
 
 
 
 
 

 

MASTERARBEIT / MASTER’S THESIS 

Titel der Masterarbeit / Title of the Master‘s Thesis 

Semi‐automated Comparison and Alignment of  

LC-HRMS Data from Different Metabolomics Experiments 

verfasst von / submitted by 

Stefan Koch, BSc 
 
 

angestrebter akademischer Grad / in partial fulfilment of the requirements for the degree of 

Master of Science (MSc) 
 

Wien, 2019 / Vienna 2019  

Studienkennzahl lt. Studienblatt / 
degree programme code as it appears on 
the student record sheet: 

A 066 910 

Studienrichtung  lt. Studienblatt / 
degree programme as it appears on 
the student record sheet: 

Masterstudium Computational Science UG2002 

Betreut von / Supervisor: 

 

 

Prof. Dr. Rainer Schuhmacher 

 

 

 

 



 ii  

 



 

iii 

 

Abstract: 

 

Retrospective and comparative statistical analysis of LC-HRMS (liquid chromatography cou-

pled to high-resolution mass spectrometry) chromatograms of separate biological experiments is of 

particular interest since they hold a considerable amount of information that can be used to investi-

gate aspects beyond the scope of their initial acquisition and evaluation. However, shifts and drifts 

in retention times (Rt) and mass to charge ratio values (m/z) or the formation of different ion species 

caused by the limited stability of instrument parameters are big obstacles for the comparative analy-

sis of LC-HRMS chromatograms. This is especially problematic when results obtained in multiple 

analytical batches using the same instrument are compared. Even more problems arise when the data 

are obtained from measurements on different instruments. Several algorithms and software tools 

have been proposed to address this problem, but many of them suffer from severe drawbacks such 

as incorrectly modeling drifts and shifts, complex user interaction and long run times.  

In the presented thesis, the novel software tool MetMatch has been developed, which is intended 

to be used for the comparison of LC-HRMS chromatograms. Chromatograms are matched to a fea-

ture list, which can be created manually or by processing one or multiple datafiles that serve as the 

reference. Constant shifts in m/z are automatically detected and corrected. Both linear and non-linear 

Rt shift correction is achieved using a fast, iterative algorithm based on the observation that metabo-

lites/compounds exhibiting similar Rt values within a measurement usually share analogous Rt shifts 

between measurements. Furthermore, MetMatch is able to account for the formation of different ion 

species during electrospray ionization (ESI). The developed software offers a convenient graphical 

user interface and diagnostic plots that allow for easy optimization and verification of every pro-

cessing step. 

The quality of results obtained by MetMatch was assessed using two different test cases. The 

first case involved 75 newly characterized Phe-derived metabolites that were matched to a wheat 

experiment obtained several years earlier. Manual validation of 23 selected features was performed, 

19 of which could be confirmed in all 10 inspected target files. Additionally, 36 T-2 toxin/HT-2 toxin-

derived metabolite ions were matched to another barley experiment, 32 of which could be manually 

verified in all three target files. In both cases, MetMatch-derived Rt shifts were highly similar to 

XCMS processing results (correlation > 0.9), which is a software tool frequently used for untargeted 

metabolomics research. Furthermore, software evaluation by means of artificially manipulated ref-

erence data confirmed that MetMatch is well suited to account for the formation of different ion spe-

cies between reference and target datasets and that both m/z and Rt shifts are detected with high 

accuracy (on average, 96.9% of all peaks were correctly matched). 
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Zusammenfassung: 

 

Die retrospektive und vergleichende Analyse von LC-HRMS (Flüssigchromatographie mit 

hochauflösender Massenspektrometrie-Kopplung) Chromatogrammen unterschiedlicher biologi-

scher und/oder analytischer Experimente ist von besonderem Interesse, da diese eine beträchtliche 

Menge an Informationen enthalten können, die über den Umfang der ursprünglichen Auswertung 

hinausgehen. Die vergleichende Analyse von LC-HRMS-Chromatogrammen wird jedoch durch ei-

nige Faktoren, wie beispielsweise der Verschiebungen der Retentionszeit (Rt) und des Masse-zu-La-

dungs-Verhältnisses (m/z), erschwert. Zusätzlich führt die Bildung unterschiedlicher Ionenspezies 

über mehrere Experimente hinweg zu einem erheblichen Mehraufwand in der Datenprozessierung, 

der von aktuellen Softwareprogrammen nicht genügend beachtet wird. Dies gilt sowohl für den Ver-

gleich von Ergebnissen, die in mehreren Messungen mit demselben Gerät erzielt wurden, als auch 

insbesondere für Messungen, die an verschiedenen Geräten durchgeführt wurden. Viele der existie-

renden Algorithmen und Softwaretools für diese Problemstellung weisen gravierende Nachteile, wie 

beispielsweise falsch modellierte Verschiebungen auf oder haben lange Programmlaufzeiten. 

In der vorliegenden Arbeit wurde das neuartige Softwaretool MetMatch entwickelt, das für den 

Vergleich von LC-HRMS-Chromatogrammen verwendet werden kann. Die auszuwertenden Chro-

matogramme werden mit einer als Referenz dienenden Liste an Messergebnissen verglichen und auf 

diese abgebildet. Konstante Verschiebungen in der m/z Dimension werden automatisch erkannt und 

korrigiert. Sowohl die lineare als auch die nichtlineare Korrektur von Rt Verschiebungen werden 

durch einen schnellen, iterativen Algorithmus erkannt und entsprechend korrigiert. Dieser basiert 

auf der Beobachtung, dass Metabolite, die ähnliche Rt-Werte innerhalb einer Messung zeigen, im 

Normalfall stark korrelierte Rt-Verschiebungen zwischen Messungen aufweisen. Darüber hinaus 

kann MetMatch die Bildung verschiedener Ionenspezies berücksichtigen. Die entwickelte Software 

bietet eine komfortable graphische Benutzeroberfläche, die eine einfache Optimierung und Überprü-

fung aller Verarbeitungsschritte ermöglicht. 

Die Qualität der mit MetMatch erzielten Ergebnisse wurde anhand von zwei unterschiedlichen 

Experimenten bewertet. Das erste Experiment befasste sich mit 75 Phenylalanin Metaboliten, die in 

einem früheren Weizenversuch gefunden werden sollten. Eine manuelle Validierung von 23 ausge-

wählten Metaboliten zeigte, dass 19 davon in allen 10 inspizierten Datensätzen korrekt zugeordnet 

und korrigiert wurden. Darüber hinaus wurden für Gerstenproben vorliegende Messergebnisse auf 

36 T-2-Toxin / HT-2-Toxin Metabolite, welche bereits aus einem früheren Experiment bekannt waren, 

überprüft. Von diesen konnten 32 Substanzen in allen drei Zieldateien manuell verifiziert werden. In 

beiden Fällen waren die von MetMatch detektierten Rt-Verschiebungen den durch das XCMS-Paket 

(eine im Bereich der untargeted Metabolomics häufig verwendete Software) errechneten Ergebnissen 

sehr ähnlich (Korrelation > 0.9). Darüber hinaus wurde die Software anhand künstlich manipulierter 

Referenzdaten evaluiert, wodurch gezeigt werden konnte, dass MetMatch gut geeignet ist, um die 

Bildung unterschiedlicher Ionenspezies zwischen Referenz- und Zieldatensätzen zu berücksichtigen, 

und dass sowohl m/z- als auch Rt-Verschiebungen mit hoher Genauigkeit detektiert werden konnten 

(durchschnittlich 96,9% aller Peaks wurden korrekt abgeglichen). 
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Chapter 1 

Introduction 
 

Comparative analysis of different LC-HRMS experiments often has to deal with analytical drifts 

and shifts between the datasets. Suitable algorithms have to be employed to correct for these shifts 

in order to minimize the analytical and technical variation of the datasets. During the development 

of such algorithms, the biological meaning, analytical peculiarities and computational limitations of 

this task have to be considered. This chapter is aimed at providing an overview of the most important 

factors relevant for the alignment of LC-HRMS metabolomics datasets. 
 

1.1 Biological Background 

Comprehensive understanding of life and its biological processes at a molecular level still poses 

a big challenge, but fueled by the ongoing technological progress, we are getting closer to this major 

goal of systems biology each year. The omics cascade (outlined in Figure T1) is an invaluable tool in 

this undertaking, containing the disciplines of genomics, transcriptomics, proteomics and metabo-

lomics; the latter of which is used to describe the metabolome, thereby encompassing all small and 

low-molecular-weight molecules produced and transformed in metabolism. 

 

 

Figure T1: Omics Cascade 

 

Information originally stored in the 

DNA is gradually transformed. 

Metabolomics is the ‘omics’ disci-

pline that is closest to the phenotype.  

 

Adapted from Haukaas et al. 1 

 

 

Metabolites span a vast number of compound classes, including amino acids, lipids, organic 

acids and nucleotides, just to name a few.2 While the number of human metabolites was estimated to 

be around 2000 in the year 20033, 18,557 metabolites have been detected and quantified in human 

biofluids, cells and tissues by the year 20184. Not all of them are produced within the human body 

however, as the presence of xenobiotics (e.g., drugs or plant metabolites) is to be expected. This num-

ber is still dwarfed by the plant kingdom, with an estimated number of at least 200,000 metabolites.5 
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Metabolomics research covers a wide range of applications, organisms, analytical techniques 

and types of generated data. There are however two very distinct approaches: targeted and untar-

geted (Figure T2). 
 

 Figure T2: Exemplification 

of metabolomics by tar-

geted and untargeted ap-

proaches.  

Targeted approaches may 

involve absolute quantifica-

tion as illustrated here, but 

may also be concerned with 

metabolic profiling. 

 

Adapted from Patti et al.6 
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1.1.1 Metabolomics: The Targeted Approach 

Targeted approaches are concerned with the analysis of a subset of metabolites rather than the 

whole metabolome. Usually, the subset is chosen according to a pre-existing hypothesis and/or avail-

able analytical methods. Based on the subset of interest, appropriate analytical procedures are ap-

plied, and the results are typically limited to a small number of pathways. One possible application 

is to measure biomarkers correlated to diseases or toxins.7 A targeted approach could be focused on 

measuring these biomarkers directly and comparing the quantities of the various biomarkers in the 

different treatment groups. 

Thanks to technological advances, the subset of metabolites that can be analyzed simultaneously 

has steadily increased over the past decades and more and more substances become available as 

purified compounds at lower prices. In fact, the analysis of specific biomarkers can be as complex as 

profiling all metabolites in a specific pathway.2 Therefore, the observation of the effects of perturba-

tions on a larger number of pathways became much more feasible, paving the way for untargeted 

approaches. 
 

1.1.2 Metabolomics: The Untargeted Approach 

Untargeted approaches are concerned with the measurement of the whole metabolome, rather 

than just a small, predefined subset. Due to the large scale, the identification of all measured metab-

olites is often not feasible, and instead, the pattern or profile of the metabolites is used for further 

investigations.2 These profiles are typically described by m/z (mass to charge ratio) values, intensities, 

and Rt (retention time) of the detected metabolites.2 Suitable sample preparation and analytical meth-

ods have to be applied in order to not exclude or discriminate any metabolites in the analysis – an 

impossible task, yet certain protocols enable to detect more metabolites than others. 

The generated datasets can be very complex and often exceed file sizes of multiple gigabytes.6 

Therefore, inspecting and comparing every single peak manually is not possible. Comparison of dif-

ferent samples is further complicated by shifts in Rt, usually caused by temperature fluctuations or 

column degradation.6 This is why tailored software tools are used to analyze the data in an automated 

fashion. 

Untargeted approaches enable researchers to examine the effects of genetic alterations or exter-

nal influences such as toxins on a large number of biochemical pathways, not just on a few selected 

ones. This is especially valuable if pleiotropic effects cause a system-wide perturbation, not foreseen 

in the initial hypothesis of the experiments. Because of this, untargeted approaches sometimes gen-

erate new hypotheses for research. 

Common applications of untargeted approaches include metabolic engineering, with the goal to 

maximize the metabolic flux into desired pathways, for instance to increase the pharmaceutical out-

put of microbes or plants8, therefore reducing production costs while increasing the amount of the 

desired compounds. They are also used in determining whether genetically modified organisms may 

have unforeseen properties compared to their unaltered cultivars.9 Furthermore, they have proven 

to be of great use in the investigation of plant-pathogen interaction7; two such studies were used to 

exemplify the performance of MetMatch. 
 

1.2 Analytical Background 

Apart from the scientific questions a certain dataset is supposed to answer, it is also imperative 

to understand the details of the analytical methods applied in its generation in order to develop suit-

able analysis software tools. 

Analytical methods in the field of metabolomics need to be able to analyze samples with a high 

degree of variability. Whereas genomics and proteomics are concerned with biopolymers built from 

a small set of building blocks (the 4-letter code of our genes and the 20 amino acids of our proteins), 
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metabolomics is dependent on analytical methods capable of distinguishing the plethora of mole-

cules encountered in organic chemistry. Due to the complex, branched structure of molecules, it is 

not possible to simply sequence metabolites in order to identify them. In contrast, direct comparison 

to authentic standard compounds is required to unambiguously identify molecules in biological sam-

ples.10 Chromatography (for separation) and mass spectrometry (for qualification and quantification) 

are most commonly used today as they provide a complementary yet sensitive view into the meta-

bolic composition of the studied samples. 
 

1.2.1 Liquid Chromatography (LC) 

Liquid Chromatography is a method of separation, which is achieved by varying levels of at-

traction of a sample’s constituents with the mobile and the stationary phase. The mobile phase carries 

the sample through a column typically packed with a solid substance – the stationary phase. The 

more the individual components interact with the stationary phase (adsorption), the longer they need 

to pass through the analytical column (Figure T3). 
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Figure T3: Chromatography 

 

a-d) classical column chromatography outlining the principle of separation. 

a) column packed with the stationary phase. 

b) sample consisting of three components (A, B and C) is applied. 

c) mobile phase solvent is added.  

d) through gravity and interactions with the stationary and mobile phase, the components of the sample 

move down the column at different speeds, gradually separating themselves. 

e-f) high performance liquid chromatography (HPLC) separation. 

e) schematic of a modern HPLC setup. Samples are automatically injected into the column, and sepa-

rated by the continuous flow of solvent. As the components leave the column, their intensities are rec-

orded by a detector. 

f) chromatogram created by plotting the output of the detector. 

 

Adapted from Snyder et al11. 

 

 

Some analytes do not interact with the stationary phase at all and thus no retention and therefore 

separation of these analytes can be achieved with the chosen analytical conditions. Consequently, 

they have to be excluded from further analysis. If, on the other hand, the analytes have a very strong 

attraction to the stationary phase, they are not transported by the mobile phase, consequently accu-

mulate in the column and are therefore not detected. The composition of mobile and stationary phase 

should be chosen in such a way, as to reduce the number of components that are either too strongly 

or too weakly attracted to the stationary phase.  
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High performance liquid chromatography has been developed to increase the efficiency of LC 

by reducing the diameter of the stationary phase particles while simultaneously increasing the pres-

sure at which the mobile phase is pumped through the column. Using these two alterations, higher 

degrees of separation can be achieved within shorter runtimes compared to standard LC, making 

HPLC one of the most commonly used analytical methods.11 

In theory, chromatography can be used to identify compounds based on their Rt. However, Rt 

is highly dependent on the experimental conditions. Identification would require a Rt catalogue of 

reference compounds acquired under the same conditions. And even if such a catalogue would exist, 

most compounds couldn’t be identified with sufficient certainty, as the number of compounds with 

similar Rt in a typical biological sample is just too high.12 This is why in metabolomics research chro-

matography is often combined with additional analytical techniques such as mass spectrometry. 
 

1.2.2 Mass Spectrometry (MS) 

Mass spectrometry is an analytical method used to qualify and quantify compounds within a 

sample. In simplified terms, the sample is introduced into the mass spectrometer, where ions are 

formed from the compounds, which are then separated by their mass to charge ratio and finally 

routed to a detector.12  

Analysis of complex mixtures comprised of a large number of compounds will generate mass 

spectra that consist of mass signals originating from all compounds contained in the mixture and are 

thus much harder to evaluate than spectra of pure compounds. The combination of mass spectrom-

etry with sample separation steps such as liquid chromatography is an elegant solution for this prob-

lem. 

Not all ionization methods are well suited for the complex mixture of sample fractions and sol-

vent typically used for liquid chromatography. Electron ionization, chemical ionization, fast-atom 

bombardment, thermospray, electrospray and atmospheric-pressure chemical ionization have 

proven to generate ions and fragments from non-charged molecules under these conditions.12  

In its essence, a mass spectrum (the result of a mass spectrometer) is a list of ions falling into 

certain m/z bins. The size of these bins, and therefore the resolution of the resulting mass spectrum is 

largely influenced by the method of ion separation. At low resolutions, it is only possible to differen-

tiate ions with different nominal mass to charge ratios such as the most abundant 13C isotopologs. If 

the experiment requires a differentiation at the level of isotopes, more sophisticated methods of ion 

separation have to be applied and instruments with a higher resolution need to be used. Additionally, 

each method works best under a certain set of conditions (e.g., operating pressures, composition of 

sample matrix).  

 

In the following section, a short overview of commonly used ion separation methods is given: 

 

The Quadrupole Mass Analyzer separates ions by an electric field generated between four par-

allel rods. Depending on the voltages applied to the rods, only ions with a specific m/z can pass 

through the electric field and subsequently be detected. This method is very well suited for the com-

bination with liquid chromatography due to its tolerance for high operating pressures. In general, 

the resolving power of a quadrupole mass analyzer is set to unit resolution (i.e. full width of mass 

peak at half max height (FWHM) is set to e.g. 0.2 amu) and kept constant over the whole scan range, 

so that the major 13C isotopologs can be resolved properly. 

 

The Ion-Trap Mass Analyzer, as the name suggests, traps ions in a complex yet stable trajectory. 

Through a change in voltage, the trajectories of ions with specific m/z become unstable, directing 

them towards the detector. Similar to the linear quadrupole analyzer, the ion-trap is a low-resolution 

mass analyzer, typically operated at unit resolution with high compatibility for liquid chromatog-

raphy.12 
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The Time-of-Flight (ToF) Mass Analyzer is based on the idea that propelled by the same kinetic 

energy, ions with higher m/z values take longer to reach the detector than ions with lower m/z values. 

This principle requires a pulsed sample injection, otherwise the difference between the time of injec-

tion and detection cannot be measured precisely. ToF measurements result in high-resolution data12, 

typically up to resolving power of ca. 40.000. 

 

The Orbitrap Mass Analyzer traps ions on an axially oscillating orbit around an inner electrode. 

This induces an electric current in the outer electrode, which is measured and converted into a mass 

spectrum using Fourier transformation. Commercial Orbitrap mass analyzers can be operated at very 

high resolution settings13 of up to ca. 280.000, which is even sufficient to separate 13C and 34S or for 

lower m/z values even 13C and 15N isotopolog peaks. 

 

1.2.3 Causes for Analytical Shifts 

Even with modern, robust LC-HRMS instruments, shifts and drifts in Rt and m/z within a dataset 

are inevitable. There are many factors that cause such shifts. Sometimes MS instruments show a mass 

deviation (i.e., offset) compared to the exact mass of an ion. Chromatographic results (e.g., retention 

time) can be heavily influenced by column age, the state of the pump or pH of the mobile phase. And 

even small temperature fluctuations can have a noticeable impact.14,15  

Samples that have been analyzed with the same instruments and instrument parameter settings 

usually exhibit only very minor shifts. These shifts become more pronounced if samples were ana-

lyzed in different batches, which is often inevitable (e.g., large number of samples in an experiment). 

The comparison of datasets between experiments analyzed in different instrumental setups is usually 

accompanied by large shifts which prevent straightforward matching of metabolites across different 

batches. Yet, such comparisons are very valuable, as they enable researchers to investigate novel bi-

ological aspects in already existing datasets. Therefore, suitable algorithms and software are required 

for efficient data processing. Comparative analysis of datasets exhibiting substantial shifts would not 

be feasible without them. 
 

1.3 Computational Background 

1.3.1 LCMS Datasets and their Alignment 

From a strictly computational point of view, the task is to align 3-dimensional datasets. The 

dimensions are Rt, m/z and intensity. An example of such a dataset is shown in Figure T4. These da-

tasets show shifts of varying degree, typically only in two dimensions (Rt and m/z), as visualized in 

Figure T5. Alignment and matching of peaks between datasets are complicated by the large amount 

of noise that is present in LC-HRMS data. Additionally, the number of peaks with identical metabolic 

origin (i.e., the peaks that should be matched) between two datasets can be very low, increasing the 

risk of overfitting and potentially leading to incorrect matches. 
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Figure T4: HPLC dataset 

 

This plot represents a 3-dimensional HPLC dataset. Each signal is defined by three values: Rt, m/z and 

intensity. Ideally, signals corresponding to a detected metabolite ion are clustered, resembling a bell 

curve due to chromatographic elution of metabolites. 
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Figure T5: Shifts between datasets 

 

In this example, reference and target dataset both contain peaks corresponding to two different metab-

olites (a and b). The peaks of the target dataset are shifted in m/z and Rt relative to the reference. The 

goal of alignment is to find a function that maps peaks of the same metabolite between datasets, cor-

recting for shifts of the target relative to the reference. Such a function allows for the matching of peaks 

between datasets. 

 

 

Earlier algorithms performed alignment primarily based on the TIC (total ion current) chroma-

togram16–18, whereas more recent approaches also take the m/z dimension into account19–21. The ma-

jority of the available tools achieve alignment through various warping techniques.15 Warping refers 

to means of manipulating one or both dimensions (Rt and m/z) by stretching and/or compressing 

them in order to maximize data consistency.22 Warping functions can be either constant, linear or 

non-linear. In many cases, constant and linear functions don’t reflect the real-world nature of the 

observed shifts. Non-linear warping functions (e.g., polynomial functions or splines) are usually ap-

plied by more sophisticated algorithms, yielding more accurate results as they also take local shifts 

into consideration and try to model them. However, they often suffer from undesirably long 

runtimes.15 
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1.3.2 Peak Picking 

As illustrated in Figure T4, signals corresponding to a certain metabolite isotopolog are clustered 

and usually resemble a bell curve. It is therefore beneficial to perform peak picking (Figure T6) prior 

to any alignment, as noise signals are filtered out and the amount of information that needs to be 

considered during the alignment step can be decreased dramatically. Apart from data reduction, 

peak picking is necessary for further analysis of the dataset. Researchers are interested in chromato-

graphic peaks and their total area rather than individual signals. The goal of peak picking is to cluster 

signals originating from the same ion and to reduce them to a smaller set of datapoints (i.e., peaks), 

each with a single Rt and m/z value. 
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Figure T6: Peak picking 

 

A chromatographic dataset is composed of individual signals. In order to derive the abundance of spe-

cific metabolites within the dataset and filter out noise signals, peak picking has to be performed. In 

this example, the applied peak picking algorithm detected two metabolic peaks (peak A and peak B). 

Peaks are usually characterized by their mean m/z, total area (colored) and their Rt, which is either the 

center of gravity (dotted line) or apex (signal with highest intensity), depending on the peak picking 

algorithm. 
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1.3.3 Existing Software Tools 

The following section aims at providing a short summary of some of the most commonly used 

software tools for the alignment of LC-HRMS datasets. Many software tools in the field of metabo-

lomics are proprietary or only usable in conjunction with instruments from a specific vendor. This 

overview will focus on free, vendor-independent tools only. 

 

OpenMS, first released in 2005, is a feature-rich library that includes a unique alignment algo-

rithm based on affine transformation. A first, rough alignment is achieved via a transformation that 

fits as many features of a reference sample to a target sample as possible. This alignment is then 

refined using linear regression.23 

 

XCMS, released in 2006, is a comprehensive tool for non-linear Rt alignment, peak detection and 

peak matching. It enables the automated analysis of many samples without the need for user inter-

vention.24 Ion features with similar Rt and m/z values are clustered and used to warp the datasets 

under investigation.15 A new web-based interface called XCMS-Online has since been added, offering 

a graphical interface.25 

 

MetAlign, released in 2009, first clusters all ion features within an adjustable time window by 

intensity and m/z value. Ion features that are found in all samples are then used as landmarks for the 

alignment, in which the position of the individual features is iteratively optimized. MetAlign also 

offers a graphical interface.26 Multi-threading has been added for increased performance in 2012.27 

 

MZmine 2, released in 2010, features a rich user interface and is aimed at flexibility and extend-

ibility. It offers a range of different algorithms for peak picking and alignment; most notably an align-

ment algorithm based on RANSAC (RANdom SAmple Consensus).28 

 

1.4 Aims of this Thesis 

This thesis is concerned with the development of a novel software tool for the semi-automated 

comparison of LC-HRMS metabolomics experiments as well as the documentation of the applied 

workflows, computational methods, design decisions and algorithms. More precisely, the following 

aspects have been addressed and considered during the implementation of MetMatch: 

 

(a) Drifts and shifts in Rt and m/z make it necessary to align datasets prior to comparative 

data analysis. Thus, for proper alignment, the software tool has to account for the complex 

and often times non-linear nature of real-world shifts observed in experiments that have 

been measured with long time periods in between.  

 

(b) Differences in ion formation can often be observed between experiments. In order to gen-

erate a precise alignment that correctly matches as many metabolic peaks as possible, the 

underlying algorithm shall be capable of detecting differently formed ion species and cor-

rectly assign them between the different experiments. 
 

(c) As high performance and therefore short runtimes are desirable, this criterion has to be 

considered and addressed during software development. 

 

(d) A user-friendly interface shall be implemented, which facilitates the manual inspection, 

manipulation and fine-tuning of the alignment and ideally provides the user with com-

prehensive information about the achieved alignment quality. 
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While there already exists a plethora of software tools that are capable of LC-HRMS chromato-

gram alignment, most of them don’t offer ideal solutions for one or multiple of these criteria, as their 

main focus is usually the in-depth processing of a single experiment. 

 

1.5 Declaration of Thesis by Publication 

MetMatch was developed in 2016 in collaboration with the working group Metabolomics and 

Bioactive Compounds at the Center for Analytical Chemistry, Department of Agrobiotechnology, 

IFA-Tulln, University of Natural Resources and Life Sciences, Vienna. The author of this thesis was 

responsible for the design and implementation of the software and the newly developed algorithms, 

as well as testing and analyzing the resulting tool. An article about MetMatch has previously been 

written and published by the author in an issue of the journal “Metabolites” ahead of this thesis. 
 

Koch, S., Bueschl, C., Doppler, M., Simader, A., Meng-Reiterer, J., Lemmens, M. & Schuhmacher, R. 

MetMatch: A Semi-Automated Software Tool for the Comparison and Alignment of LC-HRMS Data from 

Different Metabolomics Experiments. Metabolites 6, 39 (2016). 

 

The article is included in its entirety (with supplementary materials) in the following chapter of 

this thesis. 

The Introduction gives a short overview of the scientific context, causes for shifts between dif-

ferent LC-HRMS chromatograms, existing software tools for LC-HRMS chromatogram alignment 

and their shortcomings.  

The workflow of MetMatch is presented in Materials and Methods. Each step is described and 

illustrated in detail. Furthermore, the two biological experiments used to evaluate MetMatch are out-

lined.  

Results and Discussion provides further information on the finished implementation. Design 

decisions that led to the individual workflow steps are explained and the user interface is briefly 

highlighted (a more extensive description of the user interface can be found on page 55 of this thesis). 

Results generated by the software when applied to the previously mentioned experimental datasets, 

as well as artificial data are evaluated and discussed, before the publication is finally concluded.  

The Supplementary Materials contain a list of available peak picking algorithms. Also, the Rt 

shift detection algorithm is presented in the form of pseudocode and described in detail. Processing 

parameters for the two biological experiments are provided, as well as a comparison with XCMS 

processing results.  

 

Moreover, the software can be accessed free-of-charge for academic users at: 

 

https://metabolomics-ifa.boku.ac.at/MetMatch, last accessed December 2018  

 

 

 

 

 

https://metabolomics-ifa.boku.ac.at/MetMatch
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2. Materials and 

Methods 
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Workflow 

 

2.2 Inclusion of Al-

ternative Ion 

Forms 

2.3 m/z Offset Detec-

tion 

2.4 Peak Picking 
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Figure 7: MetMatch computational 

workflow 
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2.5 Rt Shift Detec-

tion 
 

2.6 Output of Gener-

ated Results 
 

Figure 8: m/z shift detection 

 
 

2.7 Phe-Derived Bio-

logical DataRt 

Shift Detection 
 

2.8 Output of Gener-

ated Results 
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Figure 9: Rt shift detection procedure 
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2.9 Phe-Derived Bio-

logical Data 

Figure 10: Exemplification of the itera-

tive Rt shift detection algorithm 

 

 

2.10 Accepted Input 

FilesPhe-Derived 

Biological Data 
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2.11 T-2 Toxin/HAT-2 

Toxin-Derived 

Biological Data 
 

 

3. Results and Dis-

cussion 



PUBLICATION: RESULTS AND DISCUSSION 

29 

 

 

Figure 11: MetMatch data processing 

workflow 
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3.1 Accepted Input 

Files 
 

Figure 12: User interface 

 

3.2 Detection of Dif-

ferently Formed 

IonsAccepted In-

put Files 
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3.3 Detection of Dif-

ferently Formed 
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3.4 m/z Shift Detec-

tion 

3.5 Rt Shift Detec-

tion 
 

Table 1: Structure of a typical reference 

feature list. 
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ResultsDetection 

of Differently 

Formed Ions 

3.7 m/z Shift Detec-

tion 

3.8 Rt Shift Detec-

tion 



PUBLICATION: RESULTS AND DISCUSSION 

 32  

 

 

3.9 Manual Correc-
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3.10 Output Format 
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3.13 Output Format 
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3.15 Evaluation of the 

Phe-Derived Bio-

logical Metabo-

lites 
 

Table 2: Detail of an output feature ma-

trix. 

 

3.16 Evaluation of the 

T-2 Toxin/HT-2 

Toxin-Derived 

Biological DataE-

valuation of the 

Phe-Derived Bio-

logical Metabo-
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3.17 Evaluation of the 
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ation of the T-2 
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3.19 Evaluation of Ar-

tifical Data 
 

Figure 13: EIC correction with 

MetMatch (alignment before and after 

Rt and m/z alignment) 

 

3.20 Formation of Dif-

ferent Ion Spe-

ciesEvaluation of 

Artifical Data 
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3.20.1 Formation of 
Different Ion Spe-
cies 

3.20.2 m/z Shift De-
tection 

 

Table 3: Benchmark results for artifi-

cial data evaluation. 

 

Table 4: Results of the artificial ion spe-

cies manipulation. 

 

3.20.3 Rt Shift De-
tectionFormation of 
Different Ion Spe-
cies 

3.20.4 m/z Shift De-
tection. 
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3.20.5 Rt Shift De-
tection 

 

Figure 14: Box-plot showing the differ-

ences between artificially imposed 

and detected m/z offset 

 

3.20.6 Minimum Re-
quired Common 
Feature GroupsRt 
Shift Detection 
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3.20.7 Minimum Re-
quired Common 
Feature Groups 

 

Figure 15: Results for six different sim-

ulated Rt shifts 
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4. Conclusion 
 

Figure 16: Illustration of the F-measure 

range and average for reference fea-

ture lists of decreasing size 
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7. Supplementary 

Materials 
 

Table 5: Sample runtimes with differ-

ent peak picking algorithms. 
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Figure 17: Pseudocode of the iterative 

Rt shift detection algorithm 
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Figure 18: Comparison of Rt shift in 

the Phe-derived biological experiment 

detected by MetMatch and XCMS 
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Figure 19: Comparison of the Rt shift 

detected in the Phe-derived biological 

experiment using chromatograms ob-

tained in positive and negative ioniza-

tion mode 

 

Table 6: Manual validation of the re-

sults obtained by matching the target 

dataset to the reference feature list con-

taining Phe-derived metabolites 
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Figure 20: Comparison of the Rt shift 

in the T-2 toxin/HT-2 toxin–derived bi-

ological experiment detected by 

MetMatch and XCMS 
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Chapter 3 

2. MetMatch’s User Interface 
 

The original publication only gave a brief overview of the user interface, which is featured in 

more detail in this section. The intuitive user interface enables researchers to match datasets without 

the use of console commands. Figure T7 shows the main window. The step indication bar on top helps 

the user to keep track of the state of data processing and also serves as a menu bar. The current step 

is highlighted in bright green and any previous step can be repeated or adapted (i.e., through the 

change of parameters) by clicking on it. The left pane lists all loaded data files, clustered into batches 

by the user. The reference feature list (optionally including alternative ion species) can be found on 

the right. 
 

 

Figure T7: MetMatch’s main window 

 

 

Double clicking any adduct opens up a visualization of the EIC, with different chart types such 

as an intensity normalized EIC (Figure T8 a, right chart). The EICs can be visually aligned after Rt 

shift detection (Figure T8 b), allowing for easy comparison of peak shapes. 
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(a) 

 

(b) 

 

Figure T8: EICs of an inspected ion adduct before (a) and after Rt alignment (b) 

 

 

 

The Rt shift detection step itself is completely visualized (Figure T9), which helps the user to 

understand the underlying algorithm. All parameters can easily be adjusted and tweaked and their 

impact is immediately illustrated by the animation of the algorithm (Figure T10). This allows even 

novice users to see the effects of the different parameters upon the achieved Rt-alignment. 

 

 

Figure T9: Animated Rt shift detection 

 

An animated version is available at the homepage of the metabolomics department of the IFA Tulln at 

https://metabolomics-ifa.boku.ac.at/MetMatch (Accessed: December 2018). 

 

 

https://metabolomics-ifa.boku.ac.at/MetMatch
https://metabolomics-ifa.boku.ac.at/MetMatch
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Figure T10: Individual iterations of the animated Rt shift detection algorithm 

 

 

  



METMATCH’S USER INTERFACE 

 58  

 

 

Apart from visual feedback, the user interface facilitates the manual verification and correction 

of the processing results. This is exemplified in Figure T11. In this case, the user matched two datasets 

consisting of multiple target (green) and reference files (blue). The Rt detection step uncovered a 

relatively large Rt shift of one of the reference files (Figure T11 a), which is unusual since the reference 

files are expected to show little to no shift. The user is able to inspect an adduct with a specific Rt 

value simply by double clicking the calculated Rt shift value of the reference file in question. The 

unexpected deviation in Rt shift is then easily confirmed by the EIC. The peak of the selected refer-

ence file is automatically highlighted in red and is indeed shifted relative to the other reference files 

(Figure T11 b). 

 

(a) 

 

(b) 

 

  

Figure T11: Exemplification of manual verification within the user interface 

 

(a) MetMatch detected an unexpectedly large Rt shift for one of the reference files (blue) in the range of 

two to ten minutes.  

(b) this shift is easily verified when inspecting one of the adducts. One reference file (red) is indeed 

shifted relative to the other reference files (blue). 
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Chapter 4 

3. Conclusion 
 

Retrospective alignment of data generated in different LC-HRMS experiments can enable re-

searchers to investigate aspects outside the scope of their original evaluation, maximizing the scien-

tific value of these types of experiments. For example, previously unknown metabolites that have 

only recently been identified as biologically relevant can easily be mapped from new to old experi-

mental data thereby enabling their investigation in the old experiments with less effort. 

 MetMatch facilitates this task by correcting for linear and non-linear Rt shifts as well as constant 

shifts in m/z during the alignment of LC-HRMS data. Compared to other existing tools, MetMatch 

has three main advantages: the convenient user interface, the inclusion of alternate ion species and 

the fast processing speed. Apart from that, MetMatch’s ability to work with pre-calculated lists of 

features/metabolites is a great asset when trying identify them in other experiments. 

 

MetMatch has already been used in the following biological studies/publications: 

 

• Simader et al. (2019) Fusarium graminearum metabolites associated with the infection of wheat 

plants (manuscript in preparation). 

 

• Doppler et al. (2019) Phenylalanine-derived wheat metabolites as defense compounds 

against Fusarium graminearum and its main virulence factor deoxynivalenol (manuscript in 

preparation). 

 

Both studies / publications have reference datasets that were measured on an Orbitrap QExac-

tive HF instrument and evaluated in order to find either Fusarium graminearum-related metabolites 

or polyphenol-related metabolites of wheat. These reference metabolites were then mapped back 

onto large metabolomics experiments consisting of a fine-grained time-course as well as different 

pathogen-treatments measured years earlier on an older instrument (Orbitrap LTQ XL). Although 

the analytical setup was almost the same, slight differences of measurement parameters such as the 

use of a new chromatographic column, different solvent batch and different HPLC system, led to 

changes in ionization efficiency, formed metabolite adducts and in-source fragments, as well as a 

slight shift in retention time. These changes were automatically detected and corrected using the de-

veloped software tool MetMatch. The author of this thesis hopes the aforementioned publications 

mark only the beginning of comparative LC-HRMS metabolomics research being enabled and facili-

tated by MetMatch.  
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Abbreviations and Terminology 
 

Binning 
A range (e.g., m/z or Rt shift values) is divided into a series of equally 

long intervals (bins). 

Dataset 
A list of LC-HRMS datafiles belonging to one analytical batch, originat-

ing from the same experiment. 

EIC 

Extracted ion chromatogram. An EIC represents the abundance/intensity 

of a certain m/z value in each mass spectrum of a chromatogram. The 

mass spectra are sorted according to their acquisition time relative to in-

jecting the sample into the HPLC instrument. Usually a small deviation 

from the selected m/z value (± ppm; depending on the used HRMS instru-

ment) is allowed to account for minor scan-to-scan m/z inconsistencies 

observed during acquisition of a chromatogram. 

Feature 

A feature represents a particular metabolite ion of interest. It is character-

ized by its m/z value (experimental and theoretical) and retention time (as 

calculated by the applied peak-picking algorithm). Features are usually 

the result of an untargeted metabolomics data processing approach and 

typically comprise multiple chromatographic peaks, one per LC-HRMS 

chromatogram. 

Feature group 
All features originating from the same chemical substance and hence 

sharing the same Rt and peak shape. 

F-measure Harmonic mean of precision and recall. 

Fn False negatives. Features that were not matched. 

Fp 
False positives. If a matched feature does not meet the criteria to be con-

sidered as Tp, it is an Fp. 

Isotopolog Molecules of a metabolite with uniform isotopic composition. 

LC-HRMS Liquid chromatography coupled to high-resolution mass spectrometry. 

m/z Mass-to-charge ratio 

Peak/Chromatographic peak 

A chromatographic peak representing a particular feature in a chromato-

gram. Other than a feature, a peak has a defined m/z value, a retention 

time (as defined by the applied peak-picking algorithm) as well as a peak 

area. Peaks are detected by a peak-picking algorithm. 

Peak apex 

The time at which the most abundant signal of a respective chromato-

graphic peak is detected after injection of the sample into the HPLC in-

strument. 

Peak center 

The time at which a chromatographic peak has its center of gravity. 

(Time) measurement is started with injecting the sample into the HPLC 

instrument. 

Precision 
Percentage of matched reference features that were correctly matched. 

Calculation: Number of Tp divided by the number of Tp plus Fp. 

Recall 
Percentage of all reference features that were correctly matched. Calcula-

tion: Number of Tp divided by the number of all reference features. 

Reference dataset 
A single or multiple LC-HRMS datafiles, which are used to generate the 

reference feature list. 

Reference feature list List of features to which target datasets are matched. 

Rt Retention time 
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Rt shift function 

A function that holds the calculated retention time shift between a target 

chromatogram relative to the reference feature list. It is used to map the 

retention times of detected chromatographic peaks in the target chromato-

gram to the retention time of the features in the reference list. 

Search frame 

Signals of a chromatogram (single datafile) that fall within a certain Rt 

and m/z tolerance window around a reference feature. These values have 

to be slightly larger than the maximum expected shift. (e.g., 1.5 min Rt 

shift and 10 parts per million (ppm) m/z shift for a typical LC-HRMS 

chromatogram). 

Rt shift array 
An array containing the Rt shift of all peaks detected within a search 

frame relative to the retention time of the respective reference feature.  

Rt shift matrix 

The individual Rt shift arrays of all reference feature groups are concate-

nated column-wise and sorted by the retention time of their reference fea-

ture group. Each column represents a feature group, while rows represent 

discretized Rt shift values. 

Target dataset A list of LC-HRMS datafiles to be matched to a reference feature list. 

Tp 

True positives. Matched features are considered Tp if their m/z deviation 

is ≤5 ppm and their Rt deviation is ≤8.4 s (manually validated threshold 

value for the distinction of Tp and Fp in this datafile) relative to the refer-

ence feature after shift correction. The formation of different ion species 

is considered when comparing the m/z. 
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