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 Three instrumental and computational methods are demonstrated in an endeavor to create 

novel techniques to extract information from the troves of data generated by multi-dimensional 

gas chromatography with mass spectrometry. Initially, these methods are considered within the 

context of targeted and non-targeted experimental design. The tile-based Fisher Ratio with null 

distribution analysis is first evaluated and validated within the non-targeted realm. The method is 

shown to be fast and accurate. Forty-six of the fifty-four benchmarked changing metabolites 

previously discovered were found by the new methodology while consistently excluding all but 

one of the benchmarked nineteen false positive metabolites previously identified. This was 

achieved in less than 5% of the time required for the previous method. Later, the three-



 

 

 

 

dimensional gas chromatograph is improved to include mass spectrometric detection. This 

instrument provides four dimensions (4D) of chemical selectivity and includes significant 

improvements to total selectivity (mass spectrometric and chromatographic), peak identification, 

and operational temperature range relative to previous models of the GC3 reported. Useful 

approaches to visualize the 4D data are presented. The GC3 - TOFMS instrument experimentally 

achieved total peak capacity, nc,3D, ranging from 5000 to 9600 (x̅= 7000, s = 1700) for 10 

representative analytes for 50 min separations with component dimensional peak capacities 

averaging 406, 3.6, and 4.9 for 1D, 2D, and 3D, respectively. Using this instrument and the well 

understood Parallel Factor Analysis (PARAFAC) model a new option for targeted analysis is 

presented. Conceptualizing the GC3 - TOFMS as a one-dimensional gas chromatograph with GC 

× GC-TOFMS detection the instrument was allowed to create the PARAFAC target window 

natively. Each first dimension modulation thus created a full GC × GC-TOFMS chromatogram 

totally amenable to PARAFAC. A simple mixture of 115 compounds and a diesel sample were 

interrogated through this methodology. All test analyte targets were successfully identified in 

both mixtures. In addition, mass spectral matching of the PARAFAC loadings to library spectra 

yielded results greater than 900 in 40 of 42 test analyte cases. Twenty-nine of these cases 

produced match values greater than 950. 
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Chapter 1. Introduction to Data Analysis in Multi-Dimensional Gas 

Chromatography and Mass Spectrometry1 

1.1 SCOPE 

Data generated by one- and two-dimensional chromatography coupled with mass 

spectrometry is inherently complex because of the size and multidimensional aspects of the 

information collected. As technology improves, mass spectrometers can detect at higher mass 

resolutions with faster scan rates, generating more data per chromatogram than ever before. The 

complexity of this data, whether it be two-dimensional (2D) data from a one-dimensional 

separation coupled with mass spectrometry or three-dimensional (3D) data from a 

comprehensive two-dimensional separation with mass spectrometric detection (eg., GC × GC – 

MS), requires computer management and interpretation techniques to provide rapid and robust 

information about the chemical and/or system in question. 

Data analysis strategies are best understood by placing them within the larger context of 

scientific investigations. The broader scientific questions to be addressed by specific research 

studies dictate the sample preparation methods, the instrumental platform and parameters, and 

thus the subsequent data analysis techniques employed. While many data analysis methods exist, 

including both commercially available and academically developed “in-house” software 

packages, these data analysis methods are not necessarily appropriate for a given scientific study. 

Experiments generally fall into one of three categories: (1) targeted studies, in which the 

                                                 
1 Portions of this Chapter have been adapted from B.C. Reaser, N.E. Watson, K.J. Skogerboe, and R.E. Syonvec, 

“Management and Interpretation of Capillary Chromatography – Mass Spectrometry Data” from Hyphenations of 

Capillary Chromatography with Mass Spectrometry, Edited by Luigi Mondello and Peter Tranchida (2017), 

currently in preparation. 
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identities of analytes of interest are known; (2) non-targeted studies, in which the identities of the 

analytes of interest are not presumed; and (3) a mixture of (1) and (2), in which the identities of 

some analytes of interest are known, but information about other unknown analytes may be of 

interest as well.  

While the overall data analysis approaches for targeted and non-targeted investigations 

differ, many of the steps in the analytical workflow are the same. Figure 1.1 and Figure 1.2 show 

examples of sample workflows for the data in targeted and non-targeted analyses, respectively. 

The two methods both start with the raw data and pre-processing, but quickly diverge. Both 

methods involve deconvolution, results determination, comparative analysis and statistical 

presentation steps, but the order of these steps result in matrices that do not commute. This 

chapter will discuss some of the many different analytical methods and tools available for data 

Figure 1.1. Targeted Analysis 

Figure 1.2. Non-targeted Analysis 
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matrix operations [1] and in conclusion will propose several new ideas which contribute toward 

the greater body of knowledge in this domain. 

1.2 DATA MANAGEMENT AND ANALYSIS OF VARIANCE 

 The term “data management” can have various definitions depending on the context and 

point of view of the investigator. Here the term is used to describe how one may go about the 

formatting, storage, access and exchange of the raw data after collection of a chromatogram. 

Most commercial instrument software includes a file management system for naming, time-and-

date stamping, saving, and exporting data either as a proprietary format (e.g., a “.peg” file that 

can only be analyzed with the LECO ChromaTOF software) or a more universal format (e.g., a 

“.pdf” or “.csv” file) that can be used with other software programs. Whether a commercially 

available software incorporates these file management options, it is important for the analyst to 

plan ahead and to keep detailed records of their data acquisition and storage system. Experiments 

with multiple samples and injection replicates of comprehensive two-dimensional 

chromatographic-mass spectrometric data can easily reach several gigabytes (GB) in size, 

requiring computers with sufficient processors, random-access memory (RAM) and large enough 

hard drives to be able to acquire, save, and process the data [2–4]. 

When considering aspects of data management, it is also useful to consider experimental 

design. Specifically, employing the fewest measured variables to elucidate the various 

contributors to experimental variance is useful as an initial technique to limit the amount of data 

produced. A preliminary Analysis of Variance (ANOVA) [5] can be useful to determine all the 

various contributors to the total experimental variance. Commonly, the analyst will find that one 

category of variance significantly swamps the other contributors. Once a source of variation has 

been sufficiently characterized, it may no longer be necessary to always estimate that source of 
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variation in each set of subsequent analyses. This is typically the case for small, consistent 

sources of variance that can be disregarded in the shadow of much larger sources of variance.   

For example, biological variance may be on the order of 20% relative standard deviation 

(RSD) or more across multiple samples that are nominally identical, while variance in volume of 

sample introduced to the instrument is typically no more than 5–10% when using an autosampler 

[6]. In complex analyses, variances are cumulative, i.e., errors caused at an earlier step are 

further added upon (and possibly confounded by) variances introduced later in sample handling 

or analysis. Ultimately, for purposes of data analysis, with the possible exception of preliminary 

studies to initiate an experimental campaign, only the cumulative variance is of importance. 

Consistent sources of variance can be minimized using quality control and standard runs in lieu 

of collecting superfluous replicates of statistically insignificant variance. The size of the total 

data set can be reduced by 50% or more through replication of only the major sources of 

variance. Preliminary quantification of all sources of variance excludes the requirement to collect 

statistically relevant numbers of replicates on insignificant sources of variation.  

1.3 DECONVOLUTION 

Deconvolution is the process of mathematically resolving two or more analytes whose 

peaks are otherwise chromatographically overlapped. Deconvolution steps are performed during 

most analyses to identify analyte peaks and produce more accurate and precise peak attributes. 

This includes such features as peak height, area, and retention time, as well as a more accurate 

mass spectrum for each of these peaks than can be obtained from, for example, simple 

integration across a peak. If all the peaks in a chromatogram are sufficiently resolved with a 

signal-to-noise ratio (S/N) greater than ~10, simple methods suffice and deconvolution is not 

necessary. This is not typically the case, especially for complex samples such as those found 
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regularly analyzed by one- and two-dimensional chromatography coupled with mass 

spectrometric detection. Many methods, with varying levels of automation, have been developed 

to perform deconvolution for specific instrument platforms and/or specific applications [7,8]. 

While this chapter aims to discuss the most effective and widely-used deconvolution software 

packages and chemometric methods, it would be impossible to do a comprehensive and thorough 

review of all possible available deconvolution software packages and methods [9]. Thus, the 

challenges and opportunities for several different packages are overviewed. 

Most analysts employing chromatography coupled with mass spectrometric detection 

utilize commercial instruments with software programs written and sold by the instrument 

companies to both operating the instrument and analyzing the data acquired. Most of these 

commercial software packages include deconvolution algorithms for ease of use. For example, 

Agilent (Santa Clara, CA, USA) makes commercially available software called ChemStation to 

go with their GC-MS and LC-MS systems that both utilize deconvolution programs. The GC-MS 

ChemStation deconvolution program uses the Automatic Mass Spectral Deconvolution 

Identification System (AMDIS) developed by Stein [10] at the National Institute of Standards 

and Technology (NIST; Gaithersburg, MD, USA). AMDIS relies on the peak shape modeled by 

pure selected ion chromatograms to extract individual mass spectral peak profiles with similar 

shapes to produce a pure mass spectrum and can deconvolute coeluting peaks down to a 

chromatographic resolution of about 0.3 [10]. Most other commercially available software 

programs utilize proprietary deconvolution methods. LECO’s commercial software, ChromaTOF 

(LECO Corp, Saint Joseph, MI, USA) utilizes a proprietary deconvolution method called True 

Signal Deconvolution® for GC-TOFMS and GC x GC – TOFMS data. MARKES International’s 

(Gold River, CA, USA) TargetView for GC-MS deconvolution and TOF-DS for deconvoluting 
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one- or two-dimensional GC coupled with mass spectrometric detection and Waters’ (Milford, 

MA, USA) ChromaLynx for LC-MS, GC-MS and GC or LC with tandem MS detection also use 

proprietary methods. Many instrument companies also suggest the use of GC Image (Lincoln, 

NE, USA), a software development company that has proprietary software deconvolution for gas 

and liquid chromatography in one and two dimensions coupled with MS detection [2]. Most of 

these software packages are built to be robust, reproducible and easy to use by analysts with or 

without formal chemometrics training. 

 In addition to proprietary methods employed by commercial software packages, there are 

also several popular chemometric techniques for the deconvolution of chromatographically 

overlapped peaks. These methods are commercially [11–13] or freely available on the internet 

[14,15]. Particularly interesting with respect to the studies reported herein is Parallel Factor 

Analysis (PARAFAC). 

Multiway chromatographic instruments with mass spectrometric detection allow access 

to deconvolution techniques which require three or more dimensions which each respond linearly 

with concentration, that is, the data are both three-way and trilinear. Trilinear data is natively 

generated by two serially coupled chromatographic dimensions with mass spectrometric 

detection. Trilinear data can also be created through replicate stacking of single chromatographic 

column data with mass spectrometric detection.   

PARAFAC can mathematically decompose the trilinear data into individual 

chromatographic and mass spectral vectors which recreate the original data matrix when 

multiplied. Mathematically, the PARAFAC model is described as 

 𝑹 = ∑ 𝑥𝑖
𝑛
𝑖=1 × 𝑦

𝑖
× 𝑧𝑖 + 𝑬 (1.1) 
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where R represents the detected three-way chromatogram.  Each of the n total components is 

resolved into x, y, and z vectors which represent the 1D, 2D and mass spectral profiles 

respectively. Any remaining signal is retained in a residuals matrix, E. Numerous studies have 

been published on this technique and the reader is directed to these excellent resources for more 

details on PARAFAC [16–19] and an enhanced version called PARAFAC2 [20,21]. Employing 

PARAFAC is generally advantageous in cases where the trilinearity requirement is sufficiently 

followed [22,23]. As the signal response diverges from the trilinearity criterion, the PARAFAC 

result deviates, and becomes less accurate. It is also considered best practice for the analyst to 

create multiple models of varying numbers of factors and select the model which best represents 

the data. 

 Generally, deconvolution methods consist of approaches that rely on peak shape or apex 

identification, approaches that use multivariate resolution techniques, or hybrids of these two 

approaches. These various strategies each have different advantages and drawbacks, e.g., some 

cannot easily deal with isotopically labeled analytes that one might use in a metabolomics study, 

some require selective mass channels, some require multiple samples, some require higher S/N 

than others, some require specific input parameters including a priori knowledge of analyte 

characteristics (peak shape, peak concentration, mass spectrum, etc.), some require bilinearity or 

trilinearity, and some take more time than others. Ignoring these differences, we can look at how 

deconvolution fits into the two different approaches to data analysis per Figure 1.1 and Figure 

1.2, those applying deconvolution on chromatographic data before performing comparative 

analysis, or performing comparative analysis prior to deconvolution. 
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1.4 CLASSIFICATION AND COMPARISON 

 Comparative analysis encompasses all the techniques, including clustering, classification, 

etc, an analyst may employ to classify or sort data and/or results into useful groupings.  In many 

cases data is collected in a manner where the classes are predefined as part of the experimental 

design. For example, a biologist subjects a culture of cells to some perturbation while growing an 

equivalent culture which is not subjected to this perturbation. This kind of experiment naturally 

sorts into “control” and “experiment” classes. In other cases, these groupings may not be known.  

In both circumstances (a priori or post-experiment categorization) a variety of classification and 

data reduction techniques are available. Generally, all these techniques center on using sample 

variance to determine classes or using predefined classes to identify sources of variance between 

those classes. 

 The Fisher Ratio (F-ratio) is a simple and useful relation to determine areas of maximum 

variance between predefined classes. Experimentally these classes are usually defined by 

conditions; typically “control” and “experimental” classes are convenient and useful groupings 

for this form of analysis. Mathematically described as 

 𝐹 − 𝑟𝑎𝑡𝑖𝑜 =  
𝜎𝑏𝑐

2

𝜎𝑤𝑐
2

 (1.2) 

where σbc
2 is the variance present between the classes and σwc

2 is the average variance within the 

classes. This returns a value that scales in magnitude from zero to infinity as the variance 

between classes increases relative to the within class variance. Initially described by Fisher [24], 

this procedure quantifies regions of data which have particularly large between class variance. 

Usually these regions will correspond to areas of interest between the two classes as defined. 
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When the analyst defines the classes as perturbed (or “experimental”) and not perturbed (or 

“control”) these regions of high F-ratio will generally correspond to analysts of interest. 

 The F-ratio procedure can be applied directly to multi-dimensional chromatographic data 

with mass spectrometric detection [3,25,26]. In these cases, the analyst may choose to apply 

various binning schemes before application to ensure minimization of the within class variance. 

The resultant F-ratio chromatogram can be sorted by F-ratio magnitude for detailed analysis of 

regions of interest. These regions may sometimes be directly identified and quantified. Other 

cases will apply the F-ratio as a feature selection step to reduce superfluous data before further 

analysis to ensure only experimentally useful variance (i.e., key chemical features) are 

considered. 

One such novel example of a binning F-ratio method is the tile-based Fisher ratio method 

for GC × GC – MS [27,28]. This method applies a novel tiling scheme that aims to optimally 

capture a given analyte peak despite any retention time shift on either the first or second 

dimension. The method then uses the signal of the tile to compute the F-ratio value of the analyte 

or chemical feature encompassed by the tile. This method has been successfully applied to the 

analysis of fuels [29] and metabolomics [30], and provides a robust method for binning and 

analyzing 2D chromatograms without alignment. 

1.5 STATISTICAL PRESENTATION OF USEFUL INFORMATION 

1.5.1 Targeted Analysis 

 For targeted analyses, as shown in Figure 1.1, peak defining methods immediately follow 

the pre-processing steps. Peak defining methods may include peak finding, peak deconvolution, 

peak identification and peak quantification via signal or peak area. The experimental design of a 
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targeted investigation generally includes the analysis of standards of the analytes of interest to 

accurately match the retention times and unique mass spectrum of each targeted analyte in the 

actual samples. Once peaks of interest are discovered, deconvolution of analytes that coelute 

with interferents found in the sample matrix may be required. These results are generally viewed 

first as a peak table. For all subsequent injection replicates or samples that must be analyzed, a 

new peak table is generated. Each table must subsequently be reviewed to locate each analyte of 

interest and to adjust the retention time(s) so they are uniform if the alignment was insufficient. 

After these steps, comparative analyses such as Principal Component Analysis (PCA) or Partial 

Least Squares (PLS) are often performed on the generated peak information. The reader is 

directed to some recent research investigations using targeted analysis in this way: Zhu et al. 

utilized LC-MS/MS and PLS-DA for the analysis of specific metabolites for colorectal cancer 

screening [31]; Yang et al. utilized both LC – MS/MS and GC × GC – TOFMS in a targeted 

metabolomics study of Methylobacterium extorquens AM1, applying PARAFAC to accurately 

quantify metabolites of interest [32]; Mi et al. analyzed 26 specific steroids in eggs using LC-

MS/MS, first quantifying the steroids and then comparing the various egg types via PCA and 

HCA [33]; and Sgorbini et al. performed a targeted analysis of biologically active compounds in 

herbs and spices using GC-MS and PCA [34]. 

1.5.2 Non-targeted Analysis 

 Non-targeted analyses, as shown in Figure 1.2, generally consist of comparative analyses 

after pre-processing but prior to the peak-defining methods [35]. Rather than a peak table, as for 

the targeted method, these methods generally result in a “hit list” of chromatographic locations 

which are indicative of unique or interesting chemical features. In some cases, non-targeted 

analyses may not include the analysis of standards, so retention times or mass spectra of 
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standards may not be available to match to. This can make both identification and deconvolution 

of chemical features more complex. But these methods can also generate new and exciting 

results about data sets that were previously restricted to targeted analytes. For example, Schmarr 

and Bernhardt analyzed volatiles from fruits using image analysis and PCA on GC × GC – MS 

data [36], Cordero et al. analyzed hazelnut volatiles using non-targeted methods and GC × GC – 

MS [37], Brokl et al. analyzed volatiles in tobacco smoke via GC × GC – MS using ANOVA to 

optimize their method and both PCA and F-ratio analysis to find statistical meaning in their data 

set [38]; and Parsons et al. performed a non-targeted, discovery-based analysis of the acid 

alteration of diesel fuel using GC × GC – MS and the tile-based F-ratio method [29]. 

1.5.3 Hybrid Targeted/Non-targeted Analysis 

 Hybrid techniques include aspects of both targeted and non-targeted methods to the 

benefit of both previously discussed analysis methods [39,40]. Some combination techniques 

seek to find unidentified and unknown information regarding their sample beyond what is 

already known or expected [41]. In other cases, a non-targeted method can be used on initial 

samples to elucidate patterns in the data that point towards specific features or analytes that 

should be analyzed in a more targeted way with subsequent samples. This helps the analyst focus 

on the most meaningful information to save time and diminish the number of analytes that need 

to be deconvoluted and/or quantified. Magagna et al. studied olive oil via GC × GC – MS in this 

way using the GCImage software and PCA [39]; Gorrochategui et al. provide a workflow for 

metabolomics studies via LC-MS, which include both classification and deconvolution 

techniques [40]; Sinanian et al. demonstrate the use of MCR-ALS on high resolution LC-MS 

data using both targeted amphetamine samples and non-targeted bacterial lipid samples [42]. 
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1.6 HYPOTHESES 

 Three novel concepts are presented which contribute new options in the quest for faster 

and simpler data management and analysis methods specifically applicable to gas 

chromatography and mass spectrometry. There are also some implications for the general field of 

separation science. One evaluates the tile-based F-ratio [27,28] against a well described dataset 

yielding both a validation of the technique and some options for decreasing the total sample 

replication necessary for statistical validity. The other two hypotheses focus on new 

developments in comprehensive three-dimensional gas chromatography [43,44] which aim to 

both improve the instrument hardware and provide a practical option for implementation of the 

method for targeted analysis. 

1.6.1 Chapter 2: Performance Evaluation of Tile-Based Fisher Ratio Analysis using a 

Benchmark Yeast Metabolome Dataset 

First, the tile-base F-ratio is evaluated against a well described yeast metabolome dataset 

[45–47]. The yeast dataset was analyzed in detail and yielded a wealth of information, but at the 

cost of significant time investment by the analyst. New developments in the tile-base F-ratio 

combined with null distribution analysis suggest that similar results as previously published 

could be produced with a significant reduction in human time investment. It is hypothesized that 

the application of the tile-based F-ratio combined with null distribution analysis will successfully 

generate the previously determined hit list in less than 10% of the initial time requirement. 
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1.6.2 Chapter 3: Comprehensive Three-Dimensional Gas Chromatography with Time-of-

Flight Mass Spectrometry 

Secondly, hardware becomes the focus in an effort to provide new and faster tools to 

extract information from the ever-increasing trove of analytical data. Previously, the now 

common GC × GC was modified to include a third chromatographic dimension [43]. This 

provides significant benefits to the total chemical selectivity [44]. However, there remain 

significant limitations of the presented design using a single channel flame ionization detector. 

Here the hypothesis is that the addition of a TOFMS will create a novel data structure which 

solves problems of analyte determination and identification inherent with single channel 

detectors. 

1.6.3 Chapter 4: Targeted Analyte Deconvolution and Identification by Four-Way Parallel 

Factor Analysis Using Three-Dimensional Gas Chromatography with Mass 

Spectrometry 

Finally, the modified GC × GC × GC with TOFMS detection is turned toward targeted 

analyte discovery and identification. Based on previous successes with PARAFAC applied to 

GC3 [43], the same technique is applied to GC3-TOFMS. This targeted application builds upon 

previous work with PARAFAC in GC × GC – TOFMS [48–50]. It is hypothesized that the novel 

four-dimensional data structure generated by the GC3-TOFMS will provide flexibility in defining 

a target window which will greatly simplify targeted analysis with PARAFAC. 
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Chapter 2. Performance Evaluation of Tile-Based Fisher Ratio Analysis 

using a Benchmark Yeast Metabolome Dataset2 

2.1 INTRODUCTION 

Knowledge of a biochemical system is incomplete without the inclusion of the 

metabolome. The study of metabolomics attempts to identify and quantify the low molecular 

weight compounds which make up the metabolome [1]. Though not specifically mentioned in the 

central dogma of molecular biology [2], identified metabolites generally complement and 

reinforce determinations made of the genome and proteome.  In other words, an up/down 

regulated gene should correspond to a correlated change in the proteome, which generally also 

induces some measureable change in the metabolome [2]. Conversely, unexpected discoveries in 

the metabolome could suggest changes in the upper realms of the molecular biology hierarchy. 

Analytically, the metabolome can be approached in one of two ways, targeted analysis or 

non-targeted analysis [1]. Targeted analysis, attempts to verify previous genomic and proteomic 

results through identification of complementary compounds in the metabolome. Targeted 

approaches focus on expected changes in the metabolome induced by up and down regulated 

genes and proteins. The foreknowledge of interesting compounds enables the analyst to define 

detailed methods and techniques to ensure the targeted metabolites are identified and quantified 

to the necessary level of fidelity. The alternative is to collect a biological sample of interest and 

submit it for some form of broad analysis. These non-targeted or discovery-based approaches 

                                                 
2 This Chapter has been reproduced from N.E. Watson, B.A. Parsons, R.E. Synovec, Performance evaluation of tile-

based Fisher Ratio analysis using a benchmark yeast metabolome dataset, J. Chromatogr. A. 1459 (2016) 101–111. 

doi: 10.1016/j.chroma.2016.06.067. 
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employ non-specific analytical procedures to identify metabolomic changes induced by 

experimental or environmental perturbations. 

 Unlike targeted approaches which are amenable to specific assays or similar techniques, 

non-targeted metabolic investigation requires instrumentation that probes the sample in a wide-

ranging and general way. Instrumental platforms that provide the ability to simultaneously 

separate and identify the resultant sample components are desirable. Examples include liquid 

chromatography (LC) [3], gas chromatography (GC) [4], mass spectrometry (MS) [5], nuclear 

magnetic resonance spectroscopy (NMR) [6,7], or various combinations of these techniques. 

Comprehensive two-dimensional gas chromatography coupled with time-of-flight-mass 

spectrometry (GC × GC‒TOFMS) [1] is arguably one of the best analytical instrumentation 

platforms to study metabolites of interest that reside in the 50 to 500 Da mass range. The use of 

GC-MS for metabolomics studies is widespread, but the benefits of GC × GC‒TOFMS applied 

to metabolomics have begun to emerge in more recent years. While GC × GC‒TOFMS is an 

outstanding instrumental platform for biological and metabolomics studies [8–26], there is an 

ongoing need to develop software methods to glean useful information from the immensely 

complex data. For this purpose Fisher Ratio (F-ratio) analysis has been found to be a particularly 

useful algorithm for the analysis of these complex datasets [27–31].  

 F-ratio analysis compares the variance between classes relative to the variance within the 

classes [32–34]. Specifically, the F-ratio compares whether these two variances are different 

relative to a tabulated F-statistic or other means of threshold determination. When the F-ratio is 

calculated, a quotient is determined, ranging from zero to infinity; as the value increases the 

results suggests with greater certainty that the compared variances are different implying that the 

source data is also different. Points with high F-ratios generally correspond to features which 
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distinguish between the classes compared. Previously, F-ratio analysis using GC × GC data was 

applied to several biological and petrochemical models [26–31].  The prior pixel-based F-ratio 

studies were fruitful, and provide a benchmark for current software development and evolution. 

 Specifically, Mohler, et. al. [25,26] applied the F-ratio method to intracellular extracts 

from Saccharomyces cerevisiae (yeast) either metabolizing glucose (repressed) or ethanol 

(derepressed), which define the two classes in the discovery-based analysis to find metabolites 

that are statistically different in concentration between the two classes. These data were studied 

in a “pixel-wise” fashion whereby each data point (defined by chromatographic time on column 

1 (1D), chromatographic time on column 2 (2D), and the mass-to-charge ratio (m/z)) across all the 

sample replicates was compared as a subset to calculate an F-ratio, which statistically quantifies 

the variances for the complete dataset at that one data point pixel. The F-ratio calculation was 

repeated iteratively for every data point collected. Beneficially, the Mohler et. al. dataset was 

large and well defined biologically. Each culture was thrice replicated providing three samples 

for each culture class. Also, the samples were extracted in triplicate and each extraction was 

chromatographically analyzed four times. The copious replication ensured the different sources 

of variance were sufficiently quantified. The result of this study was a list of metabolites 

determined to be variant, or up/down regulated and hence changing, between the two sample 

classes ordered by F-ratio value. The list, referred to as a “hit list”, ordered the metabolites from 

greatest to least F-ratio. This hit list was fully analyzed and quantified through application of 

parallel factor analysis (PARAFAC) [35]. Usefully, this analysis provided empirical evidence for 

biochemically suggested metabolic pathways. Regrettably, the identification and quantification 

of variant metabolites was onerous, since the true positives were found to be intermingled with a 

significant number of false positive, and data analysis consumed greater than a person-year of 
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labor to execute. The analyst was required to manually interdict the process at many steps and 

analyze the hit list down to the lowest level achievable without a useful means of deciding when 

the hit list was complete. In retrospect, the analysis was specifically confounded by two issues 

we hope to elucidate and correct in this current study: retention time shifting on 1D and 2D, and 

undesirable false-positive discoveries. 

 Retention time shifting adds to the difficulty in the analysis of any chromatographic 

dataset. In the Mohler, et. al. study the retention time shift reduced the sensitivity in which true 

positives were discovered due to the pixel-based comparison of data. Since the yeast experiment 

was conducted over the course of months and required many extra chromatographic runs in 

addition to the extracted samples (e.g. solvent blanks, growth medium blanks, etc.), retention 

time shifting became especially pronounced. Temperature and pressure fluctuations combined 

with matrix effects and stationary phase degradation may all lead to retention time variations. 

Many times alignment [36,37] or warping [38] is chosen as a solution to correct for retention 

time changes. Alignment, while not particularly time consuming, can impart unfortunate artifacts 

to the data as the peaks are warped and time-shifted. The tile-based F-ratio software is designed 

to address this challenge without explicitly requiring alignment [29,30]. 

 The other challenge, how to minimize the false positive discoveries, is tied to 

determining a useful F-ratio threshold value under which further analysis is deemed fruitless. 

Statistics has come up with two schools of thought on the topic of threshold determination 

[39,40]. One has the analyst consult a tabular solution for the applied statistic, in this case the F-

test. Based on the degrees of freedom and number of samples, the analyst determines an F-

critical value and judges that all features with calculated F-ratios greater than F-critical do 

significantly differ between/among classes. The other school of thought, less well known outside 
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statistics circles, suggests that the tabulated values for the textbook distribution may not 

accurately apply to the experiment at hand. This group is known as the “frequentists.” The 

frequentist camp approaches the problem of determining the threshold with the expectation that 

every experiment includes many underlying random and statistical errors which may not be 

appropriately represented by a Bayesian Distribution. 

 To address this challenge of determining an appropriate threshold to prudently guide hit 

list data mining, combinatorial null distribution analysis is coupled with tile-based F-ratio 

analysis [30,31], leveraging the large volume of related data that may be tested by GC × GC‒

TOFMS to experimentally determine the distribution of potential false positives. By rearranging 

the sample classes to nullify the class distinguishing variance, the effects of non-meaningful 

variation in the dataset may be estimated for the true class comparison. To increase the 

extensibility of the approach, it is desirable to determine all possible null comparisons in a 

rigorous and automated fashion. With the recent improvements to the computational 

performance of the software, it is now possible to glean the benefits of using the complete set of 

null distributions. By algorithmically determining all possible null combinations it is possible to 

utilize the resulting Fisher Distributions to determine a rigorous threshold.  

 Herein tile-based F-ratio analysis is evaluated and validated by application to the already 

thoroughly analyzed fermenting and respiring yeast benchmark dataset from the Mohler et. al. 

study [26]. These data were completely identified and quantified previously and provide an 

insightful opportunity to compare the tile-based F-ratio analysis [29–31], which in turn had 

evolved from pixel-based F-ratio analysis [26–28]. The novelty of the study herein is based upon 

the simultaneous demonstration of improved F-ratio analysis software performance for a 

complex metabolomics dataset, which is manifested as a decisive improvement in the ranking of 
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true positive hits above false positive hits, in concert with the demonstration that the null 

distribution threshold accurately identifies this optimized transition from true positive hits to 

false positive hits in the hit list.  In addition, quantification by ChromaTOF (LECO software) is 

utilized in lieu of PARAFAC to demonstrate the possibilities of rapid peak finding and 

quantification without the tedium of detailed chemometric deconvolution. 

 Tile-based F-ratio analysis was applied to four randomly selected replicate data subsets 

composed of six repressed (R) versus six derepressed (DR) chromatograms (originally from a 

total collection of thirty-five R versus thirty-five DR chromatograms [25,26]). These six versus 

six subsets were chosen to doubly represent each of the three cultural replicates from each 

sample class. The biological variance was previously demonstrated to compose the majority of 

the total variance; therefore, its representation was paramount relative to injection and extraction 

variance. The six R versus six DR comparison, vice 35 R versus 35 DR in the prior studies 

[25,26], is necessitated by the combinatorial rearrangement of the chromatogram class 

assignments. There are 200 possible different null arrangements of a six versus six comparison 

and this number rapidly increases as the sample class population increases. Each replicate data 

subset was subjected to F-ratio analysis of both the one true class comparison for metabolite 

discovery and the additional 200 null classes for threshold determination [30,31]. Four replicate 

data subsets were analyzed in order to assess whether or not results from any given individual 

subset adequately represent the whole dataset of thirty-five R versus thirty-five DR 

chromatograms [25,26]. Generally, the first data subset is utilized for the discussions herein. 
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2.2 EXPERIMENTAL 

2.2.1 Sample Prep and Data Collection 

 The biological culture , extraction, derivatization and instrument conditions were 

previously described, with a brief recount included here [25,26]. Three R cultures (AR, BR, CR) 

and three DR cultures (ADR, BDR, CDR) were grown to obtain a measure of biological 

variability. At the end of the growth cycle the cells were quenched and metabolites were 

extracted with ethanol. Each extraction was performed in triplicate, e.g. A1R, A2R, and A3R. 

Figure 2.1. Representative (A) GC × GC‒TOFMS chromatogram of m/z 73 and zoom (B) to 

region in box. 
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 An Agilent 6890N gas chromatograph equipped with an Agilent 7683 auto-injector 

(Agilent Technologies, Santa Clara, CA, USA) coupled to a LECO Pegasus III TOFMS with a 

4D thermal modulator upgrade (LECO, St. Joseph, MI, USA) was used to collect the GC × GC‒

TOFMS data. The GC inlet and transfer line were held constant at 280 °C. One micro liter split-

less injections were made onto the 1D column (RTX-5MS, 20 m x 250 µm i.d. x 0.5 µm, Restek, 

Bellefonte, PA, USA). The 1D column effluent was modulated and transferred to the 2D column 

(RTX-200MS, 2 m x 180 µm i.d. x 0.2 µm, Restek, Bellefonte, PA, USA) every 1.5 s. The 1D 

column was held at 60 °C for 0.25 min and then increased at 8 °C/min to 280 °C where it was 

held for 10 min. The 2D column was initially set at 70 °C and followed the same temperature 

program as the 1D column giving a total run time of 37.75 min. The modulator was kept 40 °C 

higher than the 1D column. A constant volumetric flow rate of 1 ml/min was held at the head of 

the 1D column. The ion source was set to 200°C.  Data were collected at a rate of 100 spectra/s 

after a 5-min solvent peak delay. Each extract had 4 replicate injections except A1R and A1DR, 

which were injected in triplicate. This resulted in 70 injections (70 GC × GC‒TOFMS 

chromatograms) for the analysis. Samples are labelled from left to right by culture (A, B or C), 

Extract (1, 2, or 3), biological class (R or DR) and replicate (1, 2, 3, or 4). For example, A1DR:1 

indicates Culture A, Extract 1, DR class, and injection replicate 1. 

 Figure 2.1 depicts a representative chromatogram from the DR class. The complexity of 

these metabolic extracts is easily discerned from the visually apparent peaks. Chromatographic 

performance was estimated using the cystathionine signal (Fig. 2): 1Wb = 4.5 s, 2Wb = 100 ms, MR 

= 3, 1nc = 13.3 min-1, 2nc = 15, nc,2D = 200 min-1 resulting in a total peak capacity per GC × GC 

chromatogram of approximately 6400. 
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2.2.2 Data Analysis 

 The GC × GC‒TOFMS chromatograms were extracted from ChromaTOF 3.32 (LECO, 

St. Joseph, MI, USA) to MATLAB R2015b (The Math Works, Natick, MA, USA).  Six 

chromatograms were selected from each biological class, R and DR. Samples were chosen 

through a managed random selection system by which two replicates were included from each 

cell culture; the extraction and injection replicate choices were randomized by die rolls. The 

samples utilized for each replicate data subset are listed in Table 2.1.  

Table 2.1. Sample composition for each replicate data subset. 

Replicate Data 

Subset 1 

Replicate Data 

Subset 2 

Replicate Data 

Subset 3 

Replicate Data 

Subset 4 

A1DR:2 A1DR:3 A2DR:4 A1DR:3 

A2DR:1 A3DR:2 A3DR:2 A2DR:2 

B1DR:1 B1DR:2 B1DR:3 B1DR:2 

B2DR:1 B2DR:4 B3DR:3 B2DR:1 

C1DR:3 C2DR:1 C1DR:2 C2DR:2 

C3DR:3 C3DR:2 C2DR:1 C3DR:1 

A1R:3 A1R:1 A2R:2 A2R:2 

A2R:1 A2R:2 A3R:2 A3R:3 

B1R:2 B2R:4 B1R:3 B2R:3 

B2R:4 B3R:3 B2R:4 B3R:2 

C2R:2 C1R:2 C1R:1 C1R:4 

C1R:2 C2R:3 C2R:1 C2R:2 

 

The chosen chromatograms were submitted to tile-based F-ratio analysis for metabolite 

discovery [30]. This metabolite discovery, where the R and DR classes are compared, is referred 

to as the “true class comparison.” Before execution, values were chosen for the required 

initialization parameters: 1D dimension tile size of 6 s, 2D dimension tile size of 300 ms, signal-

to-noise (S/N) threshold of 3, a minimum F-ratio of zero, at least 5 mass channels required with a 

measurable F-ratio. A two-dimensional (2D) cluster window of 2 modulations by 200 ms was 

utilized to minimize redundant hits from the multiple tile schemes used during F-ratio analysis 
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[30]. The chromatograms were normalized to the sum of the total ion current (TIC). No 

alignment was performed on any chromatograms in this study. 

 The reader is directed to the Supporting Information of a previous publication for a 

detailed description of the tile-based F-ratio software [30]. A brief summary is presented here 

with respect to how the software reduced the dataset to a manageable list of hit locations for the 

first replicate subset. Each GC × GC‒TOFMS chromatogram is composed of 1.1 x 108 pixel 

features collected by the TOFMS detector. These pixel features were automatically reduced to 

9.1 x 105 tile features by the tile scheme. The S/N filter automatically reduced this to 6.1 x 104 

features, followed by F-ratio analysis that resulted in 5279 total hits across each of the four tile 

schemes analyzed. Redundant hits were then automatically removed by a “pin and cluster” 

algorithm, resulting in the final hit table listing 1696 total hits. Implementation of null 

distribution analysis, which is explained next, further automatically reduced the number of 

statistically relevant features that warranted additional analysis. 

 The true class comparison via the tile-based F-ratio analysis was immediately followed 

by null class comparison of all two hundred possible null combinations. The number of unique 

null classes are described by 

 # 𝑜𝑓 𝑢𝑛𝑖𝑞𝑢𝑒 𝑛𝑢𝑙𝑙 𝑎𝑟𝑟𝑎𝑛𝑔𝑒𝑚𝑒𝑛𝑡𝑠 =
1

2
×

𝑛1!

𝑘1!(𝑛1−𝑘1)!
×

𝑛2!

𝑘2!(𝑛2−𝑘2)!
 (2.1) 

In Eq. 2.1, n represents the number of samples in a given class and k represents the number of 

samples to be utilized in the null class (k = n / 2 for a two class system) [30,31]. Null classes are 

analyzed in the same fashion as the true class. The null class comparisons are binned and plotted 

as histograms as will be described below. These null distributions were used to determine a F-

ratio threshold for the true class comparison and all hits above the threshold were analyzed in 

greater detail. This left 350 hits from the initial 1696 for the analyst to manually scrutinize. 
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Visual inspection allowed for removal of a modest number of redundant metabolite hits missed 

by the algorithm, generally overloaded and tailing peaks along the 2D dimension. Also removed 

were hits attributed to reagent artifacts by their presence in corresponding growth medium 

control chromatograms, which produced many artifact hits that streaked primarily along the 1D 

dimension. After removal of reagent artifacts and redundant hits, the 350 hits were reduced to ~ 

100 class-distinguishing metabolite features, which were identified by retention time with the 

results from the benchmark study [26]. The hits were further verified by comparison to a peak 

table generated by the ChromaTOF software. 

2.3 RESULTS AND DISCUSSION 

 Discussion of the results of the tile-based F-ratio analysis will begin with a brief tutorial 

of how the method is executed, as applied specifically to the experimentally obtained benchmark 

dataset [25,26] (the reader is directed to these previous publications for an overview of the data 

structure along with the biological implications). Herein, the benchmark dataset is 

comprehensively interrogated using state-of-the-art tile-based F-ratio analysis [30], and the 

results are initially detailed by way of a case study on the cystathionine signal event (Fig. 2). 

Later, the comprehensive results provided by the tile-based approach are presented in various 

forms, the threshold is determined by null distribution analysis [31], and all of these findings are 

compared to the previously published results [25,26]. 

 Figure 2.2(A) and (B) present the cystathionine chromatographic signal event for sample 

A2DR:1 in both unfolded one-dimensional (1D) and 2D format, respectively. The selective ion, 

m/z 278, is utilized for all the chromatograms in Figure 2.2.  The box in Figure 2.2(B) represents 

the selected tile size used for tile based analysis (4 1D modulations by 300 ms on 2D). The tile 
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size encompasses the vast majority of the signal generated by each eluted component and is 

sufficiently wide to compensate for retention shifting on 1D and 2D. 

Figure 2.2. Extract of the cystathionine chromatographic elution event at m/z 278 represented 

from various aspect frames.  These figures graphically depict the logic behind selecting the 4 

modulation by 300 ms tile size. 
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Figure 2.2(C) and (D) show the result of summing the cystathionine signal event along 

2D and 1D respectively to construct a 1D peak. Summing a dimension effectively reconstructs, in 

a very rudimentary way, the peak shape in the other dimension facilitating visualization of the 

tile-size from multiple aspect frames. Figure 2.2(E) and (F) show the 1D peaks along the 1D and 

the 2D dimensions for all twelve of the samples utilized in the first replicate data subset F-ratio 

analysis. The vertical dashed lines represent the 1D and 2D tile window sizes. The 2D dimension 

of the tile size easily encompasses the 2D retention shifting in this case. One of the significant 

benefits of the algorithm is the ability to compensate for retention time shifting without the need 

for chromatographic alignment by warping [38] or peak shifting [36]. It is also observed, as is 

generally the case, that retention time shifting affects the dataset along the 2D dimension to a 

much greater extent than along the 1D dimension. 

The 1.5 s modulation period limited the tile size options along the 2D dimension to 30, 

60, 100, 150, 300 or 500 ms (evenly divisible multiples of 150 spectra per modulation). The best 

choice was found to be 300 ms, as 500 ms is even larger (introducing too much superfluous 

signal from nearby eluted compounds) and 150 ms is too small (does not encompass the peak 

widths coupled with the observed retention shifting). In future applications of tile-based F-ratio 

analysis, an integer modulation period, eg. 1 or 2 s, is more desirable as there are many evenly 

divisible multiples that result in an even division of the full modulation period into equally sized 

tiles along the 2D dimension. Additionally, numerically resampling the collected data to allow 

for different divisions of the 2D separation space can also be performed to address this concern. 

The tile size is a crucial parameter considered prior to executing the analysis. If properly 

executed, this data analysis approach presents the opportunity to overcome significant retention 

time shift in both GC × GC dimensions. The metabolite data utilized here to study and validate 
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the tile-based F-ratio analysis present some of the most challenging retention time shifts 

generally expected. Retention time shifting, in particular the shifts on 2D for this dataset, leads to 

the use of a 2D tile dimension that is substantially greater than the peak widths, with the range of 

shifting ~ 100 ms observed in Figure 2.2(F). One might initially surmise from this that the 

“practical” peak capacity of the 2D separation has been compromised by the retention time 

shifting. However, the “pin and cluster” step of the tile-based F-ratio software addresses this 

issue by focusing the location of each hit back to the original high-fidelity resolution of the pixel-

based dataset [30]. Indeed, each hit location is subsequently analyzed by PARAFAC (or other 

deconvolution software) using a focused tile centered on the hit location, and it is not uncommon 

to identify and quantify more than one relevant analyte within the focused tile. Accordingly, the 

tile-based F-ratio software is designed to preserve to a great extent the 2D peak capacity 

provided by performing high efficiency GC × GC separations. 

A simple observation of the difference in the peak heights between these two classes 

(approximately 3.5 fold higher on average for the R class) indicates cystathionine exhibits a high 

degree of between class variance. The task of the tile-based F-ratio algorithm is to discover this 

variance with a high degree of confidence and minimal analyst intervention despite significant 

background noise and retention time shifting. The algorithm achieves this by following the 

transformation of Figure 2.2(A) through (F) to the natural conclusion. All the signal within the 

tile depicted in Figure 2.2(B) to (F) is integrated to single value. These resultant values are then 

submitted for F-ratio calculation. Class R yields integrated signal of 11761, 22855, 19514, 

15831, 8578 and 18530, while Class DR yields integrated signal of 3673, 6548, 2915, 4458, 

6189 and 4219, with the average results presented visually in Figure 2.2(G). Determination of 

the class-to-class variance and within class variance followed by F-ratio calculation yields an F-
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ratio value of 26.7 [27]. The algorithm does this across all m/z for tiles with a S/N exceeding an 

operator set minimum threshold. 

The result of the true class comparison is a table of hits arranged by descending order of 

F-ratio, with the top hit representing the chromatographic feature that is most distinctive between 

the DR and R classes. These results are summarized graphically in Figure 2.3 for the first subset 

of six randomly selected DR and R samples. Here the tabular results are depicted as histograms 

binned by F-ratio with a bin window of 0.2. Each curve for the four replicate data subset true 

class comparisons follows the general form of the F-Distribution [33]. The maximum frequency 

F-ratio occurs near zero representing non-significant chromatographic features likely resulting 

from real metabolites that do not change in concentration significantly between the DR and R 

classes. As the F-ratio increases, the statistical significance of the corresponding feature 

increases as the value of the class-to-class variance increases relative to the within class variance. 

Consequently, the frequency of occurrence approaches zero as the F-ratio approaches infinity. 

The F-ratio distribution in Figure 2.3 lacks useful features to identify a threshold, below 

which the hits can likely be deemed not statistically different in concentration between the two 

classes and hence excluded from further analysis. As such, the biological significance of the hits 

Figure 2.3. F-ratio distribution of the true class comparison for the first replicate data subset. 
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found above the threshold does not need to be known a priori. Bayesian statistics described in a 

general statistics textbooks can perhaps be used to determine the critical values of an F-

Distribution [33]. This is a mathematically sound idea, but it unfortunately only allows for the 

exclusion of a small portion of the determined hits and leads to an excess of F-ratios deemed as 

true positive hits in which there is likely no statistical difference in concentration for a given hit 

between the two classes. The F-critical value for this analysis at the 95% confidence limit is 4.96 

leaving approximately 700 hits deemed true positive. Basically, application of Bayesian statistics 

leads to usage of much too low of a threshold. To address this challenge and shortcoming of 

applying Bayesian statistics for the threshold determination, combinatorial null distribution 

analysis was applied to determine an appropriate F-ratio threshold. Implementation of 

combinatorial null distribution analysis is based on the data collected and therefore allows for the 

statistical analysis to account for any systematic errors in the data.  The threshold determined by 

combinatorial null distribution analysis follows the empirical or “frequentist” approach. 

Combinatorial null distribution analysis was applied and all 200 null distributions for a 

given subset of six DR and six R samples per Eq. 2.1 were calculated in the same fashion as the 

Figure 2.4. Samples composing the true class comparison for the first replicate data subset 

along with one of the 200 null classes created for determination of an F-ratio threshold. 
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true class comparison in Figure 2.3. An illustration of how the six DR and R samples are 

scrambled for one of the 200 arrangements is provided in Figure 2.4. Null analysis empirically 

accounts for the features present in the data that are not attributable to the true class 

distinguishing features. Figure 2.5(A) shows all 200 of these distributions overlaid on the same 

axes for the first subset of six DR and six R samples. The maxima of these null distributions are 

shifted to lower values and the frequency of all the low magnitude F-ratios are increased while 

the high F-ratios are decreased relative to the true class comparison. These null distributions 

provide a graphical depiction of the frequency and magnitude of non-class distinguishing 

features present in the data. 

A useful transformation of the null probability distributions shown in Figure 2.5(A) to 

cumulative probability distributions is depicted in Figure 2.5(B). Here the F-ratios are plotted 

against their probability of occurrence (plotted with a base ten log scale y-axis for clarity). The 

null probabilities are calculated by determining the number of features above an F-ratio value 

divided by the total number of features and multiplying the result by 100%. Serendipitously, this 

Figure 2.5. Probability distributions for the first replicate subset. 
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dataset revealed the power of the combinatorial null distribution analysis. The obvious outlier 

with significant shifting to higher F-ratio values was attributed to a systematic error previously 

undiscovered in the dataset. The null class resulting in this outlier is the combination that groups 

the samples into two classes by date of sample collection. Since these data were collected over 

the course of two months this likely resulted from a drift in TOFMS detector efficiency. 

Fortunately, this systematic error was controlled by randomization of the sample analysis 

sequence. However, its presence still imparts artifacts to the data that would otherwise be 

ignored by traditional Bayesian Statistics. 

Figure 2.5(B) also holds the key to determining a potentially useful threshold for 

application to the true class comparison hit list. Plotting all the F-ratio values for each of the 200 

null distributions corresponding to a 0.001 null probability yields yet another F-Distribution 

plotted in Figure 2.5(C). Figure 2.5(C) depicts what can be considered a confidence interval for 

the 0.001 null probability F-ratio value across all 200 possible null combinations. Again, this 

distribution follows the form of the Fisher Distribution, but the maximum is shifted to the right 

relative to both the true class comparison (Figure 2.3) and all 200 null class comparisons (Figure 

2.5(A)). Integrating the area under this new curve yields a limit which is utilized as a threshold 

value for the true class comparison. Limits at both 99% and 95% of the integrated area are 

illustrated. The 99% confidence limit illustrated, at an F-ratio of 20, corresponds to the F-ratio in 

which 1% (or 2) of the 200 null combinations equal or exceed the selected 0.001 null probability 

(from Figure 2.5(B)). Similarly, the 95% confidence limit illustrated, at an F-ratio of 15, 

corresponds to the F-ratio in which 5% (or 10) of the 200 null combinations equal or exceed the 

selected 0.001 null probability. At a more rudimentary level, the 0.001 null probability is utilized 

as a surrogate for the false discovery rate (FDR). Each null distribution provides an 
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approximation for non-class distinguishing variance present in the data that results from both 

random and systematic errors naturally included within any real instrumental data. The 

conversion to the F-distribution in Figure 2.5(C) allows the analyst to visualize the range of 

potential values corresponding to a 1 in 1000 FDR. For this study, the 95% confidence limit with 

a threshold of 15 was applied to the true class comparison. The choice of a threshold of 15 

provides a 95% certainty that we will achieve a 1 in 1000 FDR when the true class comparison is 

analyzed in detail. The threshold must be determined anew with each replicate data subset. Null 

distribution analysis already elucidated how the date of sample collection imparted a systematic 

error to the chromatograms and the effects of this error and others must be redetermined for each 

replicate data subset. 

Selection of the threshold completes the preparatory work and leaves the analyst ready 

for detailed analysis of the hit list generated by the true class comparison. Figure 2.6 shows the 

average chromatogram for the DR class from the first replicate data subset overlaid with the 

locations of the 94 hits determined above an F-ratio of 15 (the 95% confidence limit at a 0.001 

null probability). Any redundant hits not removed by the otherwise automated software, along 

Figure 2.6. Average DR chromatogram from Fig. 2.1(A) with true hits indicated by circles 

after removal of redundant hits and matrix artifacts 
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with any reagent artifacts that were identified using culture medium blanks, have been manually 

removed. The circle diameter is scaled proportionally with F-ratio magnitude. In short, these 94 

hits should represent the features that most distinguish sample classes in the 6 DR versus 6 R 

chromatograms. Though not depicted, a representative R chromatogram looks similar to Figure 

2.6 with one visually identifiable feature missing at a retention time of approximately 1800 s.  

This feature corresponds to the largest F-ratio, most class distinguishing feature, the sugar 

trehalose. 

Table 2.2 lists all the named metabolites discovered, quantified, and statistically validated 

by the Student’s t-test [32] from the benchmark study [26]. Each replicate data subset of the tile-

based F-ratio analysis is depicted in a column with the threshold listed at the top of the column in 

parentheses. For example, lysine was determined in the benchmark study to be the fourth most 

variant metabolite and validated by t-test. The ratio of class DR to R was quantified to be 3.2 by 

Metabolite tR1, s tR2, s 

Pixel-
based 
F-ratio 

[DR]/[R] 
PARAFAC tcalc/ttable 

Subset 
1 

 (15) 

Subset 
2 

 (22) 

Subset 
3 

 (20) 

Subset 
4 

 (20) 
[DR]/[R]  

ChromaTOF 

trehalose 1782.0 0.7 1.4350 66.8 37.97 751 766 701 894 83.5 

glucose 1225.5 0.4 0.8998 0.02 1.17 312 308 664 485 0.01 

glycerol c00116 660.0 0.4 0.3036 0.1 3.23 203 172 180 206 0.2 

lysine 1231.5 0.6 0.1495 3.2 1.39 32 63 38 62 3.7 

citrate c00158 1159.5 0.7 0.1029 13.0 1.41 83 83 63 87 12.4 

threonine c00188 777.0 0.6 0.0878 3.3 2.08 51 103 67 90 3.3 

malate c00149 871.5 0.7 0.0719 7.9 3.41 204 239 234 212 8.1 

5-oxoproline c00025b 906.0 1.4 0.0639 2.4 1.82 61 84 81 63 2.6 

glutamic acid c00025 987.0 0.8 0.0491 3.1 2.55 135 157 119 119 3.4 

tyrosine 1245.0 0.6 0.0252 3.9 4.71 66 49 50 56 4.1 

homoserine 834.0 0.6 0.0214 5.5 2.53 133 62 67 117 9.0 

glutamine  c00064 1117.5 1.0 0.0188 1.9 1.72 38 60 21 31 2.5 

leucine 657.0 0.6 0.0174 5.0 2.44 203 172 180 206 7.2 

succinate c00042 697.5 0.9 0.0148 3.0 1.82 21 51 52 45 3.6 

Adenosine, 5'-S-methyl-5'-thio# 1803.0 1.1 0.0119 5.3 3.42 72 165 185 111 10.8 

mannitol c00392 1254.0 0.4 0.0082 0.4 3.32 64 30 52 31 0.2 

fumarate c00122 729.0 1.0 0.0058 8.5 3.93 208 219 171 122 14.9 

cystathionine 1434.0 0.7 0.0054 0.3 1.20 28 22 42 25 0.3 

glycolic acid 451.5 0.7 0.0048 2.6 6.12 21 11 20 6 2.9 

glycerol 3 phosphate c00093b 1113.0 0.9 0.0024 2.8 2.09 16 22 33 25 3.3 

glucose 1 phosphate c00029b/c00103 1117.5 0.5 0.0020 0.6 1.79 37 82 51 105 0.6 

ethyl succinate* 630.0 1.0 0.0018 1.6 1.98 19 21 37 20 1.7 

asparginine c00152 1033.5 0.9 0.0016 1.9 2.40 37 41 23 43 2.1 

octanoic acid 643.5 0.6 0.0011 0.6 2.67 10 2 4 4 0.4 

threonic acid 927.0 0.5 0.0006 0.3 1.84 10 6 15 16 0.7 

glutamine 3TMS c00064b 861.0 0.1 0.0005 2.8 1.77 12 4 20 8 4.0 

glucose 6 phosphate 1530.0 0.7 0.0004 0.3 1.21 66 23 76 30 0.3 

pseudo uridine 1518.0 0.5 0.0004 1.7 3.91 37 58 54 55 1.9 

 

Table 2.2. Results of tile-based F-ratio analysis for metabolites present in both classes. 
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PARAFAC. Each replicate data subset of the current analysis also discovered lysine at F-ratios 

greater than the threshold determined for each replicate data subset (e.g. F-ratio of 32 for 

replicate data subset 1 exceeds the threshold F-ratio value of 15). Discovery of a metabolite 

above the threshold provides a qualification of statistical significance in a similar fashion to the 

Student’s t-test. If a statistically significant metabolite from the benchmark study was not 

discovered above the threshold, that cell is shaded grey. 

Table 2.3 shows similar information for metabolites that were only detected in one of the 

two classes. In Table 2.3 there is no column for Student’s t-test ratio since it would be undefined; 

in place there is a column stating the biological class in which the metabolite was present. Table 

2.4 follows a similar format from Table 2.2, but for the analytes determined to be statistically 

non-significant for distinguishing the DR and R classes by the Student’s t-test. Table 2.4. 

Statistically verified false positives from the previous pixel-based F-ratio analysis [37] provides 

Metabolite tR1, s tR2, s 
Pixel-based 

F-ratio 
Sample 
Class 

Subset 
1 

 (15) 

Subset 
2 

 (22) 

Subset 
3 

 (20) 

Subset 
4 

 (20) 

glucose 1239.0 0.5 0.6443 R only 65 129 147 383 

glucopyranose 1281.0 0.4 0.0825 R only 78 37 69 33 

glucopyranose 1218.0 0.4 0.0546 R only 32 26 44 27 

butanoic acid 2,4 TMS TMS ester 798.0 0.6 0.0146 DR only 8 12 10 12 

methyl citrate 1231.5 0.7 0.0104 R only 61 27 97 53 

glucose 1 phosphate 1168.5 0.4 0.0098 R only 32 41 33 62 

myo-inositol 1363.5 0.5 0.0056 DR only 39 40 44 46 

adenine 1192.5 0.7 0.0037 DR only 25 44 27 27 

galactofuranose 1179.0 0.4 0.0036 R only 32 41 33 62 

fructose 1204.5 0.4 0.0034 R only 112 34 137 43 

gluconic acid  1024.5 0.8 0.0031 R only 24 33 31 29 

butanoic acid 2 amino 553.5 0.6 0.0027 DR only 6 4 4 5 

glucose 1207.5 0.5 0.0020 R only 30 33 133 55 

orotic acid 1095.0 0.6 0.0019 R only 25 21 44 16 

2 desoxy-pentose 1108.5 0.4 0.0017 R only 37 82 51 105 

2-o-glycerol-a-d-galactopyranoside 1471.5 0.4 0.0009 R only 155 30 117 28 

fructose 1,6 bis phosphate 1765.5 1.3 0.0008 R only 51 25 61 32 

fructose 2,6 bis phosphate 1434.0 0.8 0.0007 R only 28 22 42 25 

ribofuranose 987.0 0.4 0.0006 R only 32 29 33 24 

xylonic acid 1006.5 1.0 0.0006 R only 25 29 38 34 

arabinonic acid lactone 1038.0 1.3 0.0005 R only 9 9 15 27 

xylitol 1069.5 0.5 0.0005 R only 82 42 61 56 

fructose 1,6 bis phosphate 1761.0 1.2 0.0004 R only 102 23 58 32 

6-phospho-d-gluconate c00345 1584.0 0.7 0.0004 R only 41 20 71 19 

2-amino-adipinic acid  1068.0 0.7 0.0003 R only 11 16 19 17 

n-acetyl glutamic acid 1123.5 1.5 0.0003 R only 12 11 10 11 

 

Table 2.3 Results of tile-based F-ratio analysis for metabolites present in only one class. 
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remarkable results suggesting the resounding success of tile-based F-ratio analysis with respect 

to minimizing the FDR. 

The primary objective of the software is to provide greater segregation of true-positives 

toward high F-ratio values and false-positives toward low values, concurrent with mitigating the 

adverse effects of retention shifting. The addition of null distribution analysis provides a means 

to determine an F-ratio threshold to apply to the hit list, below which a marked increase in the 

FDR may be expected. The lack of discovery of the metabolites from Table 2.4. Statistically 

verified false positives from the previous pixel-based F-ratio analysis [37] is again accentuated. 

Compared to the previously applied pixel-based F-ratio analysis, tile-based F-ratio analysis 

minimizes the discovery of false positives.  The software provides a much better ranking of the 

features, so the threshold can be applied confidently, saving the user analysis time.  

Only one false positive metabolite was consistently discovered across all four replicate 

data subsets, namely ornithine. Indeed, this metabolite was barely excluded from the true 

positive list in the benchmark study, because the t-test was only a fraction smaller than the table 

Metabolite tR1, s tR2, s 

Pixel-based 
F-ratio 

[DR]/[R] 
PARAFAC tcalc/ttable 

Subset 
1 

 (15) 

Subset 
2 

 (22) 

Subset 
3 

 (20) 

Subset 
4 

 (20) 

ornithine 1155.0 0.6 0.1082 4.2 0.90 53 79 64 94 

isoleucine 681.0 0.6 0.0136 1.7 0.88 13 18 11 24 

lactate 436.5 0.6 0.0130 1.7 0.93 9 6 14 6 

serine 748.5 0.6 0.0063 1.0 0.02 1 3 1 4 

alanine 480.0 0.6 0.0043 0.9 0.28 4 4 4 2 

stearic acid 1441.5 0.5 0.0032 1.1 0.22 2 1 4 17 

glucose 6 phosphate 1518.0 0.6 0.0026 0.4 0.88 19 10 41 22 

3-OH Propionic 522.0 0.7 0.0023 2.0 0.71 1 1 1 1 

methionine 900.0 0.7 0.0018 1.6 0.47 4 7 6 5 

glucose 1 phosphate* 1168.5 0.5 0.0013 0.6 0.36 Coelutes / indeterminate  
glycerate 3 phosphate 1152.0 1.0 0.0011 1.8 0.79 1 5 5 7 

proline 685.5 0.6 0.0008 1.3 0.46 13 2 1 5 

o-toluic acid 750.0 0.8 0.0007 1.0 0.11 2 1 0 2 

pyruvate 424.5 0.6 0.0005 0.4 0.74 4 6 6 3 

asparagine 883.5 1.1 0.0005 1.5 0.98 6 8 6 15 
CoA phosphoric acid 
fragment 663.0 1.2 0.0004 1.0 0.09 1 1 2 2 

arginine  843.0 0.7 0.0004 1.1 0.17 3 1 4 3 

valine 600.0 0.6 0.0004 1.0 0.05 2 2 1 2 

phenylalanine 997.5 0.7 0.0004 1.0 0.05 4 3 1 4 

 

Table 2.4. Statistically verified false positives from the previous pixel-based F-ratio analysis 
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value and some minutiae of statistics necessitated the selection of a more stringent number of 

degrees-of-freedom. In fact, based on the present study, the potential that ornithine should be a 

true positive is proposed based on the magnitude of the calculated F-ratios and the ratio of the 

calculated t-value relative to the determined t-critical. The other two false positives, isoleucine 

and glucose-6-phosphate, were only discovered in one and three of the replicate data subsets 

respectively. Again, these two analytes’ calculated t-test values were only a fraction shy of 

passing the test of statistical significance, suggesting they also were either potentially 

inappropriately excluded from the list of true hits or are sitting on the threshold almost exactly. 

In the present study, the F-ratio analysis with the accompanying threshold that was 

applied provided a rapid determination of the major class distinguishing features while excluding 

virtually all non-class distinguishing features, i.e., minimizing false positives. As a consequence 

of the relatively stringent F-ratio threshold applied, some true positives from Table 2.2. Results 

of tile-based F-ratio analysis for metabolites present in both classes. were missed by the tile-

based F-ratio analysis. The missed true positives were deemed acceptable in the interest of not 

exceeding the desired FDR for this demonstration of the combinatorial null distribution analysis. 

The “undiscovered” metabolites were generally near the bottom of validated hit lists from the 

previous study, suggesting they were originally more challenging to discover and are less class 

distinguishing. It should also be noted that many of the missed metabolites eluted in the earlier 

portion of the chromatogram where many of the reagent contaminants reside, further 

confounding their discovery. The benchmark study [26] was executed in brute force fashion to 

the lowest level achievable which brought the benefit of discovering additional true positives, but 

at a significant penalty to the FDR. 
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 The signal values for each metabolite as quantified using ChromaTOF are also provided 

in Table 2.2. Results of tile-based F-ratio analysis for metabolites present in both classes.. 

Beneficially, the between class quantification ratios ([DR]/[R]) are in reasonable agreement 

relative to the PARAFAC quantification from the original report. The greatest quantification 

differences (between PARAFAC and ChromaTOF) are approximately a factor of two and likely 

result from quantification by only a single selective ion (ChromaTOF) relative to the top ten 

selective ions (PARAFAC). Most importantly, ChromaTOF quantification was completed in 

about one hour which is several orders of magnitude less than the time required for the 

PARAFAC analysis from the original report. Overall, the time required to complete the 

benchmark study by pixel-based F-ratio analysis followed by PARAFAC quantification, while 

state-of-the-art at the time, required twelve months. One iteration of the current study using tile-

based F-ratio analysis followed by ChromaTOF quantification required one week. 

The major thrust of this study was to evaluate the performance of tile-based F-ratio 

analysis in order to validate its effectiveness. This was achieved using a previously analyzed and 

statistically validated yeast metabolomics dataset. No dataset to this point has provided this level 

of challenge to the F-ratio software, which was specifically designed to deal with extreme 

shifting in both chromatographic dimensions. After removal of reagent artifacts and redundant 

hits resulting from chromatographic tailing of overloaded peaks, 94 class-distinguishing features 

were at or above the F-ratio threshold of 15. The tile-based F-ratio analysis successfully 

identified forty-six of the fifty-four changing metabolites from the benchmark study to be class-

distinguishing features. The other forty features not covered in detail here were generally 

unknown, but none the less, very real metabolites. They are addressed in the benchmark study, 

but were excluded for clarity and brevity from detailed analysis here.   
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 All four replicate data subsets analyzed by tile-based F-ratio analysis provided excellent 

results.  Significantly, all four of the replicate data subsets are in good agreement and only vary 

at the boundary slightly where the true-positives end and the false-positives begin. Considering 

the power and speed of this method, the benefits to experimental design cannot be ignored. A 

true class comparison of these yeast data could have been completed with only six samples from 

each biological class significantly decreasing the time required for the chromatographic data 

collection campaign. This is in addition to the benefits gained in terms of the significantly shorter 

data analysis time requirements.   

2.4 CONCLUSIONS 

 Tile-based F-ratio analysis combined with combinatorial null distribution determination 

of the threshold provides a powerful computational platform for rapid and confident 

determination of class distinguishing features in complex samples such as those encountered in 

metabolomics studies. This analysis is particularly useful in cases where chromatographic 

retention time shifting in both GC × GC dimensions renders other statistical and chemometric 

techniques untenable and/or substantially reduces their performance. The present study builds 

upon the three previous reports [29–31], since this study provides the first validation of the full 

algorithm in concert with validation of the utility of the threshold determined by combinatorial 

null distribution analysis. The validated benchmark data were rapidly replicated with a 

significant decrease in the FDR. When a key goal is to rapidly determine features which 

distinguish sample classes without the burden of overly populated peak tables, the computational 

platform presented herein is well suited. 
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Chapter 3.  Comprehensive Three-Dimensional Gas Chromatography 

with Time-of-Flight Mass Spectrometry3 

3.1 INTRODUCTION 

The promise of comprehensive two-dimensional (2D) gas chromatography (GC × GC) as 

described by Giddings [1] and realized by Philips and Liu [2] has been largely recognized within 

the twenty-first century analytical laboratory. The discourse has moved beyond 

conceptualization, to broad implementation and optimization. Multiple reviews are available on 

the topic covering many aspects of the field from application and instrumentation [3,4], to data 

analysis [5]. The most current research focuses on optimizing the total peak capacity of the 2D 

separation while maintaining the full information imparted by the primary separation dimension 

[4,6–11]. Enhancement of the chemical selectivity is also provided through the development and 

use of novel stationary phases and important applications [4,12–14]. Indeed, GC × GC benefits 

greatly from the large 2D peak capacity that can be regularly provided, in the range of ~ 4,000 to 

7,000 [9–11,15], while a relatively long duration, high efficiency one-dimensional (1D) GC 

separation provides a peak capacity in the range of ~ 600 to 900 [16–19]. In addition, GC × GC 

provides the added benefit of increased chemical selectivity through the use of the second 

dimension separation. 

 In order to further enhance chemical selectivity, it is intriguing to consider higher order 

instruments, specifically, to provide comprehensive three-dimensional (3D) separations. 

Although the development of comprehensive 3D separation techniques is still in its infancy, 

                                                 
3 This Chapter has been reproduced from N.E. Watson, H.D. Bahaghighat, K. Cui, R.E. Synovec, Comprehensive 

Three-Dimensional Gas Chromatography with Time-of-Flight Mass Spectrometry, Anal. Chem. 89 (2017) 1793–

1800. doi:10.1021/acs.analchem.6b04112. 
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there are some notable examples based upon various combinations of GC, liquid 

chromatography (LC), and capillary electrophoresis (CE). In particular LC × LC × CE [20], LC 

× GC × GC [21], and GC × GC × GC [22,23], have all been reported. All of these “classical” 

comprehensive 3D separations produce a data cube in which each of the separated sample 

components literally “hover” in 3D space at a set of three retention time coordinates. Various 

intriguing options abound, for data reduction from the 3D space to 2D and 1D domains [22] to 

allow the analyst the opportunity to take advantage of the added chemical selectivity of the 3D 

separation by focusing on critical regions of interest in the 3D separation. In the strictly GC field, 

a few related designs have been reported that both used a flow switching device, such as GC x 

2GC [24], in which two GC × GC separations are simultaneously produced, and a hybrid GC 

instrument that coupled GC × GC sequentially with a third GC separation for the purpose of 

excising the components eluting from a critical region of the GC × GC for more detailed 

separation on the third GC separation dimension [25]. 

The previous developments of GC × GC × GC, referred to herein as GC3, were fruitful 

and encouraging [22,23]. In these initial reports, an FID was implemented for detection, and two 

diaphragm valves served as modulators, one valve between the primary column 1D and 

secondary column 2D separations, and the other valve between the secondary column 2D and 

tertiary column 3D separations, respectively. In the first GC3 – FID report, a 3D peak capacity of 

3,500 was achieved, and the high quality trilinear data was demonstrated to leverage the benefits 

of chemometric analysis using PARAFAC [22]. In the subsequent report, the GC3 – FID 

instrument was demonstrated to provide unique insight into visualizing various chemical 

compound classes by leveraging the enhanced chemical selectivity of the 3D separation, in 

particular using an ionic liquid stationary phase column for one of the three separation 
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dimensions [23]. In this second report the peak capacity production was 4-fold better than the 

initial report, going from about 45 peaks/min to 180 peaks/min, with a 3D peak capacity of 3,600 

achieved in only a 20 min separation of diesel fuel [23]. While use of the FID was satisfactory 

for the initial development of GC3, limitations of the FID for providing confident analyte 

identification are obvious. Also, the diaphragm valves had to be face mounted on the wall of the 

GC oven in order to partially overcome the temperature limitations of these valves [26]. The face 

mounted diaphragm valves were able to reliably function up to about 250 °C, which was suitable 

for demonstrating GC3, but not suitable in the long term for wider adoption of this separation 

technology. In order for GC3 to be more rigorously evaluated as a separation technology 

platform, and to gain interest in the separations field, it is imperative that GC3 be combined with 

a more informative method of detection such as a time-of-flight mass spectrometry (TOFMS) 

[27,28] and to use modulators that overcome the temperature limitations of the face mounted 

diaphragm valves. 

Herein, we describe significant improvements to the previously described GC3 – FID 

instrument by replacing the FID with TOFMS. The GC3 – TOFMS instrument reported herein 

includes the major additions of a high-temperature diaphragm valve that has been recently 

demonstrated to reliably function to 325 °C [29,30], to serve as one of the two modulators, and 

the stock thermal modulator within the commercial instrument platform with the TOFMS to 

serve as the other modulator. These improved components bring the benefits of increased 

operating temperature, decreased sample splitting, and added mass spectral selectivity with peak 

identification. The GC3 – TOFMS instrument also increases the order of the data, naturally 

producing fourth order data, which opens up new data analysis options unavailable at lower 

levels of data dimensionality. This report provides a proof-of-principle for GC3 – TOFMS, and 
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demonstrates the benefits of the added chemical selectivity afforded by three chemical stationary 

phases while maintaining if not exceeding the total separation peak capacity of GC × GC – 

TOFMS. Instrumental design considerations are made, anchored in comprehensive multi-

dimensional separation theory, to design the GC3 – TOFMS instrument to maximize the 

combined peak capacity of the 2D and 3D separation, which nominally produces a GC × GC – 

TOFMS separation at every modulation along the 1D separation. Two samples were used for 

demonstration purposes, a test mixture of 115 compounds, and a diesel fuel spiked with non-

native compounds which we focus on to highlight the selectivity benefits of GC3 – TOFMS.  

3.2 BASIC PRINCIPLES AND INSTRUMENTAL DESIGN 

For GC × GC, the ideal peak capacity is given by 

 𝑛𝑐,2𝐷 = 𝑛𝑐 
1 ∗ 𝑛𝑐 

2  (3.1) 

where 1nc and 2nc are the 1D and 2D peak capacities, respectively. With the addition of a third 

separation dimension, the ideal peak capacity for GC3 is given by 

 𝑛𝑐,3𝐷 = 𝑛𝑐 
1 ∗ 𝑛𝑐 

2 ∗ 𝑛𝑐 
3  (3.2) 

where 3nc is the 3D peak capacity. At unit resolution, Rs = 1, eq 3.2 can be expressed as,  

 𝑛𝑐,3𝐷 =
𝑡 

1

𝑤 
1

𝑡 
2

𝑤 
2

𝑡 
3

𝑤 
3

 (3.3) 

where 2t is equivalent to the modulation period, 1Pm, for coupling the 1D to 2D separations, and 3t 

is equivalent to the modulation period, 2Pm, for coupling the 2D and 3D separations. The nominal 

peak width-at-base (4) for each dimension is given by 1w, 2w, and 3w, respectively. 

In terms of modulation periods instead of separation run times of 2D and 3D, eq 3.3 can 

be rearranged and expressed as,  
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 𝑛𝑐,3𝐷 =
𝑃 

1
𝑀
 

𝑤 
1

𝑃 
2

𝑀
 

𝑤 
2

𝑡 
1

𝑤 
3

 (3.4) 

The arrangement of eq 3.4 facilitates use of the modulation ratio MR, the ratio of the peak width-

at-base for a given separation relative to the modulation period coupling the given separation to a 

subsequent separation [8]. Substitution of 1MR and 2MR, into eq 3.4 results in the following, 

 𝑛𝑐,3𝐷 =
1

𝑀 
1

𝑅
 

1

𝑀 
2

𝑅
 

𝑡 
1

𝑤 
3

 (3.5) 

Peak width minimization on all dimensions per eq 3.4 is critical to optimize nc,3D, particularly 3w 

for the 3D separation. However, peak width minimization must be balanced with proper selection 

of 1Pm and 2Pm to provide suitable 1MR and 2MR, in order to provide a comprehensive 3D 

separation to ensure quantitative data [8,31–33]. Here we strive to fully optimize the 3D peak 

capacity production of the instrument while not degrading the quantitative precision due to 

valve-based modulator undersampling. A MR of 2 or greater is needed to ensure the %RSD due 

to valve-based modulation is between 1% - 2% [8,31–33]. Moreover, the negative implications 

of statistical overlap and modulator induced band broadening are greatest at low MR values 

[7,11,34–36]. 

 Equation 3.5 provides a useful vehicle to theoretically estimate and provide guidance for 

experimentally maximizing the peak capacity that could be achieved with GC3. Assuming 

implementation of conditions to achieve a MR of 2 for both modulation interfaces and an average 

3w of 50 ms, an nc,3D of 15,000 could be achieved for a 1t of 50 min. An example of conditions to 

achieve this impressive result could be a 1w of 6 s, with a 1Pm of 3 s (separation time on 2D) and 

2w of 500 ms, coupled with 2Pm of 250 ms (separation time on 3D) and 3w of 50 ms. The 

individual peak capacities would then be 1nc of 500, 2nc of 6, and 3nc of 5. It is noteworthy that 

the product of 2nc by 3nc is a theoretical peak capacity of 30, which is much higher than typically 
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obtained for the 2D dimension of GC × GC [9–11,16,34], with the added benefit of an additional 

dimension of separation providing more selectivity. Doing the same calculation, with conditions 

producing a MR of 2.5 for both modulation interfaces while holding the 1t and 3w constant, the 

resulting nc,3D drops from 15,000 to 9,600. Thus, the challenge in instrument design and 

experimental implementation is to produce low MR, at or approaching a value of 2, for both 

modulation steps. Experimentally meeting this challenge is investigated in this report.  

3.3 EXPERIMENTAL 

A Pegasus 4D GC × GC – TOFMS (LECO Corporation, St. Joseph, MI) with an 

integrated Agilent 6890N Gas Chromatograph (Agilent Technologies, Santa Clara, CA, USA) 

was modified to produce a GC3 – TOFMS instrument as shown in Figure 3.1. One high-speed, 

six port diaphragm valve (Valco Instruments Company Inc, Houston, TX, USA), upgraded by 

the manufacturer to operate at a maximum temperature of 325 °C [26,29,30], and fitted with a 5 

μL sampling loop was installed in the GC oven. The high-temperature valve was utilized as the 

modulator between 1D and 2D separations, and the stock thermal modulator was implemented 

Figure 3.1 Schematic of the major components of the GC3 – TOFMS instrument. 
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between the 2D and 3D separations. The 3D column was contained within the secondary oven in 

the commercial instrumental platform to provide a small temperature offset.  

 Three columns with different stationary phases were installed in column 1, column 2 and 

column 3 positions as depicted in Figure 1 for the 1D, 2D, and 3D separations, respectively. A 30 

m, 250 μm inner diameter (id), 0.50 μm film thickness (5% phenyl)-methyl polysiloxane 

stationary phase column (Rtx-5; Restek, Bellefonte, PA, USA) was installed as column 1. A 3.5 

m, 180 μm id, 0.18 μm film thickness polyethylene glycol stationary phase column (Rtx-Wax; 

Restek, Bellefonte, PA, USA) was installed as column 2. Finally, a 1 m, 100 μm id, 0.1 μm film 

thickness trifluoropropyl-methyl polysiloxane stationary phase column (Rtx-200; Restek, 

Bellefonte, PA, USA) was installed as column 3. The orthogonality of these phases was 

Alkanes Unsaturated 

 Alkanes 

Cyclic alkanes Halogenated alkanes Alcohols Ketones & Esters Aromatics 

pentane 1-hexene methylcyclopentane 1-chloroform 1-propanol ethyl formate benzene 

hexane 1-heptene cyclohexane 1-bromoheptane 2-butanol methyl decanoate toluene 

heptane 1-undecene methylcyclohexane 1,1,1-trichloroethane 1-pentanol methyl caprylate naphthalene 

octane dodecene cyclooctane carbon tetrachloride 1-hexanol methyl salicylate mesitylene 

nonane 1-hexyne butylcyclohexane 1-chlorobutane 2-heptanol ethyl salicylate ethylbenzene 

decane 1-heptyne adamantane 1-bromooctane 1-octanol methyl laurate butylbenzene 

undecane 1-nonyne bicyclohexane 1,2-dichloroethane 1-nonanol methly caproate  isobutylbenzene 

dodecane 5-decyne cyclopentane 1,6-dichlorohexane 1-decanol diethyl phthalate tert-butyl benzene 

tridecane 
 

cis-1,2-dimethylcyclohexane 1-chlorohexane 1-geraniol 2-butanone propylbenzene 

tetradecane 
 

2,2,4-trimethylpentane 1-bromohexane 1-dodecanol 2-pentanone chlorobenzene 

pentadecane 
 

2,3,4-trimethylpentane 
 

1-tetradecanol 3-hexanone bromobenzene 

hexadecane 
 

2-methylpentane 
 

1-hexadecanol 3-heptanone 1,3,5-trichlorobenzene 

pristane 
 

R-(-)-2,6-dimethyloctane 
 

2-pentanol 3-octanone 1,2,3-trichlorobenzene 

heptadecane 
   

1-butanol 2-nonanone cyclohexylbenzene 

octadecane 
   

1-eicosanol 2-decanone sec-butyl benzene 

nonadecane 
   

1-octadecanol 2-undecanone phenanthrene 

eicosane 
   

cyclohexanol 2-dodecanone p-xylene 
    

neopentyl alcohol 2-pentadecanone o-xylene 
    

2-methyl-2-propanol 2-hexanone m-xylene 
    

tert-amyl alcohol 2-heptanone 1,2,4,5-tetrachlorobenzene 
    

isobutyl alcohol 
 

1,2,4-trimethylbenzene 
    

isopropyl alcohol 
 

anisole 
    

benzyl alcohol 
 

benzophenone 
    

1,2-propanediol 
  

 

Table 3.1. 115 Component Text Mixture Composition 
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previously evaluated in detail and the phases were shown to be complementary [22]. Wrap 

around was also intentionally applied to ensure maximal use of the separation space [22]. 

 Liquid injections of 1 μL of both a test mixture of 115 compounds and diesel spiked with 

non-native compounds were made with an Agilent 7683 auto-injector. The composition of the 

115 compound test mixture is detailed in Table 3.1. The list of non-native compounds spiked 

into the diesel are provided in Table 3.2. The inlet was operated at 250 °C in split mode with a 

split flow of 25 mL/min. Effluent from 1D was injected onto 2D with the high-temperature 

diaphragm valve set to actuate for 400 ms at a modulation period Pm = 3 s. Effluent from 2D was 

transferred to 3D via the thermal modulator with a hot pulse time of 120 ms at a Pm = 250 ms, as 

previously reported [9]. The 1D column was operated at a constant volumetric flow of 0.5 

mL/min. The 2D and 3D columns were controlled via the auxiliary pressure controller under a 

ramped pressure program held at 25 psi for the first 3 min and ramped to 35 psi at a rate of 0.211 

psi/min and held at the final pressure for 1 min. This program resulted in an approximate 

volumetric flow on 2D and 3D columns of 1 mL/min. The 1D column was operated at less than 

the optimum flow rate in order to slightly widen the peaks in the 1D dimension to ensure 

sufficient peak width and sampling rate at the valve-based modulator. Detection was 

accomplished with the TOFMS. Effluent was passed through a 0.33 m, 280 °C transfer line into 

the TOFMS where it was analyzed at 200 Hz between 33 Da to 334 Da. The GC oven was 

1-chlorohexane butyrophenone 

1,6-dichlorohexane ethyl salicylate 

5-decyne 2-decanone 

limonene dibutylphthalate 

bromobenzene 2,5-dimethylthiophene 

pyridine diphenyl sulfide 

2-heptanol cyclohexyl isothiocyanate 

3-octanone 1-dodecanethiol 

methyl caproate aniline 

1-nonanol 2-mercaptoethanol 

 

Table 3.2. Non-native components spiked into diesel. 
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operated with a temperature program starting at 60 °C and held at that temperature for 3 min. 

The oven was then ramped to 250 °C at a rate of 4 °C/min. The final temperature was held for 1 

min. The secondary oven was held at a constant 10 °C offset above the primary oven 

temperature. The 115-component test mixture and spiked diesel were both analyzed in triplicate.  

All data were collected using ChromaTOF 3.32 and transferred to MATLAB 2016a (The 

Mathworks, Natick, MA, USA) using in-house software (peg2mat3p8) [37]. All chromatograms 

were baseline corrected in a 1D fashion and folded into a four-way array (4D data). Compounds 

were identified through a library search utilizing MS Search 2.0 (NIST, Gaithersburg, MD, 

USA). All multi-dimensional visualization was achieved using functions and utilities included 

with MATLAB 2016a. The peak width and retention time, tR, of 10 representative compounds 

were measured by Gaussian Curve Fitting utilizing the Curve Fitting Toolbox available as an 

add-on application for MATLAB 2016a. 

Figure 3.2. Chromatogram for adamantane viewed in all dimensions. 
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3.4 RESULTS AND DISCUSSION 

 Data collected for adamantane using the GC3 – TOFMS instrument are presented in 

Figure 3.2, with adamantane serving as a representative analyte in the 115-component test 

mixture. All subfigures were created using m/z 136, a highly selective m/z for this compound. 

Figure 3.2A depicts the raw, baseline corrected data vector at m/z 136 showing the expected 

results for a 3D separation, analogous to a 2D separation. The 1D peak is sampled with a 1Pm of 3 

s and the resultant 2D peaklets are then sampled by 3D with a 2Pm of 250 ms. The term “peaklets” 

refers to a set of peaks in a given separation dimension produced by modulating the analyte peak 

eluting from the preceding dimension, eg., 3D peaklets resulting from modulating a given 2D 

peak.[10,34] Figure 3.2B shows detail of the region in Figure 3.2A with the highest signal 

intensity, so one can draw their own conclusions regarding the peak widths and peak capacity on 

the 3D dimension. Finally, Figure 3.2C & D provide the peak profiles for adamantane on the 1D 

and 2D dimensions, after summing the signal from the remaining two axes. Figure 3.2B-D 

illustrate how peak widths were measured for subsequent determination of modulation ratios and 

separation peak capacity on each separation dimension for adamantane and other representative 

analytes. As indicated in Figure 3.2B, a 3wb of 50 ms was measured. Using a 2Pm of 250 ms, a 3nc 

of 5.0 was determined for adamantane. Figure 3.2C & D were used to measure a 1wb of 9.6 s and 

a 2wb of 0.7 s, but were first fitted to a Gaussian profile to do so. With a 2Pm of 3 s, the 2nc was 

4.3. Finally, with these measured peak widths, a 1MR of 3.2, and a 2MR of 2.8 were determined.  

Following the same approach illustrated with adamantane, additional measurements and 

figures-of-merit calculations for five other representative compounds from the separation of the 

115-component test mixture and four representative compounds from the spiked diesel fuel 

separation, vide infra, are summarized in Table 3.3. The ten compounds in Table 3.3 were 
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chosen to represent a wide variety of chemical functional classes including varying degrees of 

saturated, unsaturated and aromatic hydrocarbons along with alcohol and ketone functionality. 

Though this is but a small portion of the functionality encountered in a complex chemical 

analysis, this set of compounds provides a good breadth of chemical functionality and depicts the 

wide range of chromatographic performance that can be expected across varied compound 

classes.  

 The data portions depicted in Figure 3.2 were collected as part of the analysis of the test 

mixture. Figure 3.3 delves beyond adamantane into the additional benefits gained through the 

use of the improved GC3 instrument with TOFMS detection. These improvements include mass 

spectral selectivity and peak identification, and increased maximum temperature while still 

maintaining the high chromatographic selectivity afforded through the use of three 

complementary stationary phases. The complete set of images in Figure 3.3 serve as an 

illustrative depiction of what becomes possible during the analysis of a truly complex sample. 

Figure 3.3A depicts the full separation of the test mixture, but simplifies the data by summing the 

2D and 3D chromatographic dimensions and mass spectral dimension onto 1D (Rtx-5). This 

provides a figure analogous to a traditional GC-MS total ion current (TIC) chromatogram. 

Immediately the benefits of mass spectral peak identification become apparent with even the 

relatively simple test mixture. Figure 3.3B zooms to a region of interest in Figure 3.3A where the 

Table 3.3 Chromatographic peak measurements and figures-of-merit. 
 

115-component test mixture Spiked Diesel  
butyl-

benzene 
1-octanol 1-decene 2-nonanone undecane adamantane pyridine limonene 1,6-

dichlorohexane 
cyclohexyl 

isothiocyanate 
1tR (min) 19.5 20.0 20.4 20.7 20.7 20.9 8.2 18.4 22.6 26.7 
1w (s) 7.2 5.9 7.8 8.1 6.3 9.6 5.4 9.3 7.3 9.8 
1MR 2.4 2.0 2.6 2.7 2.1 3.2 1.8 3.1 2.4 3.3 
1nC 416 506 385 368 477 311 556 323 411 306 
2tR (s) 2.2 1.5 1.7 1.5 0.9 2.2 0.7 1.8 0.6 1.0 
2w (s) 0.9 1.3 0.7 0.8 0.7 0.7 1.2 0.6 0.9 1.0 
2MR 3.5 5.3 2.7 3.3 3.0 2.8 4.8 2.5 3.7 3.9 
2nC 3.5 2.3 4.4 3.6 4.0 4.3 2.5 4.8 3.2 3.1 
3tR (ms) 165 195 100 85 85 140 155 50 225 215 
3w (ms) 53 58 47 59 50 50 58 46 47 49 
3nC 4.7 4.3 5.3 4.3 5.0 5.0 4.3 5.4 5.3 5.1 
nC, 3D 6803 4973 9106 5635 9639 6821 5987 8352 7010 4850 
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potential for improved selectivity of GC3 – TOFMS can be explored; the compounds butyl-

benzene, 1-octanol, 1-decene, 2-nonanone, undecane and adamantane all elute here in the order 

listed. Even though most of the compounds are baseline resolved on the 1D separation, they were 

selected to provide clarity in the following illustration.  

 Modern enhancements to 3D visualization allow for significant improvement relative to 

previous reports on GC3 by way of graphic access to the full 4D selectivity. Figure 3.3C provides 

a realization of these improvements, a 3D isosurface plot of the same region shown Figure 3.3B. 

The software connects the dots in 3D space where the signal intensity achieves a user selected 

value creating a cloud representing the data. The addition of color allows for various m/z to be 

depicted on the same figure. Additional “contours” can be added at different intensities by 

varying opacity to achieve something akin to a 2D contour plot in 3D space. This feature is not 

depicted here due to the challenge of presenting such detail on a static 2D surface. Figure 3.3C 

includes m/z 56 (1-octanol, 1-decene and undecane), m/z 58 (2-nonanone), m/z 91 (butyl-

Figure 3.3. Output from the GC3 – TOFMS for the 115 component test mixture 
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benzene), and m/z 136 (adamantane) at intensities of 500, 1000, 2000, and 800 ion counts 

respectively. The m/z were chosen due to their selectivity for the analytes eluting within the 

region depicted.  

Figure 3.3D shows the chemical selectivity provided by GC3 for the 2D separation on the 

2D and 3D dimensions, isolated from the 1D separation for the same analytes per m/z shown in 

Figure 3.3C. In Figure 3D the region of the 1D separation between 19.0 and 21.5 min is summed 

leaving a 2D contour plot showing the chromatographic profiles for the same compounds as in 

Figure 3.3B & C on 2D and 3D. Note that 2-nonanone and undecane are overlapped in all three 

chromatographic dimensions, as a result of applying wraparound to maximize peak capacity 

usage, and only the addition of the TOFMS enabled their resolution. The added selectivity of 

TOFMS detection will become particularly important as we move on to a truly complex mixture. 

The limit-of-detection (LOD) for GC3 – TOFMS was evaluated using adamantane, which 

was found to be a representative analyte for the other compounds in the test mixture. The 

injected concentration LOD was ~ 10 ppm at m/z 136. A 30:1 split was applied for injection onto 

the 1D column, and ~ 15% of the material eluting from the 1D column was transferred by the 

high-temperature valve to the 2D column, for an overall split of ~ 210:1. Thus, the detected mass 

LOD was ~ 40 pg (S/N = 3). This LOD is suitable for this proof-of-principle report, however 

future designs would benefit by having a thermal modulator for both modulation stages. 

 The more rigorous evaluation of GC3 – TOFMS is provided by the analysis of diesel fuel, 

in this study spiked with a mixture of non-native compounds (see Supplemental Material for 

spiked compound table). Figure 3.4 showcases a portion of the results of this analysis. Figure 4A 

depicts a reduction of the dimensionality down to a 1D chromatogram akin to Figure 3A, and 

again provides a familiar benchmark separation. Due to the magnitude of the detector response 
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generated by the diesel sample, Figure 3.4A is the analytical ion chromatogram (AIC) 

constructed from summing only m/z 41, 43, 53, 55, 74, and 91. Indeed, use of the TIC 

overwhelms the eluting compounds, reducing the apparent resolution to near zero in a plot of the 

1D separation resulting from the presence of significantly more baseline noise in the entire GC3 

separation space, which obfuscates the summation of signal of all m/z across the 2D and 3D 

separations.  

 Figure 3.4B further showcases the true power of GC3 – TOFMS. Here, another isosurface 

plot is shown using the same function described for Figure 3.4C. The complexity of these spiked 

diesel data allows for a more detailed visualization of the potential of GC3 – TOFMS to tackle 

challenging chemical analysis problems. In this case, the signal at m/z 41, 43, 53 and 91 are 

displayed at intensities of 5000, 5000, 1000, and 2500 ion counts, respectively. The intensities at 

each contour are varied to scale the size of the clouds so the different m/z do not obfuscate each 

Figure 3.4. Output from GC3 – TOFMS for diesel spiked with a mixture of non-native 

compounds 
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other, to ensure analyte peaks at lower S/N are visible. Considering that the primary composition 

of diesel fuel is a mixture of hydrocarbons with various degrees of unsaturation and aromaticity 

we have included four m/z that are generally selective for those compound classes. Usefully, the 

phenomenon whereby homologous series of compounds of the same functional groups elute 

along a line during 2D GC analysis is shown to exist in three dimensions as well. The green (m/z 

43) alkane band is most obvious, but the red (m/z 41) mono-unsaturated hydrocarbon and yellow 

(m/z 53) di-unsaturated hydrocarbon series are also apparent though both wrap around on 2D. 

The varied molecular mass and structures of the aromatics depicted in blue (m/z 91) do not create 

a linear spatial array of peaks in the same fashion as the various alkanes, alkenes, and alkynes; 

however, the aromatics do separate nicely as a group along the 3D separation dimension, 

showcasing the additional chromatographic selectivity by completely isolating the aromatic 

compounds from the bulk of the hydrocarbons present. This is useful for fingerprinting complex 

samples which may have a variety of compound classes present. 

The benefit of having three dimensions of chromatographic selectivity is illustrated in 

Figure 3.4C & D. In Figure 3.4C is presented a contour plot of the 1D separation versus the 2D 

separation using the AIC summation of m/z 41, 43, 53, 55, 74, and 91, by summing the signal 

along the 3D time axis. Significantly, the various alkane, alkene, and alkyne bands are generally 

recognizable down the diagonal of the plot as demonstrated in Figure 3.2B, but several of the 

spiked non-native compounds eluting in this region are not well resolved in this 2D view. The 

mass channels m/z 55 and 74 were added to the AIC in Figure 3.4C to better target two of the 

non-native spiked compounds detailed in Table 3.2: 1,6-dichlorohexane (DCH) and cyclohexyl 

isothiocyanate (CHI), which have selective m/z of 74 and 55, respectively. Neither are well 

resolved in Figure 3.4C, but are very well separated by the 3D separation dimension as shown in 
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Figure 3.4D. Figure 3.4D depicts the 1D separation versus the 3D separation for the same portion 

of the 1D separation between 22 and 28 min at m/z 55 and 74, but in this case summing the signal 

along the 2D time axis. Significantly, utilization of the two selective m/z coupled with the 

chromatographic selectivity of the 3D separation enables the clear separation and detection of 

these two compounds. For complex mixture analysis such as the spike diesel, GC3 – TOFMS 

provides the opportunity for novel classification and molecular fingerprinting strategies. The 

added chemical selectivity presents the opportunity to view different planes within the 4D array 

that represent different compound classes. As an example, the views in Figure 3.4C & D 

respectively depict fingerprints of major compound classes and electron rich chemicals in diesel.  

Using the GC3 experimental parameters implemented coupled with peak width 

measurements summarized in Table 3.3, key figures-of-merit were calculated. For the ten 

representative analytes from the two samples studied, the experimentally achieved total peak 

capacity nc,3D ranged from 5,000 to 9,600 for GC3 – TOFMS (𝑥̅ = 7,000, 𝑠 = 1,700), which is on 

par with, if not exceeding, previous GC3 – FID reports [22,23]. This is very competitive with 

state-of-the-art GC × GC, which provides nc,2D ranging from approximately 4,000 to 7,000 [9–

11,15]. The benefits of GC3 – TOFMS stem from the additional chemical selectivity along the 3D 

chromatographic dimension (relative to GC × GC – TOFMS) and addition of mass spectral 

selectivity (relative to GC3 – FID), while maintaining a similar total peak capacity. Particularly, 

GC3 – TOFMS achieves a combined 2D × 3D peak capacity ranging from 10 to 26 (mean = 17.6, 

2 = 5.0) for the representative analytes described in Table 1 which is similar to what is achieved 

by 2D alone in a GC × GC operating at an equivalent PM. When one considers the benefits of the 

added chemical selectivity afforded by 3D with a third stationary phase, the usefulness of GC3 is 

apparent. Looking into the data in Table 3.3, and upon reflection of the theoretical peak capacity 
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calculations presented earlier, one can see evidence for where future improvements should be 

made to increase nc,3D. The experimental average of 1MR was 2.6 (s=0.5), while the average for 

2MR was 3.6 (s=0.9). These two MR are higher than a more desirable MR of 2. Since the MR were 

measured through reconstruction of the modulated peaks, modulator induced band broadening 

has already been accounted for [34]. Therefore application of eq 3.5 appropriately estimates peak 

capacity, albeit without the statistical correction [7,35,36]. In terms of peak capacities, the 

averages were 406, 3.6 and 4.9 for 1D, 2D, and 3D respectively. In particular, additional effort 

should be placed in reducing the peak widths on the 2D separation to increase the peak capacity 

on 2D. Experimentally obtaining a nc3D in the range of 10,000 to 15,000 certainly is very 

achievable. 

3.5 CONCLUSIONS 

 The GC3 – TOFMS instrument may arguably achieve the maximum selectivity available 

for a gas chromatographic instrument. Herein, we presented data which support this assertion. 

The coupling of TOFMS with GC3 brings all the benefits inherent with mass spectrometry, 

namely mass spectral peak identification and added chemical selectivity. The high-temperature 

diaphragm valve completes the ensemble and brings the GC3 – TOFMS instrument into the same 

temperature regime as other GC-based instruments. The new design achieves a nc,3D approaching 

10,000 for select compounds and on average maintains a nc,3D of 7,000.  Future studies will be 

aimed at additional instrumental improvements and leveraging the 4D data structure to tackle 

challenging chemical analysis problems using chemometric analysis tools.  
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Chapter 4. Targeted Analyte Deconvolution and Identification by Four-

Way Parallel Factor Analysis Using Three-Dimensional Gas 

Chromatography with Mass Spectrometry Data4 

4.1 INTRODUCTION 

The body of knowledge surrounding comprehensive two-dimensional (2D) gas 

chromatography (GC × GC) is seemingly expanding at an ever-growing rate [1]. Moving from a 

theoretical possibility pioneered during the latter half of the twentieth century [2] to a novelty in 

the early 1990s [3], separation of complex mixtures is now almost unimaginable without two 

serially coupled GC columns [1]. Creative options for column selection and coupling are still 

being developed. In addition, GC × GC has been joined to most GC detectors, be they single- or 

multi-channel. Indeed, the combination of GC × GC with time-of-flight mass spectrometry 

(TOFMS) has proven particularly interesting (GC × GC-TOFMS) [4–7]. 

When GC × GC-TOFMS is implemented, the resultant three-dimensional (3D) data 

enable application of various chemometric deconvolution techniques providing mathematical 

resolution [8,9]. Among these methods, the Parallel Factor Analysis (PARAFAC) algorithm has 

proven particularly useful [10–16]. PARAFAC models the data array as the linear combination 

sum of signals for each eluting analyte described by the outer product of chromatographic and 

mass spectrometric vectors in each of the acquired dimensions for an analyst determined number 

of components. PARAFAC requires, at a minimum, a 3D array which implicates GC × GC-

TOFMS as one of the few instruments which create data of this structure naturally. 

                                                 
4 This Chapter has been submitted for publication as N.E. Watson, R.E. Synovec, Targeted Analyte Deconvolution 

and Identification by Four-Way Parallel Factor Analysis Using Three-Dimensional Gas Chromatography with Mass 

Spectrometry Data, Anal. Chim. Acta. (2016). 
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Previously, comprehensive 3D gas chromatography (GC × GC × GC or GC3) was 

described as an alternate gas chromatographic configuration which enables implementation of 

PARAFAC on the native data [17,18]. GC3 with PARAFAC deconvolution was shown to 

provide a benefit to both the detection limit and provide the ability to resolve convoluted elution 

signals. Recently the GC3 instrumental design was improved to include a TOFMS as the detector 

creating a 3D gas chromatograph with mass spectrometric detection (GC3-TOFMS) [19]. The 

principal benefits being both the added mass spectrometric selectively and the ability to identify 

analyte peaks based on the acquired mass spectrum. This advanced instrumental platform 

natively creates four-dimensional data (4D) which permits new options for visualizing and 

chemometrically interrogating the data array provided by complex samples. 

Four-way PARAFAC, in itself, is not novel [9,20]. Four-way data can be simply created 

by stacking replicates of 3-way data with varying concentration profiles. The results produce a 

reconstruction of the three instrumental dimensions and the fourth dimension contains the 

concentration information in each of the replicates. This procedure of replicate stacking is even 

more common in 2D methods (e.g. one chromatographic dimension with multichannel detection) 

where the replicate stacking enables access to PARAFAC which has a minimum dimensionality 

of three. Instruments, like the GC3-TOFMS, which produce native four-way data are 

significantly less typical, but the development of such has the potential to address emerging 

challenges in chemical analysis. 

Herein we present a targeted method for analysis of four-way data, specifically data 

generated by GC3-TOFMS. Embracing the native dimensionality of the data produced by this 

instrument, we explore a technique which overcomes one of the inherent challenges of applying 

chemometrics to more traditional GC × GC-TOFMS data: assigning a target window for 
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application of PARAFAC [14–16]. For instance, if one were inclined to apply PARAFAC to a 

whole dataset, the computational intensity of the technique would quickly overcome the 

available computing capacity requiring that subordinate windows be selected within the dataset. 

In GC × GC-TOFMS this window determination step is one of the more time consuming and 

subjective steps of the analysis. GC3-TOFMS enables a new paradigm by which each modulation 

of the first “primary” chromatographic dimension (1D) produces a complete GC × GC-TOFMS 

chromatogram which is suitable, as a whole, for PARAFAC analysis. More simply, we suggest 

this method could be envisioned as a primary GC separation coupled with GC × GC-TOFMS 

detection. By implementing a non-polar stationary phase for the 1D separation, a complex sample 

is subjected to an initial separation roughly equivalent to a fractional distillation whereby each 

fraction is analyzed by GC × GC-TOFMS. The “fractions” are the modulations from the 1D 

separation onto the 2D separation, and so on. This paradigm is demonstrated with PARAFAC, 

whereby data portions amenable to third order chemometrics are produced in a natural fashion 

and should be applicable to other chemometric methods [21]. 

 In this study, a stack of seven consecutive GC × GC-TOFMS 1D modulation “slabs” 

produce a window across 1D without any need to window the second GC separation (2D), third 

GC separation (3D) and mass spectrometric dimensions. The GC × GC separations in each slab, 

i.e., 2D by 3D separations, are designed to provide a two-dimensional chromatographic peak 

capacity nc,2D of ~ 15 to 20 that is ideally suited to both provide ample chemical selectivity 

concurrent with keeping the rank suitably low for successful implementation of PARAFAC. The 

temporal width of the seven 1D modulation window is defined to fully encompass the elution 

event for a target analyte, allowing for some ambiguity in 1D retention time selection. Standards 

or retention indices [22] provide an excellent method for approximate 1D target analyte window 
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location assignment prior to PARAFAC analysis. Herein, two samples are submitted to study 

this approach for targeted analyte discovery and deconvolution: a standard mixture of 115 

components and a diesel fuel spiked with several non-native compounds [19]. Analytical success 

is determined by both visual verification of the chromatographic loadings and mass spectral 

matching to a library mass spectrum [14,23].  

4.2 EXPERIMENTAL 

4.2.1 Data Collection 

The GC3-TOFMS was operated as previously described [19] and briefly recalled here. A 

Pegasus 4D GC × GC-TOFMS (LECO Corporation, St. Joseph, MI) with an integrated Agilent 

6890N Gas Chromatograph (Agilent Technologies, Santa Clara, CA, USA) was modified to 

produce a GC3-TOFMS instrument as shown in Figure 3.1. One high-speed, six port diaphragm 

valve (Valco Instruments Company Inc, Houston, TX, USA), upgraded by the manufacturer to 

operate at a maximum temperature of 325 °C, and fitted with a 5 μL sampling loop was installed 

in the GC oven. The high-temperature valve was utilized as the modulator between the 1D and 

2D separations, and the stock thermal modulator was implemented between the 2D and 3D 

separations. The 3D column was contained within the secondary oven in the commercial 

instrumental platform to provide a small temperature offset.  

 Three columns with different stationary phases were installed in column 1, column 2 and 

column 3 positions as depicted in Figure 1 for the 1D, 2D, and 3D separations, respectively. A 30 

m, 250 μm inner diameter (id), 0.50 μm film thickness (5% phenyl)-methyl polysiloxane 

stationary phase column (Rtx-5; Restek, Bellefonte, PA, USA) was installed as column 1. A 3.5 

m, 180 μm id, 0.18 μm film thickness polyethylene glycol stationary phase column (Rtx-Wax; 
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Restek, Bellefonte, PA, USA) was installed as column 2. Finally, a 1 m, 100 μm id, 0.1 μm film 

thickness trifluoropropyl-methyl polysiloxane stationary phase column (Rtx-200; Restek, 

Bellefonte, PA, USA) was installed as column 3. 

 Liquid injections of 1 μL of both a test mixture of 115 compounds [19] and diesel spiked 

with non-native compounds [19] were made with an Agilent 7683 auto-injector. The inlet was 

operated at 250 °C in split mode with a split flow of 25 mL/min. Effluent from 1D was injected 

onto 2D with the high-temperature diaphragm valve set to actuate for 400 ms at a modulation 

period 1Pm = 3 s. Effluent from 2D was transferred to 3D via the thermal modulator with a hot 

pulse time of 120 ms at a 2Pm = 250 ms. The 1D column was operated at a constant volumetric 

flow of 0.5 mL/min. The 2D and 3D columns were controlled via the auxiliary pressure controller 

under a ramped pressure program held at 25 psi for the first 3 min and ramped to 35 psi at a rate 

of 0.211 psi/min and held at the final pressure for 1 min. This program resulted in an 

approximate volumetric flow on 2D and 3D columns of 1 mL/min. The 1D column was operated 

at less than the optimum flow rate in order to slightly widen the analyte peaks in the 1D 

dimension to ensure sufficient peak width and sampling rate at the valve-based modulator to 

properly sample the 1D peaks. Detection was accomplished with the TOFMS. Effluent was 

passed through a 0.33 m, 280 °C transfer line into the TOFMS where it was analyzed at 200 Hz 

between 33 Da to 334 Da. The GC oven was operated with a temperature program starting at 60 

°C and held at that temperature for 3 min. The oven was then ramped to 250 °C at a rate of 4 

°C/min. The final temperature was held for 1 min. The secondary oven was held at a constant 10 

°C offset above the primary oven temperature. The 115-component test mixture and spiked 

diesel were both analyzed in triplicate.  
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4.2.2 Data Analysis 

Analysis was conducted on a personal computer employing an Intel i5 4430 processor 

with 32 GB of RAM running Windows 10. All data were collected using ChromaTOF 3.32 and 

transferred to MATLAB 2016b (The Mathworks, Natick, MA, USA) using in-house software 

(peg2mat3p8) [24]. These data were exported from ChromaTOF as a 2D array of m/z versus 

time. Chromatograms were reorganized to four-way arrays of m/z by 3D by 2D by 1D. Zero filling 

at the end of the chromatograms was conducted when necessary to ensure a rectangular array. 

Retention times of the target analyte compounds were inferred from retention indices and 

verified by the ChromaTOF peak finder when possible. Utilizing these target 1D retention times, 

seven modulation 1D windows centered around each target analyte 1D retention time were 

submitted to PARAFAC. The PARAFAC algorithm included as part of PLS Toolbox 8.2.1 

(Eigenvector Research Inc., Wenatchee, WA) was implemented. All target windows were 

submitted as four-way arrays and subjected to the non-negativity constraint in all dimensions. 

Models containing up to 12 factors were constructed in all cases and models up to 18 factors 

were built for three of the more challenging cases (1-nonanol, 2-decanone, and ethyl salicylate). 

Appropriate factor selection was determined based on the splitting criteria [14–16]. 

Match values versus the target spectra were calculated for all PARAFAC loadings and the 

appropriate loading from the model prior to splitting was selected. All loadings were then 

visually verified and retention times across all three dimensions were determined. Target spectra 

were previously collected utilizing the TOFMS employed for this study. NIST target spectra 

were utilized when an in-house standard was not available. Generally, match values to the NIST 

library are lower due to instrument specific detector and ion source variations which result in 

varied mass spectral peak abundances [23,25,26]. 
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4.3 RESULTS AND DISCUSSION 

 Management and visualization of data beyond three dimensions is inherently challenging 

and the four-way data produced by the GC3-TOFMS is no exception in this regard. Figure 4.1 

attempts to overcome this challenge through various simplifications which build upon each other 

to convey the full composition of the data and sample at hand. Here the separation of the 115-

component mixture is simplified to an elongated 3D rectangular cuboid where each dimension 

represents one of the chromatographic separations. The length being 1D, depth being 2D and the 

height being 3D. These dimensions are broken down into a virtual grid where the subordinate 

section’s sizes are dictated by the two modulation periods 1Pm, and 2Pm and the detection 

frequency, respectively. A complete mass spectrum resides at each grid location creating the full 

structure of the four-way array. 

 The method we present here both embraces the inherent complexity of the native four-

way data generated by the GC3-TOFMS while allowing the analyst to simplify the initial data 

Figure 4.1. Schematic detail of GC3-TOFMS data structure. 

 

n-butyl benzene 2-nonanone & 

undecane 
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structure back down to the well understood 1D chromatogram displayed on the front face of the 

rectangular cube in the lower portion of Figure 4.1. Recalling the detailed analysis previously 

published [19], the reader is invited to consider the cubic section depicted at the center. Six 

analytes elute in this region: n-butyl benzene, 1-octanol, 1-decene, 2-nonanone, undecane, and 

adamantane. The faces display the resultant 2-way contour plots the observer sees when viewing 

the respective face directly from above. The colors are varied across the four selective m/z used 

to exhibit the eluting chemicals: m/z 92 (blue), m/z 43 (black), m/z 58 (red) and m/z 136 (green).  

 For added detail, two regions are excised and the raw data vectors are displayed as they 

arrived at the detector. The upper left shows the elution event for n-butyl benzene at m/z 92 and 

the upper right shows the coelution of 2-nonanone and undecane at m/z 43.  The insets show the 

results after refolding the depicted vector into three dimensions. The region excised in the upper 

right encompassing 2-nonanone and undecane present an opportunity to explore the analytical 

potential of four-way data. Though co-eluting in all three chromatographic dimensions, the 

TOFMS detection provides the final portion of selectivity necessary to fully resolve these two 

Figure 4.2. Schematic detail of the method for targeted analyte finding and deconvolution 

using GC3-TOFMS and four-way PARAFAC. 
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compounds without chemometric deconvolution. However, this simple case of near total co-

elution provides an initial test bed which affords ready visualization of the basic elements of the 

targeted analyte discovery and deconvolution method which is presented next. 

 Figure 4.2 considers this overlap region of the GC3-TOFMS chromatogram for the co-

elution of 2-nonanone and undecane in greater detail. 2-nonanone is shown in red using the 

totally selective m/z of 58 and undecane using m/z 56. The isosurface plot on the left of Figure 

4.2 is simplified on the right to a cube where each surface again shows what the analyst observes 

when viewing the cube directly from above the face as was described for Figure 4.1. Taking 

undecane as the target analyte, this four-way section of data is interrogated chemometrically. As 

with any target analysis the procedure is initialized with as much data as is known about the 

target. The NIST Database includes a plethora of information about common compounds 

including reference library mass spectra and experimental retention indices. In many cases the 

analyst will also have run a standard thus rendering a mass spectrum specific to the instrument 

used along with an accurate estimation of retention times for the target, in particular for the 1D 

separation axis. While incorporation of all available data simplifies the search, only a target mass 

spectrum and retention index are necessary to employ this technique. The retention index 

provides a fairly accurate initial estimate for the 1D retention time in most cases and the target 1D 

section can be adjusted in cases where large variation in the NIST database log of retention 

indices fails to yield identification of the target on the first attempt. 

 Visualizing the 3D rectangular array as a stack of 2D by 3D slabs leads to a synonymous 

way to visualize GC3-TOFMS as GC with GC × GC-TOFMS detection. This paradigm 

simplifies the transfer to a PARAFAC method whereby the user submits a subarray of GC × GC-

TOFMS chromatograms for analysis dictated by approximate 1D retention time of the target. 
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Assuming the modulation ratio MR~2 to 3 for the 1D to 2D transfer, a seven-slab window will 

generally cover the 1D elution event for most analytes [27]. Utilizing the a priori knowledge of 

undecane’s instrument specific mass spectrum and 1D retention time, these data are submitted to 

PARAFAC. The target window includes the entirety of the seven 1D slabs roughly centered on 

the retention time of undecane. The mass spectrum of undecane is also input as the initialization 

vector for the mass spectral axis of the four-way array. 

 The results of this chemometric analysis are depicted graphically in Figure 4.3. The target 

analyte undecane is indicated in black and the interfering analyte, 2-nonanone is indicated in red. 

Figure 4.3A-C depict the 1D, 2D and 3D dimensional loadings, respectively. Figure 4.3D depicts 

the mass spectral loadings for 2-nonanone and undecane. This straightforward example rendered 

Figure 4.3. Four-way PARAFAC results for the 1D region from Fig. 3 containing 2-nonanone 

and undecane. 
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PARAFAC results which correlate almost exactly with the data determined by more traditional, 

non-chemometric methods previously reported [19]. Particularly, the exceptionally high mass 

spectral match values obtained for 2-nonanone and undecance of 998 and 990, respectively, 

suggest the effectiveness of this method. Table 4.1 reports the PARAFAC results for the targeted 

analysis of the entire cube depicted at the center of Figure 4.1 with similarly exceptional 

performance. MmFf indicates a particular factor from a PARAFAC model as the number of 

factors in the model m, and the index of the factor in that model f (an integer from 1 to m). [15]. 

However, a truly challenging demonstration and validation of the method with a complex sample 

matrix is warranted as is considered next. 

 For the purpose providing a challenging method evaluation, analysis of diesel spiked with 

several test analytes was undertaken. Numerous non-native spiked and native non-spiked 

analytes were considered. Cyclohexyl benzene (CHB) provides an appropriate testbed to truly 

display the power of the method suggest herein. Cyclohexyl benzene is a compound that occurs 

naturally in most diesel fuels, including the diesel shown in Figure 4.4A. This analytical ion 

chromatogram provides a reconstruction of the 1D response for diesel at m/z 41, 43, 53, 55, 75, 

and 91. The typical diesel hump is observed and the experienced chromatographer recognizes 

that the hump is indicative of a multitude of co-eluting hydrocarbons present when only the 1D 

Analyte n-butyl 

benzene 

1-octanol 1-decene 2-nonanone undecane adamantane 

MmFf M1F1 M1F1 M2F1 M6F3 M3F1 M2F1 

Match 996 995 906* 998 990 993 

Time 1 (min) 19.40 19.95 20.35 20.60 20.65 20.80 

Time 2 (s) 2.25 1.50 1.75 1.50 0.75 2.25 

Time 3 (ms) 170 190 100 80 90 140 
       

*Match to NIST library 
      

 

Table 4.1. Summary of four-way PARAFAC results for six target analytes portrayed in 

Figures 4.1-4.3. 
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chromatogram is viewed [28]. Indeed, Figure 4.4B & C provide further evidence of the 

complexity of a diesel separation, even when subjected to three-dimensional separation. Figure 

4.4B depicts the 1D by 2D contour plot at the m/z listed above for a 6 min time window along 1D. 

Likewise, Figure 4.4C depicts the 1D by 3D contour plot at the same m/z for the same 6 min time 

window. The circle in both chromatograms indicates the location of the target, cyclohexyl 

benzene. In both 2D separation visualizations, the target elutes near the center of the alkane 

band. 

 Targeted analyte discovery and deconvolution analysis is initialized with all the data 

available. In this case, cyclohexyl benzene was run as a standard to determine both an instrument 

specific mass spectrum along with retention times in all three dimensions. The method relies 

upon sufficient knowledge of the target analyte retention time on the 1D separation for the 

Figure 4.4. Method transfer from a standard mix (e.g. Figures 4.1-4.3) to a sample of diesel 

containing spikes of several non-native compounds. 
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purpose of roughly centering the target window, as demonstrated in Figure 4.2, hence the 2D and 

3D analyte retention times are not utilized nor needed for successful PARARAC implementation. 

For cyclohexyl benzene, the GC3-TOFMS data in the target window based upon its 1D retention 

time of 29.7 min is presented in Figure 4.4D, which is functionally a composite zoom of all three 

GC separation dimensions. Unlike the case of undecane in the simple mixture before (per Figure 

4.1 and Figure 4.2), the GC3-TOFMS data in Figure 4.4D do not provide sufficient 

chromatographic and mass spectral selectivity to render purely resolved peak profiles by 

traditional analytical methods alone. PARAFAC becomes not just beneficial, but necessary to 

resolve cyclohexyl benzene from the co-eluting peaks in the chemical background.   

 The results of the PARAFAC analysis, analagous to Figure 4.3, are depicted in Figure 4.5 

for cyclohexyl benzene. Figure 4.5A-C depict the 1D, 2D and 3D dimensional loadings 

Figure 4.5. Four-way PARAFAC results on the region from Figure 4.4 containing cyclohexyl 

benzene (CHB). 

 

Cyclohexyl benzene 

MV = 983 



 

 

 80 

respectively. Figure 4.5D depicts the mass spectral loading for cyclohexyl benzene. The red trace 

indicates the target and the remaining 11 traces indicate co-eluting signals. PARAFAC required 

12 factors to resolve cyclohexyl benzene, and in some cases this caused an interfering compound 

to split between two factors. Near total co-elution is also present in 3D between cyclohexyl 

benzene and one of the interfering compounds. Only the remaining resolution in the other 

dimensions allowed for the successfully PARAFAC deconvolution of these two analytes. 

 A previously validated splitting criteria [14] was utilized to determine the appropriate 

factor model for the target analyte. When comparing the target PARAFAC loading to the 

standard mass spectrum of cyclohexyl benzene a match value of 983 was obtained. This is an 

Analyte NIST RI Calculated RI MmFf Match Time 1D 

(min) 

Time 2D 

(s) 

Time 3D 

(ms) 

pyridine* 745 725 M7F5 930±1.0 8.20 1.75 200 

1-chlorohexane 855 829 M4F2 998±0.0 11.55 2.50 145 

2,5-dimethylthiophene* 880 852 M7F2 984±0.6 12.30 1.50 125 

2-heptanol 905 883 M4F3 996±0.6 13.30 2.75 165 

methyl caproate 925 906 M6F2 999±0.0 14.05 3.00 235 

bromobenzene 945 934 M2F2 999±0.6 14.95 2.75 165 

3-octanone 985 984 M9F4 998±0.6 16.60 0.75 60 

limonene* 1035 1043 M9F3 909±12.1 18.45 2.75 100 

5-decyne 1030 1050 M11F2 980±2.0 18.70 1.50 80 

1,6-dichlorohexane 1070 1171 M14F8 997±0.6 22.60 1.75 25 

nonanol* 1170 1210 M15F14 939±4.0 23.85 2.50 170 

2-decanone* 1190 1230 M18F17 943±11.0 24.55 2.25 55 

cyclohexyl isothiocyanate* 1255 1298 M12F9 908±2.1 26.68 2.25 15 

butyrophenone* 1270 1317 M12F10 946±9.8 27.35 2.25 50 

ethyl salicylate 1275 1338 M15F15 929±12.4 28.05 1.00 30 

dodecanethiol* 1520 1588 M11F10 912±4.9 36.10 2.25 135 

diphenyl sulfide* 1620 1668 M4F3 877±2.3 38.65 1.00 180 

dibutylphthalate* 1970 1956 M11F7 959±4.5 47.95 1.75 50 

Toluene 780 739 M4F2 995±0.0 8.70 2.25 100 

Octane 800 
 

M3F2 997±0.0 9.40 1.25 95 

ethyl benzene 870 841 M4F3 993±0.6 11.95 3.00 140 

p-xylene 860 849 M4F2 995±0.0 12.25 0.50 145 

Nonane 900 
 

M3F1 995±0.0 13.00 1.50 70 

propylbenzene 950 951 M5F3 995±0.6 15.50 3.00 145 

3-ethyltoluene* 960 962 M5F2 935±0.0 15.85 3.00 150 

Decane 1000 
 

M3F1 976±0.0 16.95 1.75 75 

butylcylcohexane 1030 1044 M7F2 970±6.8 18.50 3.00 100 

Undecane 1100 
 

M3F1 991±0.6 20.85 2.00 80 

dodecane* 1200 
 

M12F8 902±6.7 24.15 2.00 90 

Tridecane 1300 
 

M2F1 992±0.0 28.15 2.25 85 

2,7-dimethyltetralin* 1340 1386 M5F1 954±0.6 29.65 1.25 155 

cyclohexylbenzene 1315 1389 M12F6 974±10.1 29.70 1.25 165 

1,3-dimethylnaphthalene* 1410 1487 M9F9 899±4.6 32.80 2.50 235 

Hexadecane 1600 
 

M2F1 978±9.6 37.55 2.75 85 

pristane 1710 1676 M3F1 982±1.0 38.90 2.25 90 

Heptadecane 1700 
 

M2F1 966±0.0 40.35 3.00 90         
*Match to NIST library 

       

 

Table 4.2. Summary of four-way PARAFAC results for 18 non-native target analytes spiked 

in diesel and an additional 18 target analytes native to diesel. 
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exceptional result considering the complexity of the sample, and in particular in this region of the 

separation in which the rank of the data was exceptionally high. Generally, analysts look for 

match values of at least 800 when searching for compounds of interest, matches above 950 are 

the mass spectroscopic equivalent of a bullseye [14,23,26]. 

 Further demonstration and validation of the method was performed. Table 4.2 reports 

results of cyclohexyl benzene and an additional 35 compounds evenly mixed between diesel 

natives and spiked non-natives. The results are equally compelling for these additional target 

analyte compounds and suggest the power of the method described. In some cases the match 

values are lower, but this generally is the result of utilizing the NIST database in lieu of an in-

house standard. Mass spectrometers tend to have individualistic quirks resulting from electron 

ionization variation that preclude high match values when comparing to spectra obtained from 

Figure 4.6. Four-way PARAFAC results for ethyl salicylate 

ethyl salicylate 
MV = 933 
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other mass spectrometers. Even considering this reality, 34/36 analytes reported showed match 

values greater than 900 with or without in-house standard spectra. Additionally, these analyses 

were conducted in triplicate with nearly exact correlation between injection replicates as 

quantified by standard deviations in Table 4.2. Figure 4.6 and Figure 4.7 depict the loadings 

analogous to Figure 4.5 for two of the more challenging target analyte cases: ethyl salicylate and 

2-decanone. 

 Additionally, three-way PARAFAC analysis was also conducted on cyclohexyl benzene 

and 2,5-dimethyl thiophene; results are not shown for brevity. These studies considered the same 

seven-slab 1D windows on a single slab-by-slab basis (each slab being a 2D by 3D separation of 

GC × GC-TOFMS data). The results were congruent. A speed optimized temperature 

Figure 4.7. Four-way PARAFAC results for 2-decanone. 

 

2-decanone 
MV = 950 
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programming rate of 4 °C/min was employed resulting in minimal to no retention time shifting in 

2D and 3D. The four-way method presented here will be generally adequate and faster in all cases 

where 2D and 3D retention time shifting is sufficiently small [29]. In cases of extreme retention 

time shifting in 2D and 3D, using slab-by-slab 2D by 3D separations may be preferable, but was 

not necessary in the current study.  

4.4 CONCLUSION 

 The true opportunities afforded by higher order (> 2) chromatographic methods, such as 

GC3, are poorly understood at best, largely due to their rarity. A targeted analyte discovery and 

deconvolution method was presented which embraces the complexity of three-dimensional 

chromatographic separations. Here we decouple the enthalpy of vaporization component of gas 

chromatography from the other dimensions and utilize a GC3-TOFMS instrument which 

effectively distills the sample and periodically analyzes the distillate by GC × GC-TOFMS. The 

results, which address challenges in the analysis of complex samples, are powerful. Both simple 

and complex sample types are presented resulting in successful deconvolution in each case as 

quantified by mass spectral match value. These data suggest that GC3-TOFMS provides a 

platform to resolve components of complex samples both chemically and mathematically. 

Interestingly, this analytical approach appears to provide a technique for native PARAFAC 

analysis without the tedium of windowing sections of the GC × GC chromatograms provided by 

the 2D by 3D separations. In other words, the separation conditions and modulation parameters 

create data naturally amenable to PARAFAC. Additionally, the fast modulation from 2D to 3D 

produces trilinear GC × GC-TOFMS data which are immune to the negative effects of trilinearity 

deviation which may otherwise be deleterious to PARAFAC analysis [21,29]. PARAFAC2 [30], 

MCL-ALS [21], or other three-way approaches provide additional options in cases where the 
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trilinearity is sufficiently violated. Certainly, the results presented suggest the necessity for 

further study, application, and advancement toward non-targeted methods. 
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Chapter 5. Conclusion 

 Multi-dimensional chromatography continues to be a central technique in the modern 

analytical laboratory. It is applied in a multitude of situations for both targeted and non-targeted 

analyses. Three new techniques were explored which address both of these approaches. Initially 

delving into the non-targeted F-ratio. Later, modifications to the GC3 were considered and 

applied, in a targeted way, to a complex sample set. 

 In Chapter 2 the tile-based F-ratio was studied in detail and validated against a well 

described dataset. The previously analyzed data (referred to herein as the benchmark dataset) 

were intracellular extracts from Saccharomyces cerevisiae (yeast), either metabolizing glucose 

(repressed) or ethanol (derepressed), which defined the two classes in the discovery-based 

analysis to find metabolites that were statistically different in concentration between the two 

classes. Beneficially, this previously analyzed dataset provided a concrete means to validate the 

tile-based F-ratio software. Significant benefits of applying tile-based F-ratio analysis were 

demonstrated. The yeast metabolomics data were analyzed more rapidly, in about one week 

versus one year for the prior studies with this dataset. Furthermore, a null distribution analysis 

was implemented to statistically determine an adequate F-ratio threshold, whereby the variables 

with F-ratio values below the threshold could be ignored as not class distinguishing, which 

provides the analyst with confidence when analyzing the hit table. Forty-six of the fifty-four 

benchmarked changing metabolites were discovered by the new methodology while consistently 

excluding all but one of the benchmarked nineteen false positive metabolites previously 

identified. 

 Chapter 3 described further development of the GC3 to include a TOFMS. This 

instrument provides four dimensions (4D) of chemical selectivity and includes significant 
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improvements to total selectivity (mass spectrometric and chromatographic), peak identification, 

and operational temperature range relative to previous models of the GC3 reported. The new 

instrumental design and data output were evaluated and illustrated via two samples, a 115-

component test mixture and a diesel fuel spiked with several compounds, for the purpose of 

illustrating the chemical selectivity benefits of this instrumental platform. Useful approaches to 

visualize the 4D data were presented. The GC3 – TOFMS instrument experimentally achieved 

total peak capacity, nc,3D, ranging from 5000 to 9600 (x̅= 7000, s = 1700) for 10 representative 

analytes for 50 min separations with component dimensional peak capacities averaging 406, 3.6, 

and 4.9 for 1D, 2D, and 3D, respectively. Particularly, GC3 – TOFMS achieved a combined 2D × 

3D peak capacity ranging from 10 to 26 (x̅= 17.6, s = 5.0), which is similar to what is achieved 

by 2D alone in a GC × GC operating at equivalent modulation period conditions. The analytical 

benefits of employing three varied chemical selectivities in the 3D separation coupled with 

TOFMS were illustrated through the separation and detection of 1,6-dichlorohexane and 

cyclohexyl isothiocyanate as part of the diesel fuel analysis. 

 Finally, Comprehensive three-dimensional gas chromatography with time-of-flight mass 

spectrometry (GC3-TOFMS), which creates an opportunity to explore a new paradigm in 

chemometric analysis, was probed in Chapter 4. Using this newly described instrument and the 

well understood Parallel Factor Analysis (PARAFAC) model one option for utilization of the 

novel GC3-TOFMS data structure was presented. The method builds upon previous work in both 

GC3 and targeted analysis using PARAFAC to simplify some of the implementation challenges 

previously discovered. Conceptualizing the GC3-TOFMS as a one-dimensional gas 

chromatograph with GC × GC-TOFMS detection the instrument was allowed to create the 

PARAFAC target window natively. Each first dimension modulation thus created a full GC × 
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GC-TOFMS chromatogram totally amenable to PARAFAC. A simple mixture of 115 

compounds and a diesel sample were interrogated through this methodology. All test analyte 

targets were successfully identified in both mixtures. In addition, mass spectral matching of the 

PARAFAC loadings to library spectra yielded results greater than 900 in 40 of 42 test analyte 

cases. Twenty-nine of these cases produced match values greater than 950. 

 The successes described in also produce opportunities for future work. Particularly, 

modification of the F-ratio for application to the GC3 –TOFMS seems promising. Additionally, 

the initial targeted PARAFAC work suggests the potential for even greater automation of the 

method. Naturally, these developments can be combined with application of the methods to real 

scientific problems in the other scientific realms which analytical chemistry supports. 
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