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Chapterr 5 

Alignmentt of GCxGC 
chromatt ograms. 

Thee combination of multivariate analysis (MVA ) and gas chromatography 
(GC)) has been applied to a variety of applications. However, the success of 
thiss combination has been rather limited. By far the greatest impediment 
aree retention-time shifts, which are inevitable in separation techniques. For 
conventional,, one-dimensional GC several solutions have been proposed to 
eliminate,, or at least drastically reduce, such shifts in retention time. 
Comprehensivee two-dimensional gas chromatography (GCXGC) offers a 
tremendouss increase in peak capacity in comparison with conventional, one-
dimensionall  GC. The resulting very detailed GCXGC chromatograms (or 
"chroma2gramss ") can be regarded as highly detailed fingerprints of a sam-
ple.. This makes GCXGC a very attractive technique for the application of 
MVA.. However, in a two-dimensional separation system retention-time shifts 
cann (and will ) occur in both separation dimensions. The successful combina-
tionn of MVA with GCXGC therefore requires alignment techniques to eliminate 
retention-timee shifts in both dimensions. 

Inn this Chapter we will demonstrate the applicability of image-processing 
techniquess for drastically reducing retention-time shifts for chroma2grams. 
MVAA techniques, such as PC A and Parafac, are used to quantitatively as-
sesss the results of the alignment. Parafac2 is demonstrated as an alterna-
tivee method. In this case the retention-time shifts are corrected for within 
thee algorithm. The three methods are successfully applied for reducing the 
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retention-timee shifts present in two sets of chromatograms, one obtained 
byy GCXGC with fiame-ionization detection and the other from GCXGC with 
time-of-flightt mass spectrometry. In addition, we demonstrate that the quan-
titativee information is not affected by the proposed MVA methods. 

5.11 Introduction 

Gass chromatography (GC) is a very powerful tool for the quantitative and 
qualitativee analysis of complex, volatile mixtures. In quantitative analysis, a 
numberr of relevant peaks are quantified, normally with the aid of integration 
software.. The resulting quantitative information is, for example, required to 
meett legislation, for product specification or for waste monitoring. Qual-
itativee analysis often involves the visual comparison of chromatograms, in 
whichh each chromatogram can be regarded as a chemical profile or finger-
printt of a sample. Such a visual comparison is clearly very subjective. For a 
more-objectivee comparison MVA techniques can be applied. The systematic 
comparisonn of a large number of chemical profiles (e.g. gas chromatograms) 
withh MVA techniques can yield valuable information on the differences or 
similaritiess between the samples. Eventually, this information can be linked 
too performance parameters [28] or it can be used for quality-control pur-
posess [112]. 
Unfortunately,, a straightforward application of MVA methods to chromato-
graphicc profiles is generally not possible. The greatest impediment is the 
retention-timee instability associated with every analytical separation tech-
nique.. For several reasons (see below) gas chromatograms exhibit small, 
butt inevitable variations in the retention times. When applying MVA tech-
niquess constant (or "parallel") elution profiles are assumed, i.e. components 
aree assumed to always elute at identical retention times with identical peak 
shapes.. In practice, repeated analysis of a single sample will result in some 
variationss in the retention time for any given component in the series of 
chromatograms.. By using good, state-of-the-art instrumentation and sound 
(injection)) procedures the degree of variation can be reduced substantially. 
Thee use of retention-time-locking algorithms can further improve these re-
sultss [113]. However, because of the very nature of the chromatographic 
processs variations in retention times and peak shapes can never be com-
pletelyy eliminated. Any variations in retention times and peak profiles will 
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bee interpreted incorrectly by MVA techniques as changes in chemical compo-
sition. . 
Theree has been a great deal of interest in solving this problem, since it forms 
aa major bottleneck for the application of MVA techniques to chromatographic 
data.. One way to deal with retention-time shifts after the chromatograms 
havee been recorded is by applying so-called data pre-processing techniques. 
Thiss implies that chromatograms are corrected computationally before the 
dataa are subjected to MVA. Typically, the time axis of each chromatogram is 
alteredd in such a way that the result fits the chemical profile of a previously 
definedd target chromatogram. Malmquist [37], Nielssen [38], Johnson [39], 
andd Eilers [40] have described various techniques for the alignment of one-
dimensionall  separation profiles. These techniques allow MVA to be applied 
onn the corrected chromatographic data. 

Threee practical sources of shifts in retention times can be distinguished. 
Firstly,, variations in operating conditions (e.g. flow or pressure, tempera-
ture)) result in variations in retention times. Secondly, degradation of the sta-
tionaryy phase may occur. This can either be caused by gradual disappearance 
off  the stationary phase ("phase stripping") or by chemical changes in the sta-
tionaryy phase by, for example, residual material in the sample. Thirdly, shifts 
wil ll  arise when replacing the column or by changing to another instrument 
("methodd transfer") [113]. In addition, there are fundamental reasons why 
retentionn times and peak profiles vary in chromatography. Any non-linearity 
off  the distribution isotherms will result in concentration-dependent times 
andd profiles. Any influence of other analytes, matrix components, solvents, 
etc.etc. on the distribution isotherms will also result in variations. We can (and 
should)) try to approach ideal chromatography by creating excellent columns, 
avoidingg secondary retention mechanisms (e.g. adsorptive surfaces), reduc-
ingg the sample size, etc.. However, again, we can minimize the variations, 
butt we cannot completely eliminate them. Generally, we wish to apply chro-
matographicc analysis to diverse samples, with greatly varying concentrations 
and,, possibly, composition. Trying to minimize concentration-dependent 
retention-timee shifts by minimizing changes in the sample composition is 
defeatingg the purpose of chromatographic analysis. 

Thee first practical source of shifts can largely be eliminated by using ad-
vancedd instrumentation, such as auto-injectors and electronic pressure con-
trol.. This reduces the variation in the injection time and offers a more stable 

77 7 



columnn flow, respectively. The second source of shifts, stripping of the sta-
tionaryy phase and chemical modification, can be reduced by using highly 
puree and effectively immobilized (cross-linked) stationary phases and by us-
ingg pure (oxygen-free) carrier gases. Sample-induced chemical modification 
cann be reduced by using suitable injectors (e.g. PTV) and liners. However, 
thee threat cannot be completely eliminated. Unfortunately, since each com-
ponentt class responds differently to chemical modification of the stationary 
phase,, the resulting shift is component-dependent. In extreme cases, the elu-
tionn order may change. In addition, peak shapes can be altered. The third 
sourcee of shifts (different columns) may be more easily overcome. Apart 
fromm avoiding the need to change the columns by using good procedures and 
materialss (carrier gases and solvents), the effects of changing the column 
mayy often be corrected for. A new column with a slightly different diameter, 
stationary-phasee thickness, and/or length results in a shift of all components 
inn the same direction to different, but gradually varying extents. There are 
twoo routes towards solving this problem. The first option is to adapt the 
chromatographicc conditions in such a way that components again elute in 
theirr original positions. Alignment of already recorded chromatograms is the 
secondd option. 

Inn the last decade a novel separation technique has been introduced, viz. 
comprehensivee two-dimensional gas chromatography (GCXGC) [1-3]. This 
techniquee offers a tremendously increased peak capacity in comparison with 
conventional,, one-dimensional GC, because every part of the sample is sub-
jectedd to two different separations. The value of GCXGC has already been 
demonstratedd by a large variety of applications, such as oil and petrochem-
icall  products [64,77,107], halogenated compounds [70], fatty acids [68,69], 
foodd analysis [62], cigarette smoke [114], essential oils [108] and environ-
mentall  pollution [109]. The large peak capacity makes GCXGC a seemingly 
ideall  technique in combination with MVA. The very detailed two-dimensional 
chromatogramss (or chroma2grams) can be regarded as highly detailed fin-
gerprintss of a sample. 
Chroma2gramss have already been subjected to MVA techniques, for instance 
forr the successful deconvolution of overlapping peaks [83], for enhancing de-
tectionn limits [16], and for fast quantification [82,115]. In all these cases 
retention-timee shifts in the chroma2grams were eliminated, or at least re-
duced,, by applying shifts in local regions of the chromatograms in a data-
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pre-processingg step. The alignment procedures used in these studies can 
bee regarded as local optimizations. In contrast, the elimination of shifts 
throughoutt the entire chromatogram, i.e. on a global scale, is much more 
difficul tt to achieve. As in conventional one-dimensional GC, shifts can partly 
bee overcome by improved instrument electronics, such as pressure control and 
auto-injectors.. In GCXGC state-of-the-art (cryogenic) modulators provide an 
excellentt run-to-run repeatability [84]. For a sample containing 43 compo-
nentss (with concentrations varying from traces to high levels) six-replicate 
analysess were performed on a single column set. The authors reported an 
averagee retention-time repeatability of 0.12% (r.s.d.) in the first dimen-
sionn and 0.74% in the second dimension, which are impressive results by 
GCC standards. However, the use of a different column set (with nominally 
identicall  dimensions) led to significant shifts in the retention times in both 
dimensionss [84]. Minute differences in column length, internal diameter, and 
stationary-phasee thickness were suggested to have caused these shifts. The 
experimentall  run-to-run repeatability under perfect conditions on a single 
columnn set is difficult to improve by using alignment (pre-processing) tech-
niques.. The variations in the peak positions entail only one or two data 
pointss in either direction. Correcting for such minute differences on a global 
scalee can easily result in over-compensation and in a deterioration of the 
retentionn stability. A multivariate model can be constructed based on the 
raw,, unaligned chromatographic data. Any significant change in the condi-
tionss or the introduction of a new column-set, however, renders this model 
useless,, since the chromatographic behaviour becomes different. A transfer 
methodd from one column-set to another would enhance the applicability of 
thee model. Unfortunately, the global alignment of complete two-dimensional 
chromatogramss has not yet been reported. 

Onee way to overcome this problem is to develop models capable of handling 
chromatographicc shifts. Bro et aJ. proposed the Parafac2 model for this 
purposee [100]. This model is only applicable to tri-linear data, such as a 
sett of stacked chroma2grams, and it is not applicable to conventional chro-
matograms.. Instead of using elution profiles as such, the Parafac2 model uses 
aa covariance matrix of the elution profiles. By doing so, the "inner-product 
structure""  of the chromatograms is preserved. Parafac2 is not an alignment 
procedure,, but it is an MVA technique with some tolerance for retention-time 
shifts. . 
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Inn the field of image processing, transformation techniques are used to trans-
formm all kinds of images [116]. We have attempted to use such image-
processingg techniques on chroma2grams, with the aim of global alignment. 
Thee results have been assessed with MVA techniques, such as PCA and 
Parafac.. The effects of the alignment on quantitative data have also been 
examined.. Finally, the image-processing techniques have been compared to 
thee use of the Parafac2 method for dealing with retention-time shifts. 

5.22 Theory 

5.2.11 Comprehensive two-dimensional gas chromatography 

Inn a two-dimensional-chromatography system, the effluent from the first di-
mensionn is passed through a modulation capillary. This device continuously 
trapss and releases small portions of the effluent. In contemporary designs the 
modulatorr usually consists of two cooling jets along the modulator capillary 
orr one jet, which is effectively used at two different locations in a loop design. 
Thee cooling gas is either evaporated nitrogen or expanding carbon-dioxide. 
Elutingg components are trapped at the first cold spot. The trapped compo-
nentss are remobilized periodically by switching off or deflecting the cold jet. 
Thee pulsed portions are refocused by the second jet. Remobilization from 
thee second jet constitutes the actual injection onto the second-dimension 
column.. The detector at the end of the system registers the effluent from 
thee second-dimension column. The detector output is one large string of 
second-dimensionn chromatograms. 
Alignmentt procedures designed for one-dimensional chromatographic tech-
niquess may also be applied to two-dimensional separations. The signal ob-
tainedd from a GCxGC instrument is essentially a time-intensity function, 
similarr to a conventional, one-dimensional chromatogram. Identical features 
inn the sample and target chromatograms can be used to create a synchroniza-
tionn profile. However, such an approach neglects the concealed chromato-
graphicc information of the modulated first dimension. Moreover, techniques 
thatt align the linear signal will not recognize the individually modulated 
peakss that belong to the same chemical component. Aligning the linear 
GCXGCC signals is clearly not the most-appropriate approach. Alignment 
off  the demodulated, two-dimensional chromatogram is preferred. Unfortu-
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nately,, GCXGC chromatograms can contain so-called wrap-around. Wrap-
aroundd occurs when the second-dimension retention time exceeds the mod-
ulationn time (i.e. the duration of one modulation cycle) and it is reflected in 
spurious,, broad peaks in subsequent second-dimension chromatograms. Us-
ingg image-processing techniques, wrap-around and peaks eluting at or across 
thee bottom and top edges of the chroma2grams cannot be dealt with, since 
suchh techniques do not connect a point at the top of the chromatogram to a 
pointt at the bottom in the next column of data. However, alignment of the 
chroma2gramm does allow us to correct first- and second-dimension retention-
timee shifts simultaneously. 

5.2.22 Image registration 

Image-processingg techniques are used in a wide variety of applications, such 
ass image enhancement, image deblurring, image filtering, edge detection, 
andd image transformation. Especially image-transformation techniques ap-
pearr to be relevant in the present context. Such techniques are, for example, 
usedd in aerial photography. Aerial photographs are often registered from 
differentt perspectives (i.e. positions). For a correct comparison of the dif-
ferentt images, the projection error must be eliminated. For this purpose, a 
projectiveprojective correction method can be used [117]. 

Imagee transformation requires two images, referred to as base and input. The 
basee or reference image is compared to the input or target image. The input 
imagee will be transformed, after which it is referred to as the aligned image. 
Thee first step is to register the two images. In this process, control points 
aree selected in the two images. These are referred to as 'landmarks' and they 
aree uniquely identifiable points in the two images. The coordinates of these 
control-pointss are used to calculate a transformation function between the 
twoo sets of points. The global transformation function used for this trans-
formationn is a mathematical expression, which is applied to transform the 
entiree image. Obviously, the type of transformation function determines the 
flexibility,flexibility,  and the behaviour in case of extrapolation. For example, a higher-
orderr polynomial can result in an excellent fit  for the selected points, but 
cann show strange anomalies in extrapolated regions. Transformation profiles 
appliedd to chromatographic data should allow non-linear corrections, but 
shouldd exhibit a smooth behaviour. A polynomial function, therefore, seems 
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too be appropriate. 
Inn a two-dimensional image, the shift is affected by the X-position, the Im-
position,, and possibly by the combined Xy-position (correlation effect"). In 
thee form of a second-order polynomial, this yields Equations 5.1 and 5.2. 

[X™][X™]  = (ax + bx[Xold]  + cx[r M]+d x^  ̂ (5.1) 

and d 

[Ynew][Ynew] = (ay + bylXold}+CylYold]+d y[XoldYold}^€ylX^d}-{-f y[Y^d])  (5.2) 

Sincee the shifts are different in the X and Y directions, different values for 
thee two sets of coefficients [ax through fx]  and [ay through fy]  are needed to 
describee the most-appropriate transformation profile. 

5.2.33 Quantifying similarity of chroma 2 grams 

Thee effect of each alignment procedure may be characterized by a measure of 
similarity.. In the case of two-dimensional data, a straightforward correlation 
coefficientt clearly falls short. A two-dimensional analogue may be the 'inner-
productt correlation' [42]. 

tr(Atr(ATTB)B) , , 
rr (A(A m =  K } (5.3) 

(( ' ] y/tr(ATA) x tr(BTB) V ' 
Where: : 

rr(A,B)(A,B) Correlation coefficient between matrix A and matrix B 
AA Standard matrix 
BB Sample matrix 
trtr  Trace function (sum of all diagonal elements) 

Thiss measure has already been applied successfully for quantifying 
thee effect of shifting within local regions in chroma2grams (Chapter 3 
off  this thesis) and it should also be applicable to entire chroma2grams. 
However,, considerably more computational effort wil l be required. For 
thee comparison of a large set of chromatograms, the approach described 
abovee is not attractive, since it results in a matrix of correlations for every 
chromatogramm relative to each of the other chromatograms. Multivariate-
analysiss techniques are perfectly suited for comparing large numbers of 
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objectss (chroma2grams in this case). 

PCA A 
Thee results of alignment procedures can be quantitatively evaluated using 
MVAA routines. For one-dimensional chromatography, principal components 
analysiss (PCA) can be employed. In PCA, the original variables are replaced 
byy a (strongly) reduced number of uncorrelated (orthogonal) variables, 
calledd the principal components. Mathematically: 

XX = TxPT + E (5.4) 

Where: : 
XX Original dataset containing n (samples) x p (variables) 
TT scores of n (samples) x F (principal components) 
PPTT transposed loadings containing F (principal components) x 

pp (variables) 
EE Residuals, variation not explained by the model 

Thee principal components are constructed in such a way, that the 
firstfirst one (PCl) represents the main source of variation in the original 
dataset.. The second PC is orthogonal to the first one and it represents the 
maximumm variance not explained by PCl. Each PC is a linear combination 
off  the original variables. The direction of each PC in the original variable 
spacee is expressed in the principal-component loadings. 
Thee number of PC's provides an indication of the complexity of the model. 
Iff  the data are highly correlated, a few PC's will be sufficient to reproduce 
thee original data. A way of presenting the data obtained by PCA is the score 
plot.. Related objects (belonging to the same group) have similar scores 
onn the PC's and will consequently tend to cluster. Since the alignment of 
chromatogramss should be evaluated on identical samples, there is no source 
off  variance from the sample. The only source of variation between two 
(setss of) chromatograms is their chromatographic behaviour. Ideally, the 
comparisonn of two sets of chromatograms, measured with two columns, 
wouldd result in a PCA model in which most of the (mathematical) variance 
iss captured in one or two principal components. After alignment, the main 
sourcee of variance between the two sets is captured in the first principal 
component. . 
AA limitation is that PCA can only deal with matrices, i.e. sets of "one-
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dimensional""  chromatograms. Data matrices as encountered with GCXGC 

havee to be "remodulated" or linearized. The resulting "one-dimensional" 
chromatogramss can then be subjected to PCA. From this perspective, mul-
tiwayy methods, such as parallel factor analysis form an obvious alternative. 
Thesee methods can deal with sets of data matrices, instead of data vectors. 

Parafac c 

Parallell  factor analysis (Parafac) is a generalization of PCA towards higher 
orders.. It is a true multiway technique, which decomposes a multiway 
datasett into one or more combinations of vectors ("triads"). The Parafac 
modell  was proposed in the 1970's independently by Carrol and Chang 
underr the name CANDECOMP (canonical decomposition) [97] and by 
Harshmann under the name Parafac [98]. Essentially, Parafac models the 
dataa as follows: 

a1 a1 a2 a2 

d d c2 c2 

F iguree 5.1: Schematic two factor Parafac model. 

Inn this schematic overview, the stacked chromatograms are represented by 
thee matrix X with dimensions (J x J x K). In our case i" indicates the 
first-dimensionfirst-dimension retention time, J the second-dimension retention time, and 
KK the specific sample or injection. Analogously to PCA, the effect of the 
alignmentt procedure may be evaluated from the percentage of variance 
capturedd in the first parallel factor. 

Parafacc 2 

Mostt multiway methods assume parallel proportional profiles (e.g. invari-
ablee absorption wavelengths or elution times). In some cases, unequal 
recordd lengths may need to be dealt with, such as in batch-process analysis, 
wheree the time required to process a batch may vary, resulting in unequal 
recordd lengths. In chromatography, peaks may shift due to practical or 
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fundamentall  reasons. Most multiway methods cannot deal with such 
shifts.. Parafac2 can handle shifted profiles through the inner-product 
structure.. This property can be used, for example, to deal with stretched 
timee axes [101]. The Parafac2 algorithm can be described schematically as 
follows: : 

XXkk = AkDkB
T + Ek (5.5) 

Where: : 
XXkk Chroma2gram of the kth sample (I x J) 
AAkk Matrix containing HR elution profile the for kth sample (ƒ x R) 
DDkk Diagonal containing weights (relative concentrations) of kth 

samplee of X (R x R) 
BB Matrix containing HR elution profiles (R x J) 
EEkk Residual for kth sample in X (I x J) 

AA useful property of Ak is that A\"Ak = ATA for k = 1,..,K. In 
otherr words, the cross-product of the A matrix is constant for all samples. 
Inn literature, Parafac2 has been used for the decomposition of data obtained 
byy liquid chromatography with photo-diode array detection [100] and for 
faultt detection in batch-process monitoring [31]. Parafac2 only allows 
thee inner-structure relationship to be used in one direction. For LC-PDA 

thiss is not a serious limitation, as retention-time shifts only occur in the 
LCC direction. For GCXGC, however, shifts can (and will ) occur in both 
directionss and they are not identical along the two retention axes. In 
applyingg Parafac2 to chroma2grams, the inner-structure relationship is 
appliedd along the first-dimension axis. In this direction, differences in peak 
shapee are characterized by so-called "in-phase" and "out-of-phase" (i.e. 
thee top of the first-dimension peak falls almost exactly in between two 
second-dimensionn fractions) between different injections [118]. 

5.33 Experimental 

5.3.11 GCxGC-FID 

Experimentss of the GCXGC with an FID were performed with an Agilent 
68900 GC (Wilmington, DE, USA). This GC was equipped with a CIS 4 
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programmed-temperature-vaporizationn (PTV) injector (Gerstel, Mulheim 
ann der Ruhr, Germany) and a CTC CombiPal (CTC Analytics, Zwingen, 
Switzerland)) auto-injector. The modulator was a KT 2003 thermal modula-
torr (Zoex, Lincoln, NE, USA) and the system was equipped with a separate 
second-dimensionn oven, which allowed flexible temperature programming 
off  the second-dimension column. Liquid nitrogen was used as the source 
forr cold modulator gas at a flow of approximately 117 mL/min. The 
modulationn time was 7.5 s and the duration of the hot pulse was 300 ms. 
Thee temperature of the first-dimension column oven was programmed from 
40°CC (5 minutes isothermal) at a rate of 2.5°C/min to 250°C (20 minutes 
isothermal).. The hot pulse of the release jet was set at 100°C above the 
ovenn temperature, while the second-dimension oven was operated at an 
offsett of 50°C above the temperature of the primary ("first-dimension") 
oven. . 

Thee PTV injector was programmed from 40°C to 250°C (5 minutes isother-
mal)) with a ramp of 12°C/s. 
Thee column-set consisted of a of a 10 m length x 0.25 mm internal diameter 
0.255 fim film thickness DB-1 column (J&W Scientific, Folsom, CA, USA) 
inn the first dimension and a 2 m length x 0.1 mm internal diameter 0.1 
/zmm film thickness BPX50 column (SGE, Ringwood, Australia) in the 
secondd dimension. A fused-silica capillary of 0.5 m x 0.1 mm deactivated 
withh diphenyltetramethyl-disilazane (DPTMDS), obtained from BGB 
Analytikk (Anwil, Switzerland) was used to connect the second-dimension 
columnn to the flame-ionization detector (FID). Columns were coupled with 
custom-madee press-fits (Techrom, Purmerend, The Netherlands). In all 
experiments,, helium was used as carrier gas. 

Conditionss set 1 
Modulationn was performed using a 1.6 m x 0.1 mm DPTMDS-deactivated 
fused-silicaa capillary (BGB Analytik). The inlet pressure was 250 kPa, 
resultingg in a carrier-gas flow of approximately 1 mL/min at 40°C at the 
columnn outlet. 
Conditionss set 2 
Modulationn was performed using a 2.0 m x 0.1 mm DPTMDS-deactivated 
fused-silicaa capillary (BGB Analytik). The inlet pressure was 280 kPa, 
resultingg in a column flow of approximately 1 mL/min at 40°C. 
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Sample e 
Thee sample used in this study was a synthetic mixture, containing all the 
componentss of the "Grob mix" [119]. This mixture includes Cg, Ci2, and 
C155 linear alkanes, 2,3-butanediol, 2,6-dimethylphenol, 2,6-dimethylaniline, 
2-ethylhexanoicc acid, 1-octanol, dicyclohexylamine and methyldecanoate. 
Too this mixture, toluene, decaline (both cis and trans), 2-methylnaphthalene 
andd Ci6, C17, C19, and C20 alkanes were added to have components eluting 
att longer first-dimension (alkanes) and second-dimension (aromatics) 
retentionn times. The concentrations of all components were approximately 
5000 ppm (weight). Cyclohexane (p.a. quality, Merck) was used as solvent. 
Thee injection volume was 1 /iL, with a split flow of approximately 100 mL. 

Instrumentt control and data processing 
Instrumentt control and data acquisition were performed with EZ-Chrom 
Elitee (v2.61, SSI, Willemstad, The Netherlands). Data were collected 
att 100 Hz to obtain a sufficient number of data points across a peak. 
Chromatogramss were exported to the Common Data Format (CDF). Data 
handlingg was performed in MATLAB R14, service pack 1, including the 
Imagee Processing toolbox, version 5.0.1 (The Mathworks, Natick, MA, 
USA).. Data-handling routines were developed in-house. In addition, the 
NetCDFF toolbox [104]. Prior to further processing, the chroma2grams were 
splinedd according to the procedure described in Section 4.2.3, on page 61 of 
thiss thesis. 

5.3.22 G C x G C - T o F - M S 

Experimentss were performed on a Pegasus 4D system (ATAS, Cambridge, 
U.K.). . 
Thee column-set consisted of a of a 15 m length x 0.25 mm internal diameter 
0.255 jum film thickness DB-5MS column (J&W) in the first dimension and 
aa 1.2 m length x 0.1 mm internal diameter x 0.1 /mi film thickness BPX50 
columnn (SGE) in the second dimension. The modulation time was 4 s and 
thee hot-pulse duration was 1600 ms. 
Thee temperature for the primary (first-dimension-column) oven was pro-
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grammedd from 70°C (3 minutes isothermal) at a rate of 5°C/min to 300°C 
(55 minutes isothermal). The hot pulse of the release jet was operated at a 
temperaturee of 100°C above the oven temperature, while the secondary oven 
wass operated at an offset of 30°C above the temperature of the primary 
oven. . 
Injectionn was performed using an Atas Optic 3 injector in the hot-split mode 
att 260°C. The transfer line to the MS was kept at 325°C. The solvent delay 
wass 300 seconds and the detector-scan range was 45 to 450 m/z. The de-
tectorr voltage was 1750 V, the filament bias voltage was -70 V, and the ion 
sourcee was kept at 280°C. 
Thee four experiments were performed under a constant-flow regime. The 
flowflow settings were 1.0, 1.1, 1.2, and 1.3 mL/min (at 40 °C). However, the 
actuall  flow was difficult to determine. Helium was used as carrier gas. The 
samplee was an oximated and sylilated plant extract (a chloroform extract of 
100 fir  honeyfried glyccerhizae, 5 g ehedra, 5 g coicis and 4 g armeniacea). 

5.44 Results and discussion 

5.4.11 Repeatability 

Thee first set of chromatograms, measured under the conditions specified for 
sett 1, consisted of 24 injections of the test sample over a period of three 
weeks.. In order to determine the repeatability, the retention coordinates 
inn both dimensions of all of the 19 components in the sample were calcu-
lated.. The resulting repeatability was comparable with the results reported 
byy Shellie et al. [24]; the average relative standard deviation of Dl was found 
too be 0.06% (or 0.17 minutes) *, while for D2, the average r.s.d. was 0.84% 
(orr 0.01 seconds). The similarity of the initial set of chromatograms was 
calculatedd using the inner-product correlation. The first 50 columns in the 
dataa matrix (6.25 minutes in Dl) were discarded, since this region contains 
thee solvent peak. Furthermore, the baseline was corrected by an algorithm 
describedd in Section 4.2.2 on page 59. The average inner-product correlation 
forr these 24 chromatograms was found to be 0.933, indicating a high similar-
ity.. In Figures 5.2 and 5.3 an overlay of five chroma2grams from this series 

"Thee difference between two successive points in Dl is 7.5 seconds (*M) - Small differ-
encess in an "out-of-phase" peak may results in a difference in 2tR of 7.5 seconds. 
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iss shown. 
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Figuree 5.2: Overlay of five chroma2grams acquired under the 
conditionss of set 1. 
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Figuree 5.3: Enlargement of a region from Figure 5.2 

Thee chroma2gram from the first injection is shown in the form of a so-called 
colourr plot (in grey-scales). For the other chroma2grams, single contour lines 
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(att a certain peak height) were calculated and plotted on top of the initial 
chromatogram.. The contours of the overlaid chroma2grams closely match 
thee peak shapes of the original chroma2gram. This indicates a high reten-
tionn stability. The second series of measurements on the same sample was 
measuredd at the conditions specified for set 2. It consisted of five consecutive 
injections,, measured across two days. The average inner-product correlation 
off  this set was somewhat lower: 0.795. 

M M 
"O O c c o o o o 

1tDD [minutes] 

F iguree 5.4: Peak contours obtained using column-set 2 plotted 

onn top of a chroma2gram obtained using column-set 1 for the same 

sample. . 

Thee differences between sets 1 and set 2 are reflected in Figure 5.4. Across 
thee entire chroma2gram there is a difference in both the first- and second-
dimensionn retention times. The r.s.d. for retention times in Dl for the 
combinedd set was 0.7%, while in D2 it was 2.1%. The latter is mainly caused 
byy the relatively large variation in the second set of five chromatograms. The 
reasonn for this greater variation is yet unclear. 

5.4.22 Transformation profile 

Usingg the image-registration tools from MATLAB, a set of eleven control 
pointss were selected for matching peaks in the two chromatograms. From 
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thee eleven control points, six belonged to components in the sample, while 
thee other five originated from contaminants present in all chroma2grams. 
Thee actual shift between the control points in the two chroma2grams is 
presentedd in a "velocity plot", shown in Figure 5.5 . 

''  ' ' •-

I I 

u — — 
00 12.5 25 37.5 50 62.5 75 87.5 

1tt [minutes] 

Figuree 5.5: "Velocity plot", visualizing shifts in retention times 

betweenn two chroma2grams. 

Thee two sets of eleven points represent the location of the control points 
inn the base or reference chroma2gram (squares) and in the input or target 
chroma2gramm (circles). The arrows indicate the direction and magnitude 
off  the shift. This set of data was used to estimate the coefficients a 
troughh ƒ in the second-order polynomial Equations 5.1 and 5.2. From 
thesee control points, a transformation profile is derived using the MATLA B 

imagee processing toolbox. This yields the coefficients in both the X and 
YY directions. Since each equation requires six coefficients, the resulting 
matrixx that represents the polynomial functions has the dimensions 6 x 2. 
Forr a given location [X0id, Y0id\ this transformation function will produce 
[XnewtYnew].[XnewtYnew]. The global transformation profile can be visualized by 
calculatingg the magnitude of shifts for each individual point in the data 
matrixx and by projecting these shifts in a (grey-scale) colour plot. Figure 
5.66 shows such a visualization. Unfortunately, the direction of the shift 
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cannott be presented in such a picture. 

87.5 5 
1tRR [minutes] 

Figuree 5.6: Transformation profile, showing the magnitude of the 

shiftss between the two chroma2grams. 

Fromm Figure 5.6 it can be concluded that the second-order polynomial 
performss a gradual shift in both dimensions. 
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Figuree 5.7: Effects of the transformation profile on the nonane 
peak,, displayed in the form of the original modulated signal. 
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Towardss higher retention times in Dl and D2 the magnitude of the shift 
increases. . 
Thee effect of the transformation on the recorded chromatographic sig-
nall  is illustrated in Figure 5.7. The nonane peak (C9) in the upper 
partt of the chromatogram exhibits so-called in-phase behaviour. After 
transformationn (lower part of Figure 5.7) in the two-dimensional do-
main,, the peak position is shifted toward lower ltR, while the modulation 
sequencee is altered such that it shows almost perfect out-of-phase behaviour. 

Applyingg the transformation profile 
Thee effect of the transformation profile was tested on representative 
chromatogramss from both sets of data. The inner-product correlation of the 
chromatogramss before and after transformation was used to select an opti-
mall  set of control points. Prior to image transformation, the inner-product 
correlationn was less than 0.01, indicating that the two chroma2grams were 
totallyy dissimilar. 
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F igu ree 5.8: Effect of image transformation. The upper 
chroma22 gram shows the overlay of set 1 and set 2 prior to the trans-
formationn function. The lower chroma2gram shows the overlay after 
applyingg the transformation profile. 

Afterr image transformation, the inner-product correlation was found to be 
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0.811.. Overlays of the two chroma2grams before and after alignment can 
bee found in Figure 5.8. The main objective of the alignment procedure was 
too match the latter five chroma2grams (new column set) to the former 24 
chroma2gramss (old column set). The average inner-product correlation of 
thee five "new" chroma2gram with the 24 "old" chroma2gram prior to the 
transformationn was 0.059. After transformation of the data, the average 
inner-productt correlation had been increased to 0.74. 

5.4.33 Retention-time stability 

Thee use of (higher order) polynomials for the transformation of retention 
timess can result in anomalies in extrapolated regions of the data. The 
parameterss of the second-order polynomials used above were estimated 
fromm a set of control points located in the middle of the chroma2gram. To 

Component t 

Nonanee (Cg) 
Decane(Cio) ) 
Dodecanee (C12) 
Pentadecanee (C15) 
Hexadecanee {C\Q) 
Heptadecanee (C17) 
Nonadecanee (C19) 
Eicosanee (C20) 
2,3-Butanediol l 
1-Octanol l 
Toluene e 
ciss Decalin 
transtrans Decalin 
1-Methylnaphthalene e 
2,6-Dimethylaniline e 
2,6-Dimethylphenol l 
2-Ethylhexanoicc acid 
Methyldecanoate e 
Dicyclohexylamine e 

Reference e 

M M 
J J 
M M 
M M 
M M 
I I 
M M 
E E 
E E 
I I 
E E 
E E 
M M 
I I 
I I 
I I 
I I 
I I 
I I 

s.d.. in 1tji 
before e 

transform.3 3 

1.08 8 
1.09 9 
1.45 5 
1.76 6 
1.81 1 
1.81 1 
1.84 4 
2.17 7 
0.72 2 
1.09 9 
0.72 2 
1.22 2 
1.18 8 
1.81 1 
1.44 4 
1.19 9 
2.54 4 
1.48 8 
2.09 9 

s.d.. in ltR 
after r 

transform.a a 

0.39 9 
<0.01 1 
0.13 3 
0.42 2 
0.01 1 
0.11 1 
0.38 8 
0.10 0 
0.37 7 
0.14 4 
0.26 6 
0.27 7 
0.33 3 
0.29 9 
0.27 7 
0.26 6 
1.41 1 
0.19 9 
0.55 5 

s.d.. in 2tn 
before e 

transform.a a 

2.66 6 
0.93 3 
0.80 0 
1.08 8 
1.50 0 
1.22 2 
1.26 6 
1.34 4 
3.41 1 
1.15 5 
3.91 1 
3.17 7 
2.47 7 
8.29 9 
5.58 8 
3.95 5 
1.34 4 
1.87 7 
5.51 1 

s.d.. in 2£# 
after r 

transform.a a 

2.91 1 
0.97 7 
0.93 3 
1.29 9 
1.75 5 
1.48 8 
1.49 9 
1.54 4 
1.74 4 
0.70 0 
3.25 5 
1.98 8 
1.73 3 
3.09 9 
2.71 1 
1.58 8 
1.11 1 
1.26 6 
3.65 5 

aa Standard deviation calculated over 29 peak positions, expressed in datapoints (recorded 
att 100 Hz). 

Tablee 5.1: Standard deviations in peak apex coordinates before 
andd after image transformation. 

investigatee possible extrapolation effects, the standard deviations of the 
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peakk coordinates are used. In Table 5.1, the standard deviations for both 
1tJRR and 2tft before and after the transformation are presented for all 19 
componentss in the sample. Annotations indicate whether a peak was used as 
aa marker (M) to construct the transformation profile and should, therefore, 
bee properly aligned, whether the new peak position was calculated using 
interpolationn (I), or whether the peak position was extrapolated (E). 
Ann improvement in the standard deviations of the peak coordinates is 
observedd for almost all components. The improvement is generally much 
greaterr for 1tR than for 2£#. This is due to the splining procedure, which 
actss like a synchronization step in the second dimension direction. For 
thee rt-alkanes the observed precision in 2tR is slightly worse after the 
transformationn of the second set. This can be explained by the already 
ratherr small differences before the transformation. The overall conclusions 
aree that the standard deviations in the peak positions (both ltR and 2£#) are 
improvedd and that extrapolation is not significantly worse than interpolation. 

Areaa preservation 
Alignmentt procedures should not affect the chromatographic information 
containedd in the data. 
However,, (non-linear) transformation profiles aimed at changing peak posi-
tionss wil l also result in changes in the peak shapes in Dl . The peak area, 
whichh represents the quantitative information in the chromatogram, should 
nott change in this process. To investigate the effect of the transformation, 
thee relative peak areas for the 19 components were compared before and 
afterr transformation of the data. The results are presented in Table 5.2. 
Thee reference peaks (control points) are marked M, the interpolated peaks 
(locatedd between the control points) are marked I and the extrapolated 
peakss (located outside the range spanned by the control points) are marked 
E.E. These results indicate that the transformation does not significantly 
affectt the quantification of the 19 target components. 

5.4.44 Effect of image transformation on MVA 

Too evaluate the effect of image transformation on the subsequent application 
off  multivariate-analysis techniques, the complete dataset was subjected to 
PCC A, Parafac and Parafac2. 
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Component t 

Nonanee (Cg) 

Decane(Cio) ) 
Dodecanee (C12) 
Pentadecanee (C15) 
Hexadecanee (C IÖ) 
Heptadecanee (C17) 
Nonadecanee (C19) 
Eicosanee {C20) 
2,3-Butanediol l 
1-Octanol l 
Toluene e 
ciscis Decalin 
transs Decalin 
1-Methylnaphthalene e 
2,6-Dimethylaniline e 
2,6-Dimethylphenol l 
2-Ethylhexanoicc acid 
Methyldecanoate e 
Dicyclohexylamine e 

Reference e 

M M 
I I 
M M 
M M 
M M 
I I 

M M 
E E 
E E 
I I 
E E 
E E 
M M 
I I 
I I 
I I 
I I 
I I 
I I 

Areaa before transformation 
[area%] ] 

6.01 1 
7.12 2 
6.84 4 
6.46 6 
8.75 5 
6.87 7 
6.61 1 
5.01 1 
1.26 6 
5.00 0 
4.11 1 
2.59 9 
2.37 7 
6.23 3 
6.18 8 
5.06 6 
0.86 6 
4.61 1 
5.84 4 

Areaa after transformation 
[area%] ] 

5.91 1 
7.02 2 
6.77 7 
6.45 5 
8.78 8 
6.88 8 
6.67 7 
4.99 9 
1.27 7 
4.99 9 
4.06 6 
2.57 7 
2.36 6 
6.34 4 
6.27 7 
5.06 6 
0.90 0 
4.60 0 
5.89 9 

Tablee 5.2: Relative peak areas before and after transformation. 

P C A A 

Priorr to PCA chroma2grams were "remodulated" (or unfolded) to yield a 
stringg of fast second-dimension chromatograms. 
Figuree 5.9 displays the results of PCA. The captured variances in PCl and 
PC22 were 48% and 40%, respectively, before image transformation. After 
transformation,, the percentage of variance contained in PCl was 80%, while 
PC22 captured 11% of the variance in the data. Projection of the principal 
componentt scores also yielded the expected results. In the initial situation, 
priorr to image-transformation, scores are projected exclusively on one of 
thee principal-components axis. The axis of PCl contains the chroma2grams 
fromm the first set of experiments. On the second axis, chroma2grams 25 
too 29 are located. The position of the chroma2grams on the two axes 
indicatess no relation at all between the two principal components. This 
cann be explained by the overlay in Figure 5.2. Peaks are shifted to such 
ann extent that there is no overlap. This means that in regions in which 
peakss are found in set 1, no signal (and thus variance) is found in set 2. 
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F i g u ree 5 .9: Resul ts obta ined by P CA before and after t ransforma-

tion.. The score plot on the left side (a) shows the cluster ing prior 

too the t ransformat ion of the data. The score plot on the r ight side 

(b)) displays the cluster ing after appl icat ion of the t ransformat ion 

profile e 

Thee principal components of set 1 show no score in set 2 and vice versa. 
Afterr transformation there is no distinct difference between the two groups. 
chroma2gramss 25 to 29 are still somewhat separated from the large cluster 
off  other chroma2grams. However, this is probably caused by differences in 
thee peak shapes for the more-polar components in the mixture. Especially 
hexanoic-acidd and 2,6-dimethylphenol exhibit different peak shapes in the 
secondd dimension on the two column-sets. Such differences may be caused 
byy adsorption effects within or outside the columns. Alignment procedures 
cannott deal with such variations. 

Parafac c 
Describingg the chromatographic data with a two-component parallel-factor 
modell  resulted in similar score plots as obtained by PCA. Compared to 
Figuree 5.9b, Figure 5.10b shows slightly more overlap between the two sets. 
However,, the percentage variance described by the model was quite low. 
AA one-factor Parafac model captured 32.0% of the variance before image 
transformation.. For a two-factor model this increased to 60.2%. After 
thee transformation step 56.8% of the variance was captured (63.7% in a 
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F igu ree 5.10: Results obtained by Parafac before and after trans-
formation.. The score plot on the left side (a) shows the clustering 
priorr to the transformation of the data. The score plot on the right 
sidee (b) displays the clustering after application of the transforma-
tionn profile 

two-factorr model). 

Parafac2 2 
Applicationn of the Parafac2 model should, ideally, not result in different 
score-plotss for the datasets before and after image transformation. The 
inner-productt structure in both cases should be identical. For the dataset 
containingg 29 chromatograms, the computational effort for the Parafac2 
modell  is severe. 

Ass can be seen in Figure 5.11, there is hardly any difference between the 
scoree plots before and after image transformation. Furthermore, both 
resultss are similar to the Parafac results after image transformation. This 
impliess that the Parafac2 model is capable of dealing with retention-time 
shiftss in both dimensions. Before and after image transformation, the 
capturedd variance is 69.3% and 68.7%, respectively. This is somewhat 
higherr than the result obtained with the two-factor Parafac model after 
imagee transformation. There may be a major drawback in the use of the 
Parafac22 algorithm. The use of alignment techniques enables inspection of 
thee direction and magnitude of the shift (Figures 5.6 and 5.7). Parafac2 
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Figuree 5.11: Results obtained by Parafac2 before and after trans-
formation.. The score plot on the left side (a) shows the clustering 
priorr to the transformation of the data. The score plot on the right 
sidee (b) displays the clustering after application of the transforma-
tionn profile 

doess apparently handle these shifts correctly, based on the results in Figure 
5.11.. It is however not clear if these shifts are dealt with exactly. The 
modell  therefore behaves like a "black-box". A second drawback is the 
computationall  effort required. Whereas the Parafac model took about one 
minutee to converge, the Parafac2 model took about one hour. Furthermore, 
sincee the algorithm uses the covariance matrix, inspection of the factor 
loadingss is not possible. This last drawback is significant, since it implies 
thatt no explanation can be given for the resulting scores. 

5.4.55 G C x G C - T o F MS 

AA set of four chroma2grams were recorded using a GCXGC-TOF-MS instru-
mentt at different, but constant flow rates. For this study, the total ion cur-
rentt (tic) was extracted from the CDF data files. Prior to further processing, 
thesee data files were subjected to baseline correction to eliminate baseline 
drift. . 

Ann overlay of the four chroma2grams is presented in Figure 5.12. The first 
samplee was used as a reference chroma2gram. For each of the other three 
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F iguree 5.12: Overlay of four GCXGC-TOF-MS chroma2 grams (total 
ionn current) before alignment. 
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Figuree 5.13: Overlay of four GCXGC-TOF-MS chroma2grams (total 
ionn current) after alignment. 
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chroma2grams,, transformation functions were calculated to match the first 
sample.. Three transformation functions were constructed for this purpose, 
basedd on 18 reference points. 
Thee average inner-product correlation between the four chroma2gram before 
transformationn was 0.11. After applying the image-transformation steps, the 
meann inner-product correlation increased to 0.77. This is also reflected in 
thee overlay presented in Figure 5.13. When subjected to PCA, the captured 
variancee in PCl for the original data was found to be 58%. After image 
transformation,, this was increased to 93%, all in the first principal compo-
nent. . 

5.55 Conclusions 

Variationss in retention times in GC can be minimized by using state-of-
the-artt instruments and carefully controlled procedures. Method-transfer 
tools,, such as "retention-time locking" can be used to further minimize 
thee variations in conventional, one-dimensional GC. However, variations in 
retentionn times can never be completely eliminated and method-transfer 
toolss do not yet exist for comprehensive two-dimensional gas chromatog-
raphyy (GCXGC). For the latter kind of data, image-processing techniques 
providee alignment tools in the form of image-registration techniques. This 
wass successfully demonstrated for two sets of chromatograms obtained by 
GCXGCC ("chroma2grams "). The success of the alignment is related to the 
similarityy between chromatograms. The 'inner-product' correlation was 
usedd successfully for this purpose. The average inner-product correlation 
off  the five "new" chroma2grams with the 24 "old" chroma2grams in the 
datasett was 0.06 prior to the transformation. After transformation of the 
data,, this inner-product correlation had been increased to 0.74. 
Thee effect of the transformation was evaluated by PCA (on the linear, 
modulatedd signal) and by Parafac (on the demodulated matrix). Although 
thee score plots obtained by the two techniques showed much resemblance, 
thee percentage of variance captured in the first PC (from PCA) or factor 
(fromm Parafac) was 48.0% and 32.0%, respectively, before transformation 
andd 80.3% and 56.8%, respectively, after transformation. 
Thee reported approach left the quantitative chromatographic information 
(peakk areas) essentially unchanged, which is a very important requirement. 
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Thee same approach was applied to four total-ion-current chroma2grams 
recordedd by a GCXGC-TOF-MS at different flow rates, the inner-product 
correlationn was found to increase from 0.11 to 0.77 upon transformation 
off  the data. The first principal component from PCA captured 58% of the 
variancee in the original data, whereas 93% was captured after transformation 
off  the chromatograms. 

Thee Parafac2 method proved capable of modeling the unaligned GCXGC 
dataa and the results were very similar to those obtained when the conven-
tionall  Parafac method was applied to the aligned data. However, Parafac2 
didd require a substantial computational effort. Yet, since it eliminates 
thee necessity for an alignment step, Parafac2 may be a serious option for 
thee multivariate analysis of comprehensive chroma2grams. The percentage 
variancee captured in a two-factor model does not significantly differ before 
andd after transformation (69.3% and 68.2%, respectively), demonstrating 
thatt alignment is not needed in conjunction with the Parafac2 method. 
Unfortunately,, the direct comparison of the factor scores between Parafac 
andd Parafac2 is not possible, because the two methods require different 
inputt data. The image-processing tools used in this study are limited to 
componentss that appear in the chroma2grams and data matrix at their 
"real""  second dimension retention times. Component peaks that arise from 
aa following or preceding modulation exhibit a smaller or larger time shift. 
Thee only way to establish the appropriate shifts for all components is to 
calculatee 'real' second dimension retention times ("dewrapping"). This is 
nott just a drawback for the proposed method, but for any method that 
employss the "demodulated" data matrix (chroma2gram). 
Thee present study was conducted on relatively "clean" samples using 
relativelyy mild temperature programs. Similar procedures are yet to be 
appliedd on very complex samples and when using temperature programs 
approachingg or exceeding the maximum operating temperature of the 
columns.. However, the results obtained so far are highly encouraging and 
thiss suggests that the further study and application of image-processing 
toolss for peak-alignment in GCXGC may be very worthwhile. 
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