.15m x 0.15 mm i.d.
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fused silica column, coated in-house with a 0.15 pm film thickness
of OV-1701-vi (a 14% cyanopropylphenyl-86% methyl polysilox-
ane phase from Supelco (Sigma-Aldrich, Steinheim, Germany));
and 2 m x 0.15mm i.d. of BPX-5 (SGE; a 5% phenyl polydimethyl-
siloxane phase with 0.25 pm film thickness). Column connections
were made via press-fit connectors (BGB). Oven temperature was
programmed from 50°C (5 min isothermal) at 6 °C/min to 235°C
(condition (i)),orat5°C/minto 225 °C(condition (ii)). Amodulation
period of 7 s was used with a time delay of 5 min. Cryo-modulation
took place on the OV-1701 second dimension column. Mass spec-
tra were recorded with a time delay of 6 min in the electron impact
(EI) positive ion mode applying an electron energy of 70 eV, having
the source temperature set to 240 °C and transfer line temperature
set to 240°C. The total ion monitoring (TIC) conditions were m/z
40-210(4-25min), and m/z40-250(final segment) at 18 and 16 Hz
data acquisition rates, respectively. With respect to the relatively
low data acquisition rate available with our (scanning) quadrupole
MS instrument, GC x GC parameters had been set to reduced overall
chromatographic performance, e.g. with respect to the modulation
ratio [52]. However, the applied conditions provided more than suf-
ficient separation efficiency for clustering the aroma compounds,
as well as having the mass spectral information available. In-
between two analytical runs, a column and fiber conditioning run,
programmed from 100°C at 30°C/min to 250°C (10 min isother-
mal) was applied (split flow at 16 ml/min). Additionally, a SPME
fiber with different fiber coating (70 wm carbowax/divinylbenzene
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(CW/DVB)) was tested (condition (iii)); other conditions for (iii)
were as described for (i).

2.4. Conversion of GC x GC-qMS data

Original data from GC x GC-qMS analysis was exported from
the HyperChrom software as a character separated value (csv)
matrix. Using Microsoft Excel software (version 2004 for Macin-
tosh), comma separators were replaced by tabs and the data were
converted to 32-bit gray-scale images. Then x and y coordinates
were scaled by a factor of 4, the image was inverted, rotated by 90°,
and saved in a tagged image file format using Image] (Macintosh
version 1.410, National Institute of Health, USA). For image process-
ing and data analysis, Delta2D version 4.02 (Decodon, Greifswald,
Germany) was used.

2.5. Image analysis workflow

32-bit gray-scale images (Figure S-1) were imported into
Delta2D and a project workflow was set-up according to the fol-
lowing scheme.

Replicate separations were organized in analysis groups
(Fig. 1a). For best possible image warping, a manual warp graph
connecting all images was constructed (Fig. 1b), where each line of
the warp graph represents an image transformation bringing the
GC x GC images from both ends into congruency. For this purpose,
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Fig. 1. (a) In Delta2D fruit sample replicates have been organized in replicate groups according to the following color code: reddish and yellowish color shades represent
apple samples (yellow - “Braeburn”, light orange - “Cox-Orange”, orange - “Elstar”, orange red - “Fuji”, red - “Gala”, dark red - “Pinova”), greenish hues indicate pear samples
(light green - “Conference”, green - “Alexander Lucas”) and the blue colored group contains quince fruit samples. The violet group highlights the consensus image that does
not contain any background signal by definition. (b) The warp graph clearly highlights that all images have been connected within a warp graph with an apple “Braeburn”

sample in the center that simultaneously served as the fusion image (violet) reference.
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Fig. 1. (Continued).

Delta2D automatically searches for similarities within the GC x GC
images and generates a set of warp vectors linking corresponding
image regions and bringing them onto each other by applying a
warp transform (see Fig. 2). Delta2D allows the user to manually
optimize these automatically detected warp vectors. The pair wise
warp transforms can be combined in a way that also brings more
distant images within the warp graph into congruency.

After defining the warp transforms, all GC x GC images are in
positional congruency to one of the “Braeburn” images (yellow). By
also using the “union fusion” approach described by Luhn et al. [49],
rarely occurring spots are preserved over the whole project, and a
realistic looking volatile map representing all spots (peaks) appear-
ing in the whole experiment is created. This volatile map serves as
basis for the generation of the spot consensus. Because Delta2D’s
spot detection algorithm has been optimized for 2D gel separated

protein spots, rather than for chromatographic peaks, which are
often suffering from fronting, tailing or overloading effects, a man-
ual “spot edit marker” based approach has been used instead of
the automatic spot detection method. In this respect, the “spot
edit marker” has been applied within a spot, allowing automatic
detection of every spot boundary within the volatile map (Fig. 3).
After creation of the spot consensus pattern, the spot boundaries
are transferred according to the warp transforms to all GC x GC
images of the analysis project. This guarantees a reliable quantifi-
cation because grey level integration occurs within the transferred
spot boundaries on the unwarped (original ) images. Because signals
from inhomogeneous backgrounds interfere with spot quantities
on GC x GC images, we applied Delta2D’s background removal
approach that has been shown useful for 2D gels and that functions
similar to the rolling ball method [53,54] as illustrated in Fig. 4.
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Fig. 2. The warp graph (see Fig. 1 panel B) is composed of n—1 (n; number of GC x GC images) pair wise image warp transforms. Here, one pair wise image warping is
illustrated in panel A by using a dual channel image (one image is false colored in orange, the second one in blue). Delta2D automatically generates warp vectors for linking
corresponding image areas (panel B). The calculated warp transform brings both images into congruency (panel C). Differentially occurring volatiles from the first GC x GC
image appear in orange while volatiles with higher quantities on the second GC x GC image appear in blue. Volatiles appearing in comparable amounts are indicated by black.
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Fig. 3. Image fusion (“union fusion approach”) in Delta2D results in a realistically looking GC x GC volatile map which represents all volatiles ever appearing in the GC x GC
images which have been analyzed within the same analysis project. The volatile consensus pattern consists of more than 700 detected spots (panel A). For a closer inspection

of the spot detection quality an integrated 3D spot viewer is available (panel B).

Besides other artifacts, baseline drifts caused by column bleed are
of general concern in data processing of chromatographic separa-
tions (especially in our case, as a polar first dimension column has
been used), and can be efficiently corrected as shown in this exam-
ple. In principal, the rolling ball method defines the background
quantity which has to be subtracted from the summarized grey
levels within any spot boundary.

Because each GC x GC image receives the same consensus pat-
tern of spot boundaries we achieve project-wide sets of quantities
for any detected volatile spot. Once the processing is completed,
this data set serves as the basis for further statistical analysis.

2.6. Data normalization and statistical analysis
The global detectable amount of volatiles for each sample was
set as 100%. The spot quantities are given as part from the whole

and follow a distribution illustrated in Fig. 5. For the statistical anal-
ysis, different methods which are known from DNA array analysis
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have been implemented into the software, among them analysis
of variance (ANOVA), which can be applied to find significantly
changed volatiles over different cultivars and fruit species, prin-
cipal component analysis (PCA), hierarchical clustering for quality
control of sample preparation, and template matching for finding
volatiles with a predefined occurrence behavior. Among others,
these methods have been implemented by the TIGR Institute of
Genome Research within TMEV (http://www.tm4.org) [55], where-
from a subset is included in the Delta2D software for 2D pattern
based data analysis. For amore detailed description of the statistical
analyses please see in Figure S-2 and Fig. 7.

3. Results and discussion
3.1. Analysis of aroma compounds

Volatile components from different cultivars of apples, pears
and quince fruit were analyzed by headspace solid phase micro

(©)

Fig. 4. Delta2D’s background removal algorithm is based on the rolling ball method, which is able to reliably recognize and remove artificial signals from inhomogeneous
background without truncating spot quantities. Panel A clearly illustrates how this works with 2D gel-based protein images. The same algorithm with an adapted diameter
(3-fold of the largest spot) has been applied to a GC x GC image (panel B) and resulted in a spot component (panel C) and a component which corresponds to the background

model (panel D).
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Fig. 5. The quantity frequency plot of detected volatile spots clearly illustrates that
the majority of spots have low or very low quantities while the high quantity spots
appear only in a small amount. Note, that the x-axis (relative quantity) on top is log
scaled.

extraction (HS-SPME) coupled to comprehensive gas chromatog-
raphy and quadrupole mass spectrometry (GC x GC-qMS). The
GC x GC analysis not only allowed an extensive analysis of the
chemical composition of the volatiles, but also provided the basis
for a rapid comparative analytical approach of the resulting pat-
tern of the volatile components. Reliable generation of volatile
component patterns presupposes standardized and reproducible
analytical conditions. With respect to the analysis of volatile com-
ponents, HS-SPME is a commonly applied extraction method today,
involving only minimum manual sample preparation steps [56].
However, repeatability is often critical as extraction equilibria con-
ditions of analytes between the different phases involved greatly
influence the analyte recovery. In our case, repeatable extraction
conditions were best realized using an automated SPME device,
minimizing sample to sample variation for extracted compounds
or generation of potential artifacts due to sample preparation. The
chromatographic conditions for GC x GC-qMS analysis were opti-
mized for the desired separation, using the combination of coupling
a polar to an apolar stationary phase (1st dimension column to 2nd
dimension column), as is often described for aroma analysis in liter-
ature. We also considered the consumption of liquid carbon dioxide
in the modulation system used in our instrument with respect to
the number of analyses, and furthermore, the setting of the scan
parameters for the quadrupole mass spectrometer. The conditions
usually applied (i), involved a relatively fast oven temperature pro-
gram rate (6°C/min), a modulation period of 7s, and a reduced
overall duration of modulation time per run of about 30 min. The
resulting 2D chromatograms still provided the necessary resolution
and good utilization of the separation space as well as acceptable
mass spectra for further identification purposes. A more detailed
discussion on these aspects has been published recently [57].
Examples for the analysis of volatile substances from the three
fruit varieties and their resulting patterns are shown with their
contour plots in Figure S-1. Fruit aroma, such as apple or pear,
are among the most investigated flavors due to their economic
importance. The composition of the volatile substances is primar-
ily dominated by a large amount of homologous esters, such as
ethyl butanoate, ethyl 2-methylbutanoate, 2-methylbutyl acetate,
butyl acetate, hexyl acetate, or alcohols, such as butanol, 2-
methylbutanol, hexanol, or (E)-2-hexenol. Furthermore, carbonyls
such as hexanal, (Z)-3-hexenal, (E)-2-octenal, (E/Z)-2-nonenal,
1-octen-3-one, and others, like (E)--damascenone, limonene, far-
nesene, linalool, eugenol, or butyric acid have been described
as main aroma compounds [58]. As can be seen in the chro-
matograms presented in Figure S-2, the structured separation space
available in this “reversed” column combination set-up is suffi-
ciently utilized and shows the high sample dimensionality [59]
of such fruit aromas, which also cover wide concentration ranges

over more than 5 orders of magnitude (see Fig. 5) from several
milligram to single nanogram per kilogram amounts. The divinyl-
benzene/carboxen/polydimethylsiloxane SPME fiber was used for
the experiments, as this phase is well known for its ability to
extract both polar and apolar substances. A first visual inspection of
the GC x GC data (see Figure S-1) shows closer similarity between
apples and pears, but differences with quince fruit.

3.2. Data analysis with image processing software

During application of the Delta2D software package we found
that the proven 2D gel workflow approach is also suitable for an
analysis project of 2D GC x GC chromatograms (Fig. 6) and allows
a reliable processing in adequate time. In particular, the work-
flow can be summarized as follows. To start, gray-scale images
of the individual chromatographic experiments had to be created
by exporting text files from the chromatographic software with
conversion to images in tiff file format, a step which is equivalent
with scanning gels in a gel-based application. This step took about
1h hands-on time for all experiments here. Then, setting up the
Delta2D analysis project took about half an hour, including the 2D
GC x GC image import (32 images) and classification into 9 repli-
cate groups (6 sorts of apples with 3-6 replicates, 2 sorts of pears
with 3 replicates and 1 sort of quince fruit with 3 replicates). For
image registration, a manually determined warp graph (warp strat-
egy) has been applied (Fig. 1b). As a result, 31 warp transforms have
been built automatically by Delta2D, then manual correction and
improvements of Delta2D generated warp vectors took about 2.5 h
hands-on time. The resulting warp transforms of Delta2D merged
all 2D GC x GC images into a project-wide 2D GC x GC volatile map
by using the “union fusion approach”. Because the automatic spot
detection algorithm of Delta2D has been optimized for 2D gels, all
spots from the volatile map have been detected manually by using
so called “spot edit markers”. This took about 1h hands-on time
and resulted in more than 700 volatile spots (see Fig. 3). The appli-
cation of the spot consensus pattern to each 2D GC x GC image and
quantitation of the spots was initiated manually and automatically
processed within 5 min. Because all achieved quantities rely on spot
boundaries of a project-wide spot consensus pattern, any detected
spot appears as a complete volatile profile within the extracted
quantitation table. At this point for 32 samples, before we started
statistical data analysis, we spent about 5 h of hands-on time for
processing and data extraction at the computer (this is some 10 min
per sample).

3.3. Statistical analysis of sample data by using the Delta2D
integrated TMEV module:

Hierarchical clustering (Figure S-2) is a fast and powerful unsu-
pervised clustering approach useful for rapidly getting an overview
of the data structure in these experiments. On the basis of stan-
dardized intensity values samples clearly cluster according to their
species (apples, pears and quince cluster distant from each other)
and in some cases also according to their cultivars. (“Alexander
Lucas” and “Conference” distinctly cluster among pears. “Braeburn”
and “Fuji” do not separate but “Elstar”, “Gala”, “Pinova” can be dis-
tinguished among apples. Why one “Elstar” and one “Gala” sample
do not cluster according the other “Elstar” and “Gala” samples we
cannot explain, but believe that ripening state may play a certain
role in the release of volatile compounds.) Spots cluster accord-
ing their expression behaviour. Rows of cluster clearly highlight
substances which are typical for cultivars or species.

The PCA plot obtained for the comparative study of the fruit
volatiles pattern (Fig. 7) shows a clear interspecies, and to a cer-
tain extent also an interracial, sample clustering. The apple samples
are represented in the middle and “Fuji” and “Elstar” seem to be
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applied to all 2D GC images for gray level integration; (8) Gray level integration results in quantitative data which can be summarized in volatile profiles (blue -

black - average amount, orange - large amount of volatile).

close relatives, followed by “Pinova”. The other apples are some-
what more different in their aroma profile, especially “Cox-Orange”,
which clusters in the upper area. In the family tree, no ances-
tors for “Cox-Orange” could be found, however it is crossbred

4 2438

19.91

pears
" Lass

/

n I Il ‘
+ i + %
-2524  -20.2 1515 - -5
apples - 4

Elstar 4 -9.98

2524

Gala | 1403
4-1891

4. -24.689

Kaxis =1, ¥ axis=2

Fig. 7. PCA analysis: In the first/second principal component plot (panel A), except
for “Cox-Orange” and with much lower distance “Pinova”, all apples (reddish and
yellowish color shades) are projected into the center. Pears, which are encoded by
green color hue, appear on the upper left, while “Alexander Lucas” and “Conference”
are clearly distinguishable. The group of quince fruit samples appears at largest
distance to the other samples on the upper right.

low amount,

into “Braeburn”. “Gala” is crossbred from “Golden Delicious” and
“Kidds Orange” (the latter containing “Cox-Orange” and “Golden
Delicious”) - in principle, about 75% “Golden Delicious” and 25%
“Cox-Orange”. The relationships within the species cannot be suf-
ficiently differentiated by the profiles of their volatile compounds.
Interspecies relations are well depicted. Pears are closely related to
apples, and quince is further distant from the others. We also ana-
lyzed one sample of “Williams Christ” (chromatogram C in Figure
S-1) as an unknown sample, which clustered well within the group
of pear fruits (data not shown), indicating the potential for identi-
fication of unknowns.

3.4. Identification of individual aroma compounds

The Delta2D software allows labelling of those spots which
are statistically relevant for differentiation (Fig. 8). At present, in
our case, access to the mass spectrometric data for further spot
(compound) identification is only possible off-line in the original
software from the instrument manufacturer (HyperChrom or Xcal-
ibur software, respectively). This is done via pattern comparison
or retention time, respectively. Delta2D allows an export of spot
labels in table format which can be further used for identifica-
tion purposes via the retention time information. As an example,
the identification of the spot labelled by the Delta2D software

s “quince 12" (Fig. 8C) is presented. Within HyperChrom soft-
ware, this spot could be identified via its mass spectrometric and
retention time (index) information as the compound “marmelo
oxide”, which is known to be a characteristic substance in quince
fruit aroma [60,61]. Furthermore, using Xcalibur or HyperChrom
software, the available mass spectrometric data can also be used
directly to identify (target) compounds or even compound classes,
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apple (“Gala”), condition (ii). All spots indicated and labeled with number represent statistically relevant components.
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Fig. 9. Identification of compound marmelo oxide with Xcalibur software: A: Modulated chromatogram (TIC) of quince fruit condition (i); B: extracted ion chromatogram
of m/z 137 (base peak of marmelo oxide); and C: mass spectrum of compound eluting at 18.05 min. showing identical spectrum to the one described for marmelo oxide by
Tsuneya et al. [61].
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using extracted ion chromatograms as described e.g. for group-type
analysis [62]. This way, the selective detection of the marmelo oxide
can also be achieved by an extracted ion chromatogram of m/z 137
or 152, characteristic ions in the spectra of marmelo oxides (Fig. 9).
Another example of the selective detection of known target fruit
aroma compounds could be (E,Z)- and (E,E)-ethyl 2,4-decadienoate,
which are characteristic esters in pear aroma, having fragment ion
of m/z 151 in common (data not shown).

3.5. Robustness of peak warping and statistical analysis

The robustness of both peak warping and clustering algorithms
can be seen with results obtained for GC x GC-qMS chromatograms,
applying different analytical conditions. In Fig. 8, two chro-
matograms (apples; A and D) were obtained with somewhat
varying oven temperature program rates. Although total run times
and absolute retention times were considerably different between
these two chromatograms, peak warping allowed reliable compar-
ison of the peak patterns and correct clustering of these samples.
The different run conditions also explain the “distorted” image of
Fig. 8D, as a more drastic warp transform had to be applied. Another
example is shown in Fig. 8C, as this chromatogram was generated
using somewhat altered extraction conditions, using a different
SPME fiber. In this case, different (absolute) extraction values for
quince fruit aroma compounds due to the different chemistry of the
SPME fibre have to be considered, but still, this chromatogram could
be found within the quince cluster. Surely, the latter is favored due
to the more distinct nature of quince fruit, with its own pattern of
aroma compounds. But it seems to be noteworthy mentioning these
results, as different retention times due to different run conditions
could otherwise only be compensated by applying retention index
systems, which is somewhat challenging in GC x GC applications
[63,64].

4. Conclusions

In approaches to pattern recognition analysis, chromatogra-
phers often rely on peak based studies, which means in a first
step, peaks have to be aligned, background subtracted, then inte-
grated, and the resulting peak data further processed by statistical
means such as ANOVA, PCA and others. Since the quality of results
obtained in this way relies to a strong extent on the quality of
both peak integration and peak purity (also considering algorithms
used for aligning, background subtraction, and eventually peak
deconvolution), additional work is often necessary and a qualified
operator supervising the integration-based results is indispensable.
Compared to background subtraction methods normally applied
in chromatography, and particularly in GC x GC [14], the rolling
ball approach used in the Delta2D software is a promising alter-
native for subtracting background noise from comprehensive 2D
chromatographic data, as it considers the 3-dimensional “land-
scape” of the image. The set of methods incorporated for image
processing in the Delta2D software package use sophisticated algo-
rithms for image warping and spot detection, but should also be
supervised by an experienced operator. The total workflow can be
semi-automated and minimized in terms of hands-on time. Avail-
able methods for clustering and pattern comparison algorithms
are well known from e.g. proteomics or DNA array analysis and
could successfully be applied to GC x GC data when working on
the contour plots. The described method guarantees that the total
chromatographic information from all experiments is taken into
consideration for (statistical) analysis. Compared to multitarget
profiling — which can be seen as an extension of classic analyti-
cal chemistry by defining e.g. compound spectra, search retention
index windows, quantification ions and spectra-similarity thresh-

olds for multiple (known) metabolites — working with the total
available information is an important issue and provides a robust
approach for unbiased (non-targeted) profiling studies [65]. Unbi-
ased profiling analyses require powerful data processing tools
capable of detecting unidentified and potentially novel biomark-
ers, which drives an increasing interest in the field of metabolic
fingerprinting [66,67] and visionary ideas, such as “chromato-
nomics” [68,69] where external calibration of the chromatographic
information (profile) with sample information is targeted (an idea
originating frome.g. FT-IR analysis [70]). Approaches based on com-
parative visualization, similar to the one described in this work or
by others e.g. Hollingsworth et al. [37], can therefore be regarded
as essential and promising tools when using GC x GC datasets for
unbiased profiling analysis. In this respect, another promising step
in this direction has recently been published by Groger et al. [33] as
“pixel-based analysis”, using pixel-based chemometric processing
methods.

As a final observation, the software evaluated here provides
sophisticated tools to process 2D chromatographic data for peak
aligning (warping), peak detection and (to some extent) peak
quantification. The workflow from 2D gel electrophoresis analy-
sis, which is common in proteomics studies, could be successfully
transferred to a profiling analysis based on GC x GC data and
the incorporated features for statistical analysis could be used
for pattern recognition approaches. Besides metabolomics, unbi-
ased pattern comparison techniques can help to explain complex
questions or correlations, such as differences amongst cultivars,
geographic origins, or technology treatments, without the need
of finding specific target compounds. Furthermore, when mass
spectrometry has been applied for detection, as in this study,
the individual structural information is also available. So, with
appropriate quantification methods, the classical target compo-
nent analysis is possible, which provides fundamental information
that is still pre-requisite for understanding analytic results on a
molecular basis.

At present, however, the third-order-advantage [71,72] avail-
able with spectroscopic detectors is not available per se in Delta2D,
due to its origin from 2D gel electrophoresis. Compared to other
software packages for GC x GC data processing, such as ChromaTOF
(LECO; St. Joseph, MI, USA) or GCImage (GClmage, LLC; Lincoln,
NE, USA), this is a clear disadvantage. Although this data can
still be accessed off-line and then used for peak identification,
e.g. of statistically relevant substances, a future milestone in the
development of the software applied in this study should be the
incorporation of this feature. Then, aligning and deconvolution
techniques using algorithms such as PARAFAC [18,29,71,73,74] or
PARAFAC2 [75,76] could be incorporated as well. Still, using uni-
variate detector information, as obtained with traditional flame
ionization detection (FID) or with the MS information used as
an “image” in our example, the features already available within
Delta2D allow pattern recognition (profiling) analyses within rea-
sonable hands-on time for data processing, using the workflow
described here.

With increasing demand from metabolic and other “omic” areas,
fingerprinting analysis using comprehensive 2D techniques will
become more routine and will call for appropriate tools in data
treatment. At the present time, important efforts put into fur-
ther development of algorithms and software in this field can
be derived from the many recent publications by other groups
like Groger et al. [33,77], Skov and co-workers [30,76], Synovec
and co-workers [29,74,78,79], Hyoetylaeinen and co-workers [32],
Vial et al. [27], and others. In this respect, we expect auspi-
cious developments for the data treatment of comprehensive 2D
chromatographic separations. and eventually hope to see the incor-
poration of some accomplishments from the related proteomics
field.
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