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ABSTRACT

Metabolomics is becoming an increasingly popular field of study. An analytical platform commonly
used for metabolomics studies is proton nuclear magnetic resonance (*H-NMR) spectroscopy.
The main challenge of *H-NMR is that the interpretation of the spectral output is time-consuming
and somewhat difficult, requiring not only a trained analyst, but one with experience. For this
reason, the automation of *H-NMR metabolomics data processing is gaining attention, leading to
the invention of various software tools/applications. One such software tool is BAYESIL, a fully
automated and quantitative tool focussing on *H-NMR. However, BAYESIL has not yet been rig-
orously tested to ascertain robustness and accuracy in urine. This software tool is the focus of
this study, where it was compared to the typical method currently used at the Centre for Human
Metabolomics (CHM) at the North-West University (NWU). The aim of this study was to determine
whether the automation of the processing of untargeted *H-NMR metabolomics data has the ca-
pability to obtain a comprehensive and comparable metabolic profile of treated and untreated
tuberculosis (TB) patient urine samples which have been specifically selected for this study due

to their complexity.

TB urine samples were analysed by a *H-NMR spectrometer, along with healthy control samples.
The data matrices containing the results of each method were subjected to the same statistical
analysis via the online tool, MetaboAnalyst, to identify important metabolites and obtain a metab-
olite profile of the samples. While working with MetaboAnalyst, a few areas were identified where
a novice user easily makes mistakes. Tips on how to navigate around these areas were included
in Chapter 4 as guideposts to help future novices along the way. The metabolite profiles obtained
by each method were then compared. The main findings of this study were that the automated
BAYESIL method seems to struggle with the identification of some metabolites (such as those
arising from TB disease or medication) due to its limited library. BAYESIL also had some difficulty
with the coverage of the spectra and identified metabolites with a lower confidence and lower
specificity. On the other hand, the manual method was able to comfortably identify metabolites

relating to TB medication and identified metabolites with higher specificity and higher confidence.

These results indicate that the BAYESIL method is currently better suited for less detailed re-
search, such as shotgun metabolic profiling. If a more detailed representation of the metabolism

is desired, it is recommended to use the manual method or even combine these methods.

Keywords: *H-NMR; metabolomics; profiling; BAYESIL; automated; processing
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CHAPTER 1 INTRODUCTION

The purpose of the first chapter is to introduce the topic of this dissertation to the reader and
provide sufficient background information that is integral to the understanding of the information
to follow. This chapter will be broken down into the background, problem statement and lastly,
the aims and objectives.

1.1 Background

Metabolomics is a growing field that focuses on the study of small molecules that provide insights
into the link between genotype and phenotype (Schrimpe-Rutledge et al., 2016). Untargeted
metabolomics approaches are usually focused on generating hypotheses and collecting as much
information as possible about all present metabolites (Schrimpe-Rutledge et al., 2016). These
untargeted approaches, especially proton nuclear magnetic resonance (*H-NMR)-based meth-
ods, have many applications. One of these applications is highlighted by a study conducted by
Silva and colleagues (2019), where untargeted urinary *H-NMR-based metabolomics approaches
were studied as a potential way of discovering biomarkers to be used in breast cancer detection.
This study, among others, shows the vast potential and strengths of untargeted *H-NMR metab-

olomics methods.

In order to use these methods to discover biomarkers, large-scale studies with thousands of sam-
ples are required, making it a complex, time-consuming, and sometimes expensive process (Mig-
giels et al., 2019). For this reason, new advances in technology are rapidly being developed to
make this process cheaper, less time-consuming and more comprehensive (Miggiels et al., 2019).
These technological advances include BQuant - a probabilistic approach towards the identifica-
tion of tH-NMR metabolites introduced by Zheng et al. (2011), an R package for automated me-
tabolite analysing presented by Hao et al. (2012), a web server application called MetaboHunter
introduced by Tulpan et al. (2011) and BAYESIL — a fully automated *H-NMR spectral profiling
technique (Ravanbakhsh et al., 2015), which is the focus of this study.

The BAYESIL system will be discussed in greater detail in this dissertation, where it will also be
compared to the currently used in-house processing method of untargeted *H-NMR metabolomics

data, applied to treated and untreated TB patients’ urine samples.
1.2 Problem statement

In-house processing of untargeted *H-NMR metabolomics data requires an NMR metabolomics
specialist and a biostatistician working in synergy. This in-house processing can be time-consum-

ing and is vulnerable to human fatigue and error.
2



Therefore, the research questions are as follows: Can the processing of untargeted *H-NMR
metabolomics data of complex urine samples (treated TB patients) be automated using online

tools? What are the pitfalls?

BAYESIL is a fully automated *H-NMR metabolite profiling method that is free to use and easily
accessible online. MetaboAnalyst is a web-based tool suitable for comprehensive metabolomics
data analysis and interpretation. Combining these online platforms could potentially automate the
processing of untargeted *H-NMR metabolomics data, which is greatly needed; however, auto-
mated systems are still in their infancy. For this reason, the automated processing methods still
need to be tested against the established in-house metabolomics methods currently used. Fur-
thermore, robustness needs to be tested by means of complex biological samples, such as urine
samples collected from treated and untreated TB patients. Parallel determination of the metabolic
effect of TB treatment through urinary profiling via both the in-house and automated method

needs to be compared, and limitations of automation identified.
1.3 Aims and objectives

This study aimed to determine if automation of the processing of untargeted *H-NMR metabolom-
ics data had the capability to obtain a comprehensive and comparable metabolic profile of treated

and untreated TB patient urine samples.
Objectives to be met to achieve this aim are listed below:

1) The manual method

1.1 Manually prepare a spectral binned data matrix of the raw *H-NMR output.

1.2 Subject this data matrix to statistical analysis via MetaboAnalyst.

1.3 Identify *H-NMR spectral regions (bins) that differentiate between experimental
groups within this data matrix and assign metabolite names to them.

1.4 Calculate absolute concentrations (M) of these differentiating metabolites.

1.5 Subject quantified differentiating metabolites to further statistical analysis to

obtain a comparable metabolite profile.

2) The automated BAYESIL method

2.1 In parallel, upload raw *H-NMR spectral data to BAYESIL website and combine
metabolite profile data into a single data matrix of metabolite names and

concentrations.



2.2 Upload the BAYESIL dataset to the MetaboAnalyst website and perform the
same pre-processing and statistical analysis as performed on the manually
generated dataset.

3) Compare the outputs of the in-house and automated processing methods and identify
any differences and what they imply, and pitfalls for novice users.
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CHAPTER 2 LITERATURE STUDY

This chapter provides an overview of the literature relevant to this study and aims to provide the
reader with sufficient background knowledge on the topic and related concepts. To set this chap-
ter in motion, the field of metabolomics will be discussed as well as the significance and applica-
tions thereof. Following this, a very brief overview of TB and its metabolism will be given, and a
short description of sample types used in TB studies. The subsequent parts of this chapter will
cover metabolite profiling, the *H-NMR platform, and automation of metabolomics. Following this,
the focus will be shifted to the two online tools around which the automated processing of this

study is centred, namely: BAYESIL and MetaboAnalyst.
2.1 Thefield of metabolomics
2.1.1 Whatis it?

Metabolomics is a fast-growing field that involves the identification of all metabolites present in
an organism, the quantification of their concentrations/abundances, as well as the detection of
any changes in these concentrations/abundances as a response to the environment, drugs or
any other stimulus, in order to provide information that can be used to elucidate the physiological
state of the organism (Beckonert et al., 2007; Larive et al., 2015; Markley et al., 2017; Silva et al.,
2020; Yanes et al., 2011). The field of metabolomics is one of the ‘omics’ sciences, including
proteomics, genomics, and transcriptomics. These other ‘omics’ sciences are known to be high-
throughput sciences, while metabolomics is relatively low-throughput (Ravanbakhsh et al., 2015),

meaning that valuable information is processed at a moderate to slow rate.

There are two main approaches associated with metabolomics: targeted and untargeted anal-
yses. Targeted analyses focus on a specific metabolite or a small group of pre-defined metabo-
lites and are usually affiliated with studies driven by a specific goal or hypothesis (Yanes et al.,
2011). These analyses are generally more precise and more quantitative (i.e., concentration data
is generated), making targeted analyses more reproducible and more time consuming (Lipfert et
al., 2019). On the other hand, untargeted analyses, such as this study, are concerned with iden-
tifying and quantifying as many metabolites as possible, which can reveal the biochemical path-
ways that are affected by a specific change, whether they have been previously explored or not
(Yanes et al., 2011). Untargeted approaches take less time, are more open-ended and can be
applied in a variety of different situations but are usually less quantitative (i.e., abundance data is
generated) and not as reproducible (i.e., metabolite names are not always assigned with certainty)
(Lipfert et al., 2019).



2.1.2 Significance & applications

The uniqueness of metabolomics lies in its ability to provide information about the interaction
between genes and the environment (Ravanbakhsh et al., 2015), allowing metabolomics to be-
come a valuable asset to many types of research that involve the integrated use of various ana-
lytical platforms. Some applications of metabolomics include the monitoring of drugs and other
medical interventions, diagnosis of diseases, and the analysis of biochemical pathways in the
body, as well as the effect of external stressors such as diet, aging, mutations, and lifestyle on

these pathways (Markley et al., 2017).

Since metabolomics has the capability to obtain a so-called “profile” of all metabolites in a
system, as will be covered in more detail in Chapter 2.3, it has been applied extensively to
study metabolites that are affected by the interaction between hosts and pathogens, allowing
the identification of biomarkers that can be used to diagnose infectious diseases caused by
pathogens (Izquierdo-Garcia et al., 2020). The information obtained from metabolomic studies
provides a much-needed understanding of the biological processes occurring in an organism, the
most valuable application of metabolomics in recent times is the discovery of new biomarkers for

diseases (Silva et al., 2020), including the disease of interest to this study, i.e., TB.
2.2 Tuberculosis (TB)
2.2.1 TB metabolism

TB is an infection caused by the obligate pathogen Mycobacterium tuberculosis, whose only
known host is human beings (Rhee, 2013; Warner, 2014). For this reason, the metabolism of this
microbe has evolved in such a way that it functions in both the physiology and pathogenesis of
its human-dependent life cycle (Rhee, 2013; Warner, 2014). For this reason, the metabolism of
M. tuberculosis has been the topic of many research studies, to gain insight into how this patho-
gen functions and possibly discover new treatment options for this infectious disease (Izquierdo-
Garcia et al., 2020). Since the metabolism has such a vast effect on this pathogen, metabolomic
studies have been applied to study the progression of TB, obtain metabolic profiles for this dis-

ease and to monitor the responses to TB treatment (Izquierdo-Garcia et al., 2020).

One such study was conducted by Combrink and colleagues in 2019 and is titled ‘Time-depend-
ent changes in urinary metabolome before and after intensive phase tuberculosis therapy: a phar-
macometabolomics study’. The main findings of this study were: reduced levels of oxidative stress
during treatment, various enzymes were time-dependently induced or inhibited because of altered

oxidative stress levels as well as in response to drugs, an upregulation of the urea cycle, and

7



alterations to insulin production (Combrink et al., 2019). As stated by Combrink and colleagues
(2019), the results obtained in their study provide valuable information regarding the mechanism

of action of TB drugs as well as their metabolism and side effects.
2.2.2 Sample types

The most widely used sample type for TB studies is sputum, but recently a great deal of effort
has been made to discover new sample types of similar utility, such as exhaled breath, blood,
and urine (Peter et al., 2010). Urine has become a very attractive option for many reasons: it is in
ample supply, it is easily obtained in a non-invasive manner, it is easily stored and processed,
and it is sterile, thus lowering the risk of infection to those that handle it during collection and
analysis (lzquierdo-Garcia et al., 2020; Peter et al., 2010). Urine has proven to be a feasible
alternative to sputum in a study conducted by Izquierdo-Garcia and colleagues (2020) where they
succeeded in developing an NMR-based metabolomics approach for the search of biomarkers to
aid in the diagnosis of TB, using urine as their sample type.

For this study, treated TB patient urine samples were used, specifically for their complexity. What
is meant by this is that these samples do not only contain the usual metabolites from typical
metabolic processes. Since these samples belong to patients that have been infected with TB,
there will be differences in the metabolites that are detected as well as their concentrations
brought about by the TB infection, as well as differences caused by drug intervention during TB
treatment. This complexity is desired so that the accuracy and reliability of online data processing
tools can be tested, since the samples used in biological studies are rarely straightforward and of

simple composition.
2.3 Metabolite profiling

The term ‘metabolite profiling’ refers to the process of obtaining and scrutinizing a dataset of
metabolite concentration/abundances for a specific biological sample or organism (Ravanbakhsh
et al., 2015). This is useful because diseases (and medications) can cause changes to these
metabolite concentrations, which will be picked up in the biofluid samples being analysed (Rav-
anbakhsh et al., 2015). The metabolites that are usually affected by a certain disease are called
biomarkers of the disease and are very useful for diagnostic purposes and the development of

new treatment options (Silva et al., 2020).

Since metabolites are naturally occurring molecules, they are very diverse in chemical and struc-

tural properties, making metabolite profiling quite an arduous process (Yanes et al., 2011). Often,

analytical platforms available to obtain metabolic profiles are used in conjunction. Some of these

can detect more metabolites than others (e.g., GC-TOF-MS), while others detect less metabolites
8



with a higher level of confidence (e.g., *H-NMR spectroscopy). For this reason, it is important to
consider the goal of a specific study before determining the experimental and measurement de-

sign (van der Westhuizen, 2020). For this study, the *H-NMR spectroscopy platform was used.
2.4 H-NMR spectroscopy
2.4.1 Introduction

First reported in 1963 by Jungnickel and Forbes, *H-NMR spectroscopy is now a well-known an-
alytical technique that is usually used to determine the structures of molecules being analysed

(Bharti & Roy, 2012). The term *H-NMR spectroscopy can be broken down into two parts:

1. NMR - refers to the scientific technique in which certain types of nuclei can selectively ab-
sorb high-frequency radio waves when subjected to a strong magnetic field (The Editors of
Encyclopaedia Britannica, 1998). The type of nucleus being used in this specific application
is tH (protons); hence, *H-NMR.

2.  Spectroscopy — refers to the field of science in which the ability of matter to absorb and
release light and other forms of radiation is studied (The Editors of Encyclopaedia Britan-
nica, 1999).

There are other forms of NMR, each with their own applications, that use alternative nuclei such
as 3P, 1N, and 3C, but because these nuclei are not as naturally abundant as *H, they are less

suitable for use in metabolomics (Bharti & Roy, 2012; Markley et al., 2017).

As mentioned by Markley et al. (2017), NMR methods have both one-dimensional (1D), and two-
dimensional (2D) approaches. In 1D approaches, which are the most widely used, the signals are
binned and analysed or fitted to known signal patterns to identify metabolites present in the sam-
ple, whereas 2D approaches such as 'H-'H COSY are used when more accurate metabolite
identification is desired (Markley et al., 2017). According to Ludwig and Viant (2010), 2D NMR
spectroscopy methods make the spectra easier to interpret by lowering the amount of peak crowd-

ing by means of spreading the overlapping resonances into a second dimension.
2.4.2 Principle of the technique

Without diving too far into the complex world of quantum mechanics, this section of the disserta-
tion aims to briefly explain exactly how NMR spectroscopy works. Firstly, it is important to know
that all charged nuclei possess a quality allowing them to spin and these spinning nuclei tend to
act like tiny individual bar magnets or magnetic moments with nuclear spins that can be aligned

in any direction (Keeler, J., 2002). When these spinning nuclei are placed within an externally
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applied magnetic field, their magnetic moments align with the direction of the applied field, result-
ing in bulk magnetization of the sample (Keeler, J., 2002). A pulse of radiofrequency radiation is
then applied, causing the magnetization to tilt away from the z-axis and oscillate around the di-
rection of the magnetic field in a specific type of motion referred to as Larmor precession, which

is detected during an NMR analysis (Keeler, J., 2002).

To detect what is known as the ‘free induction decay’ (FID) signal, the sample is placed in a small
wire coil so that when the magnetization crosses the coil, it induces a current which is amplified
and recorded as a time-dependent signal (Keeler, J., 2002). Eventually, this signal starts to decay
and lose its strength due to the tendency of the magnetization, like everything else in nature, to
return to its equilibrium position in a process known as relaxation — hence the name of the signal
is ‘free induction decay’ (Keeler, J., 2002). The result of this is a time-dependent signal that needs
to be converted to a frequency-dependent spectrum of chemical shifts, which is made possible
by a mathematical process called Fourier transformation, which is performed automatically by the
NMR software (Keeler, J., 2002).

A metabolite that is detectable by *H-NMR will contain at least one proton linked to a carbon, and
these protons each produce at least one peak (Zheng et al., 2011). The number, positions, and
height ratios of the peaks in the spectrum produced by a metabolite are unique to that specific
metabolite, like a fingerprint is unique to every human being, and is dependent on molecular
structure (Zheng et al., 2011). These peak patterns are unigue to each metabolite and can be
saved as spectral library databases for later use in identifying metabolites in a sample by matching
the obtained spectra and reference spectra in the database (Zheng et al., 2011). An example of
an online database that stores 'H-NMR reference spectra is the human metabolome database
(HMDB; www.hmdb.ca).

2.4.3 Typical 'H-NMR metabolomics method
2.4.3.1 Sample preparation

Most other analytical methods used in metabolomic studies require complex sample preparation
techniques. For example, mass spectrometry requires ionization and sometimes derivatization of
compounds (Markley et al., 2017; Wishart, 2019). One of the most significant positive attributes
of *H-NMR spectroscopy is that very little, if any, sample preparation is needed, depending on the
biofluid that is used for the analysis (Markley et al., 2017). Biofluids such as urine require very
little sample preparation. Serum and plasma require extra steps to be taken to remove interfering
compounds such as proteins and lipids, but these steps are not complex and usually only require
the addition of a reagent such as methanol or the inclusion of centrifugal filtration (Markley et al.,

2017).
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2.4.3.2 Signal generation

To obtain a spectrum of peaks, a useable signal must be generated from the sample. After placing
the samples in the 500 MHz *H-NMR spectrometer, a signal is detected. This signal is produced
by the movement of protons and their magnetic moments within an applied magnetic field. This
movement is as a result of an applied radiofrequency pulse which excites the protons to a higher
energy level, as explained in section 2.4.2 above. When these protons return to their equilibrium
state, energy is released and detected as the free induction decay signal. To reiterate, Fourier
transformation is then performed to convert the signal as a function of time to a frequency domain
function, resulting in a spectrum that displays peak intensity in relation to chemical shift (Zheng
et al., 2011).

2.4.3.3 Spectral & data processing steps

Before the spectra obtained from *H-NMR analysis can be seen as useful, a variety of spectral
and data processing steps must be carried out. Figure 2-1 below, taken from Emwas et al. (2018),
provides a useful summary of the steps that are typically followed when working with urinary *H-
NMR data.
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Figure 2-1: Summary of spectral processing and data processing steps on urinary
H-NMR-data (Emwas et al., 2018).

2.4.3.3.1 Spectral processing

The first important spectral processing step is chemical shift referencing, which involves the use

of an internal standard such as trimethylsilyl propanoic acid (TSP) or sodium trimethylsilyl propane

sulfonate (DSS) and is useful for compound identification, alignment of peaks and quantification

of metabolite concentrations (Emwas et al., 2018). The next step is one of the most important

spectral processing tools and is called phasing, which is usually carried out automatically by the

spectrometer and aims to enhance the symmetry of all peaks in the spectrum (Emwas et al.,
12



2018). The third and final spectral processing step is crucial for removing spectral artefacts that
arise from various technical faults such as electronic distortions and insufficient digital filtering,
and is called baseline correction (Emwas et al., 2018). According to Emwas et al. (2018), baseline
correction is usually a semi-automatic process and involves the use of software packages such

as Chenomx NMR suite, NMRPipe or MNova by MestreLab Inc.
2.4.3.3.2 Data processing

The H-NMR spectra obtained from urine samples are usually complex and contain thousands of
peaks that tend to overlap and complicate the identification and quantification of metabolites. For
this reason, a few data processing steps can be followed to simplify these spectra (Emwas et al.,
2018).

The first technique is called sub-spectral selection and is a filtering method in which the parts of
the spectrum that are not informative are discarded, such as the region of 0.00 to 0.60 ppm where
no metabolite signals exist and the so-called water region from 4.50 to 4.90 ppm (Emwas et al.,
2018).

The second important technique is spectral alignment, where peak positions in multiple spectra
are shifted to allow the peaks of the same compounds to be directly aligned/overlaid to simplify
the comparison and quantification of peaks across multiple spectra (Emwas et al., 2018).

Another important data processing technique worth mentioning is binning, which is usually applied
to lower the resolution and account for any small misalignments that may be present (Lipfert et
al., 2019). The process of binning is usually applied in untargeted metabolomics studies and in-
volves the division of the spectra into smaller regions of set widths (0.01-0.02 ppm) to find the
location of peaks and their spectral segments (Emwas et al., 2018; Lipfert et al., 2019). Typically,
this will result in 500-1000 bins per spectrum which are then presented for statistical analysis and
metabolite identities are then allocated to the most noteworthy bins (Emwas et al., 2018). Many
parameters, such as sample pH, affect the position of peaks in a *H-NMR spectrum and could
cause unwanted peak shifts (Emwas et al., 2018). For this reason, it is important to be cautious
when binning NMR spectral data to prevent peaks from being divided or from falling into the wrong
bins (Lipfert et al., 2019). According to Emwas et al. (2018), binning is most often carried out

using an automatic algorithm.

The next step in data processing of NMR data is usually normalization, which aims to correct for
concentration differences and dilution effects to allow the comparison across samples (Emwas et

al., 2018). Normalization in urine samples can be carried out either numerically (relative to total
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spectrum intensity) or physiologically (relative to creatinine). The latter is usually the preferred

method of normalization for urine samples (Emwas et al., 2018).

The last data processing steps are scaling and transformation, which involve numerical functions
that reduce the effect of varying orders of magnitude between metabolites and aim to enhance
normality (Emwas et al., 2018). A commonly used scaling method is called centering. Centering
adjusts all the values in the data so that they vary around a mean of zero to avoid highly concen-
trated metabolites affecting the other metabolites that are present in lower concentrations (Emwas
et al., 2018). In turn, log transformations are often performed to improve normality by reducing

the asymmetry when observed data mimic a skewed distribution.
2.4.3.4 Metabolite identification & quantification

After the data has been prepared and processed into a more functional format, metabolite anno-
tation and identification can be carried out. There are a variety of different software tools available
that automate this process and eliminate some of the complexity associated with NMR studies,
such as MetaboAnalyst and BAYESIL used in this study. Other tools that are available to aid in
this process include commercial packages such as NMR Suite by Chenomx, Bruker AMIX, and
MNova by MestreLab (Emwas et al., 2018). After the identities of the metabolites have been
found, their absolute concentrations can be calculated with the aid of the known concentration of

the internal standard that was used.

The product of this entire process should therefore be a list of names of the metabolites that are
present in the sample as well as their concentrations. This metabolite profile could be used for

further biological interpretation if that was the objective of the specific study.
2.4.4 Advantages & limitations of NMR
2.4.4.1 Advantages

The NMR analytical platform carries many advantages over other techniques, such as being com-
pletely non-destructive, highly reproducible, robust, and reliable (Beckonert et al., 2007; Zheng et
al., 2011). It is also important to note that a single spectrum obtained from an NMR experiment
contains a unique richness of information, making it possible to simultaneously identify a wide
range of structurally diverse metabolites and even novel compounds (Beckonert et al., 2007;
Lipfert et al., 2019; Wishart, 2019).

NMR spectroscopy is quantitative and unbiased, allowing it to have a wide range of diverse ap-
plications (Lipfert et al., 2019; Wishart, 2019). Very little sample preparation is needed for an NMR

experiment, meaning that no prior chromatographic separation is needed (Silva et al., 2020).
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One of the main strong points of NMR spectroscopy is that it can detect metabolites at low con-
centrations and allows the identification of compounds with identical masses, since the detection
of compounds in NMR is not based on their masses (Markley et al., 2017; Silva et al., 2020). NMR
analysis is faster than most other platforms, taking only a few minutes to obtain a standard NMR
spectrum and allows for the analysis of hundreds of samples per day on only one spectrometer
(Beckonert et al., 2007).

The last important advantage that is relevant to mention is that NMR spectroscopy is easily adapt-

able to automation, which is explored further in this study (Lipfert et al., 2019; Wishart, 2019).
2.4.4.2 Limitations

As with any other analytical platform, NMR is not perfect and has a few limitations. For example:
in comparison to some other methods, such as MS-based metabolomics, NMR is less sensitive,
more expensive to setup, and takes up more space in a laboratory environment (Wishart, 2019).
The databases, spectral libraries, and software packages currently available for NMR-based
metabolomics are not as extensive as those available for MS-based methods, which somewhat
limits the applications of NMR (Wishart, 2019). Another important limitation is that NMR-based
metabolomics is mostly restricted to 1D NMR, which has a lower resolution than the 2D tech-
niques inherently used by most MS-based methods (Wishart, 2019). However, 2D spectra can

be obtained via additional, albeit time—consuming, analysis on the NMR.
2.5 Automation of *H-NMR spectral data profiling

Recently there has been an increase in the amount of interest in the field of metabolomics, which
has revealed a considerable weakness, i.e., metabolomics is not fully automated yet and still
requires some manual interventions (Ravanbakhsh et al., 2015). This is mostly attributed to the
fact that the analytical techniques used in the field of metabolomics, such as NMR spectroscopy,
GC-MS, and LC-MS, were developed to identify pure compounds and not complex mixtures of
metabolites (Ravanbakhsh et al., 2015). Most biological samples, especially the complex samples
used in this study, contain hundreds and even thousands of metabolites, some being more abun-
dant than others (Zheng et al., 2011). For this reason, the H-NMR spectra obtained from metab-
olomics studies usually contain thousands of peaks that tend to overlap substantially and corre-
spond to various metabolites (Ravanbakhsh et al., 2015; Zheng et al., 2011). This makes it in-
creasingly difficult to interpret the spectra and identify and quantify the metabolites present in the

mixture to obtain a metabolite profile.
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To quantify metabolite concentrations, the intensity or integral area of their corresponding peaks
in *H-NMR spectra is used, which is very challenging to determine if there is substantial overlap-
ping of peaks (Jung et al., 2016). Therefore, it is apparent that the use of software programs is
unavoidable, especially for the deconvolution of peaks (Jung et al., 2016). An example of a soft-
ware program commonly used for peak deconvolution of an NMR spectrum is the Chenomx NMR
Suite.

In the effort to fully automate the processing of *H-NMR metabolomics data from urine, a few
semi-automated software packages have been developed. One such semi-automated method is
called Signature Mapping (SigMa) and was presented by Khakimov et al. (2020). This new
method was developed to increase the efficiency and lower the turnaround time for processing
!H-NMR metabolomics data obtained from complex human urine samples into a table of notewor-
thy metabolites (Khakimov et al., 2020). Khakimov et al. (2020) explained that the SigMa ap-
proach divides the *H-NMR spectra into three significant variables, namely signature signals of
known metabolites, spin systems of unknown metabolites and bins that represent complex unre-
solved spectral regions containing signals from more than one metabolite. SigMa also provides
visualization, normalization, editing and alignment of data, an algorithm that automatically carries
out peak selection, and a SigMa library of chemical shifts to detect the metabolites present in the
urine samples (Khakimov et al., 2020). To quantify metabolites, two different approaches are used
depending on the variable being quantified. Multivariate curve resolution modelling is used for the
signature signals and the unknown spin systems, while integration or summation of values is used
to quantify the bins (Khakimov et al., 2020). Although this system has achieved good results thus

far, it is still very new and requires more time to allow for optimization.

Filntisi et al. (2017) mention a few other semi-automated methods that are currently available,
such as the BATMAN package which is a probabilistic method based on Markov chain Monte
Carlo and Metropolis-Hastings’s block updates, an algorithm that fits spectra automatically called
AutoFit, and MetaboHunter software that matches peaks on a *H-NMR spectrum to reference

spectra in widely available databases (Filntisi et al., 2017).

The main concerns around these software tools are highlighted by Cardoso and colleagues
(2021), where it is made clear that most of them concentrate on the quantification of metabolites,
which tends to limit the actual number of metabolites that these tools can identify. Another obsta-
cle highlighted by Cardoso et al. (2021) is that some of these software tools, such as BAYESIL,
have only been found to be reliable when identical conditions to those stipulated by them have
been used during sample preparation and analysis. To combat these obstacles, Cardoso and
colleagues (2021) designed and tested new algorithms that aimed to correctly annotate metabo-
lites present in 1D 'H-NMR samples. The best performing algorithm of their study is called
16



NMRFinder, which matches the sample with every compound in the reference library, regardless
of the conditions used during data acquisition (Cardoso et al., 2021). Their study suggests that
NMRFinder is a reliable algorithm to use for metabolite annotation and that it could possibly be a
very valuable tool in the future to aid in metabolite identification (Cardoso et al., 2021). Although
NMRFinder has achieved favourable results so far, it is still a very new technique that has been
around for less than a year, whereas BAYESIL has been well-established for a few years, for this

reason BAYESIL is used in this study.

Hence, *H-NMR spectral data profiling automation is topical, with numerous new online software
rapidly emerging. For my MSc study, two well-established online metabolomics applications were
used: BAYESIL, for identifying and quantifying compounds and MetaboAnalyst, for statistical
analysis. These applications will be discussed in the following paragraphs.

2.5.1 BAYESIL

First proposed by Ravanbakhsh et al. (2015), BAYESIL is an online, fully automated spectral
profiling application for *H-NMR-based metabolomics that can carry out spectral processing and
spectral profiling of 1D *H-NMR spectra automatically without the need for manual intervention.
According to Ravanbakhsh et al. (2015), the BAYESIL system is based on a statistical method
called the sequential Monte Carlo inference method and uses probabilistic graphical modelling to

determine the metabolic profile that is the most probable for the complex mixture being analysed.

Starting from the raw spectrum that is uploaded onto the BAYESIL website, all spectral processing
steps are carried out automatically by the software including zero-filling, Fourier transformation,
phasing, baseline correction, smoothing, chemical shift referencing and deconvolution (Rav-
anbakhsh et al., 2015). By doing this, any differences in results that are caused by differing opin-
ions and bias among analysts are avoided, allowing an increase in the reproducibility, uniformity,
and consistency of spectral profiling (Ravanbakhsh et al., 2015). According to Lipfert and col-
leagues (2019), BAYESIL has an accuracy of 95-100% when it comes to fitting the spectra; how-
ever, this accuracy is only achieved by following the BAYESIL sample preparation protocol.
BAYESIL also carries out absolute quantification of the metabolites present in the sample by
using a known concentration of internal standard (DSS or TSP) (Ravanbakhsh et al., 2015). This
process takes approximately 7 minutes per spectrum (Lipfert et al., 2019), which is considerably

faster than doing it manually, which usually takes a few hours.

The BAYESIL system was initially developed for use on serum and cerebrospinal fluid (CSF)
samples and has produced good results when applied to these biofluids, obtaining metabolic pro-

files within 10% of those generated by a human counterpart (Ravanbakhsh et al., 2015). In a
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study conducted by Filntisi et al. (2017), the BAYESIL system was tested on different biological

samples and produced good results when applied to amniotic fluid samples.

Although BAYESIL has proved its potential and value, it is still a relatively new method and re-
mains limited in its applications, requiring more research to ascertain its reliability and accuracy
(van der Westhuizen, 2020).

2.5.2 MetaboAnalyst

MetaboAnalyst is an online application (https://www.metaboanalyst.ca) that is free to use and has
a range of different functions, mainly for data analysis, such as statistical analysis, discovery, and
analysis of biomarkers, as well as the analysis of metabolic pathways (Selegato et al., 2019;
Gowda & Raftery, 2019). MetaboAnalyst is recommended by Emwas et al. (2018) as a valuable
software tool for *tH-NMR metabolomics, specifically for multivariate analysis, as well as the an-
notation of metabolites and biological interpretation of data. A variety of different data types can
be processed by the MetaboAnalyst software, from compound concentration tables to binned data
and lists of peaks from NMR or MS analyses (Xia et al., 2009). The MetaboAnalyst software
includes a wide range of different analysis options for normalization, identification of features,

clustering, and classification of data (Xia et al., 2009).

MetaboAnalyst (version 5.0), as introduced by Pang et al. (2021), was used in this MSc study.
This version focuses on narrowing the gap between raw data and useable information for global
metabolomics based on high-resolution mass spectrometry and includes improvements to the

web interface, graphics, overall performance and user experience (Pang et al., 2021).

Figure 2-2 below, taken from Xia et al. (2009), is a diagram outlining the workflow used by Metabo-
Analyst and the different data processing options that are available. As explained by Xia et al.
(2009), the input data is first converted to a data matrix that is compatible with the MetaboAnalyst
software. After that, algorithms are applied to carry out normalization, analysis, and annotation of
the data. Once statistical analysis is complete, a full PDF report, processed data, and high-reso-

lution images can be downloaded (Xia et al., 2009).
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CHAPTER 3 STUDY DESIGN

The purpose of this chapter is to provide the reader with an overview of the design that was
followed in this study to reach the objectives as outlined in Chapter 1.3. A detailed description of
the methods is given in a manuscript submitted to the journal Metabolomics (IF: 4.29) — see
Chapter 4. To avoid redundant repetition, Chapter 3 will therefore give an overall description of
the design of the study and what was done during this MSc.

3.1 Sample description and ethics requirements

The samples used in this study were anonymised urine samples collected longitudinally from 46
TB-positive patients at different intervals during treatment, and 30 healthy control samples taken
from individuals that were not TB-positive. These samples were specifically selected for this study
based on their complexity, owing to both the disease and the medication metabolites expected to
be present. The performance of the automated BAYESIL system has already been established
with less complex samples, but it is unknown whether BAYESIL will be able to perform well when

applied to such highly complex biological samples, hence the aim of this study.

The samples were obtained from a biorepository and ethics approval for the use of these samples
has been granted by the Ethics Committee of the University of Stellenbosch (N0.99/039). This
MSc project falls under a larger study titled “Metabolomic investigations of tuberculosis for the
purpose of improved characterization, diagnostics, and treatment”, which has NWU HREC ap-
proval under the following ethics number: NWU-00127-11-A1. A sub-study NWU HREC approval
was obtained for this MSc study: NWU-00127-11-A1-02 (see Annexure A for NWU HREC ap-
proval letter).

3.2 Training and workshops

Before the commencement of the practical work for this study, | completed advanced NMR train-
ing — from the 6™ of June 2021 to the 11" of June 2021. During this training, | re-familiarized
myself with the theory and practise of NMR analysis. | gained valuable practical experience by
working in the laboratory and following the standard operating procedures (SOPSs) typically used
for the NMR analysis of mock urine and serum samples. | was trained extensively in using the
NMR spectrometer including loading of samples, calibration and running of the machine, quanti-
tative assessment of spectrum quality and exporting of raw data. At the end of the training, |
created a quantified data matrix of several metabolites from the mock samples analysed during
the week of training. Annexure B contains the raw data and the calculations determining my intra-

day and inter-day repeatability for both the urine and serum protocols. My coefficient of variance
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percentage (CV) for the urine analysis ranged between 2.10% and 3.22%. | turn, my CV ranged
between 0.69% and 3.19% for the serum analysis. These low CV values indicate good repeata-

bility, making me sufficiently competent to carry out the practical aspect of this MSc.

| also attended an NMR-based metabolomics workshop hosted by Metabolomics South Africa in
partnership with the University of South Africa (UNISA) and DIPLOMICS — from the 7" of Sep-
tember 2021 to the 9™ of September 2021. This workshop was facilitated by Professor Gerhard
Prinsloo from UNISA and included an introduction to NMR-based metabolomics, the experimental
layout that is followed by their laboratory, and analysis and interpretation of NMR metabolomics

data.
3.3 Untargeted *H-NMR metabolomics approach

Silva et al. (2020) mentioned that metabolomics usually follows one of two approaches: untar-
geted or targeted. Untargeted analysis is designed to detect and identify as many compounds as
possible and involves the classification of the metabolome without any prior knowledge of the
samples or which metabolites are present (Yanes et al., 2011). On the other hand, targeted anal-
ysis focuses on specific metabolites of interest.

To determine whether a targeted or untargeted approach should be followed, the purpose of the
study had to be carefully considered. Since the aim of this study is centred around data pro-
cessing, an untargeted 'H-NMR metabolomics approach was decided to be best, to allow the

collection of as much information as possible.
3.4 Sample preparation and analysis

BAYESIL is a fully automated *H-NMR metabolite profiling method that is free to use and easily
accessible online. During my honour’s degree in 2020, | worked with BAYESIL and tested its
performance on quality control serum samples. Although BAYESIL does not have an algorithm
designed specifically for urine, it is still the best established automated *H-NMR metabolite profil-
ing method available currently. For this reason, | chose to test BAYESIL on these complex sam-

ples.

For the sample preparation, the protocol prescribed by BAYESIL was followed, with some minor
alterations (described in Chapter 4.1.3.3) and included adjusting the pH of every sample to be-
tween 6.8 and 7.4, centrifugation at 12 000 g, the addition of NMR buffer and DO to the sample
supernatant and lastly, further centrifugation at 12 000 g. From the final supernatant, the sample
is transferred to a 5 mm glass NMR tube and randomly loaded into the NMR spectrometer to

avoid confounding, with a pooled QC sample inserted at the beginning, middle and end of each
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of the six batches, to evaluate the precision and reliability of the analysis. This pooled QC was
created by combining a small volume (~70uL) from each sample. Once the samples were loaded,
they were analysed by the *H-NMR spectrometer, following the parameters provided by BAYESIL.
The sample preparation and spectral collection method is described in more detail in the manu-

script provided in Chapter 4.
3.5 Data processing

For the purposes of this study, there were two data processing methods, namely: 1) The auto-
mated BAYESIL method which yields a metabolite profile containing metabolite hames and ab-
solute concentrations, as determined by the BAYESIL software, and 2) The manual binning
method which yields a binned data matrix. In the following paragraphs, these two methods will be
explained.

The BAYESIL system is fully automated, allowing it to perform spectral processing and profiling
on the raw spectral data files. This system makes use of several phasing and baseline correction
approaches to allow the automatic processing of raw spectra obtained from one dimensional *H-
NMR analyses (Ravanbakhsh et al., 2015). According to Ravanbakhsh et al. (2015), BAYESIL
does this by dividing the spectrum into blocks and using a probabilistic graphical model to repre-
sent the statistical relationship between these blocks. To find the most probable metabolic profile,
BAYESIL applies an approximate inference method to this model as a substitute for spectral pro-
filing (Ravanbakhsh et al., 2015). BAYESIL then uses a known concentration of a reference com-
pound such as DSS or TSP to calculate the absolute concentrations of the detected metabolites
(Ravanbakhsh et al., 2015). The result of the BAYESIL method is therefore a list of metabolite

names, the certainty with which each name was assigned, and their absolute concentrations.

The spectral processing functions that are carried out automatically by BAYESIL include zero-
filling, Fourier and Hilbert transformations, phasing, baseline correction, smoothing, chemical shift
referencing and reference deconvolution (Ravanbakhsh et al., 2015). Figure 3-1 on the next page
(taken from Ravanbakhsh et al., 2015), is a diagram indicating the spectral processing steps fol-
lowed by the BAYESIL system.

The manual binning method that was followed is the standard *H-NMR binning method used at
the CHM of the NWU. This method involves spectral processing using a program called Bruker
Topspin (V3.5), which carries out chemical shift referencing, phasing and baseline correction.
After the spectra were processed, there were some post-processing steps that had to be con-
ducted. Firstly, the non-informative regions of the spectra were discarded, as well as the water

region (4.69 — 4.90) of the spectra. After this, the spectral data were divided into bins with a set
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interval width of 0.02 ppm and the data was normalized to the methylene moiety of creatinine at
4.05 ppm.
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Figure 3-1: Spectral processing steps in BAYESIL (taken from Ravanbakhsh et al.,
2015)
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The next part of manual processing included noise removal and zero filtering. Firstly, the noise
regions in the data matrix were identified. These noise regions are the parts of the spectra where
there are no discernible peaks present, and hence, do not contribute to the information in a sam-
ple. To identify these noise regions, a software program called Bruker Amix (V3.9.14) was used
to overlap the spectra obtained from all the samples. A gualitative assessment was then con-

ducted and the bins that were considered noise in the spectra were identified.

Based upon an in-house method, a noise threshold was set based on the variability within identi-
fied noise regions with the aim to maximize data retention. All values below this threshold were
set to 0. The manual data processing method yielded a binned data matrix, meeting all the re-
guirements for upload onto MetaboAnalyst for statistical analysis.

3.6 Statistical analysis

The statistical analyses that were conducted during this study involved only one statistical tool
namely, MetaboAnalyst, which is a very user-friendly and well-established online metabolomics
suite (Chong et al., 2019). MetaboAnalyst is one of, if not the most used data analysis tool in
Metabolomics. According to the ‘User stats” tab on the MetaboAnalyst website

(https://lwww.metaboanalyst.ca/MetaboAnalyst/docs/UserStats.xhtml), MetaboAnalyst has been

used by more than 450,000 researchers across the world since the year 2017. A limitation of
MetaboAnalyst is, however, that it does not have many effect size options. The role of effect sizes
is being recognized more and more, with the American Psychological Association (APA) manual
for publication published by Fidler (2010) strongly recommending the reporting and interpretation
of effect sizes, due to their strong statistical power. MetaboAnalyst, however, provides only a fold
change, which is not fully recognised as a measure of practical importance as it does not take

variation into account, and basic model goodness-of-fit statistics.

Since there is a lack of standardization in data processing/statistical analysis, a biostatistician was
consulted before statistical analysis was conducted, to determine which statistical tests would be

best and what the cut-off criteria should be, based on their knowledge and experience.

A total of six data sets were subjected to statistical analysis via MetaboAnalyst. These data sets
included the following three main datasets 1) Binned spectral data obtained from the manual
method, with the aim of determining which bins were statistically significant; 2) The metabolite
profile of the urine samples obtained from BAYESIL, to determine which of the identified metab-
olites were statistically significant; and 3) A list of quantified important metabolites, which corre-
spond to the significant bins obtained from dataset 1, subjected to statistical analysis to obtain a
metabolite profile that is more comparable to the BAYESIL metabolite profile. Each of the three

main data sets were divided into two further datasets to compare BAYSIL’s ability in the presence
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of disease and treatment. These included one dataset for the comparison of healthy controls
versus week 0 and one for the comparison of week 0 versus week 2. All these datasets followed

the same steps on MetaboAnalyst, which will be discussed in the forthcoming paragraphs.

Once each dataset was uploaded, the first important step was data filtering, where the option to
filter features if their relative standard deviations (RSDs) are higher than 30% in the QC samples
was selected, as well as interquartile range (IQR) filtering. Excluding variables based on QC RSD
values is a sensible thing to do since these variables could not be consistently measured. The
IQR filter removes variables that showed too little variation to differ significantly between groups,
so reducing the number of univariate tests required and consequently the impact of the false

discovery rate correction.

Following this was normalization consisting of three categories: sample normalization, data trans-
formation and data scaling. The binned data had already been normalized to creatinine, as part
of data processing. The reason for this being that although the flow of urine does not remain
constant throughout the day, the total creatinine output is usually always the same, making this a
useful variable to use for normalization to account for dilution differences (Spierto et al., 1997).
The BAYESIL data had also already been normalized by the software, so sample normalization
was not repeated in MetaboAnalyst.

Transformation of the data is necessary to reduce the skew of data distributions that commonly
occur in metabolomics data. In so doing, the validity of statistical tests assuming normality are
improved. Reporting untransformed descriptive statistics is also not considered an accurate rep-
resentation as these are not the values compared in the statistical tests used. The CHM prefers
only to transform and not also scale data for univariate analysis because means associated with
scaled data can be negative, which is unconventional in the clinical setting. Square root transfor-
mation was selected due to its ability to produce a similar pattern to log transformation, while also
having the ability to work with zero values while having a positive effect on the heteroscedasticity
of the data (van den Berg et al., 2006).

When multivariate tests were to be conducted, the data was square root transformed as well as
auto scaled, since scaling cannot be ignored in the multivariate setting as differences in the orders
of magnitude between metabolites will place greater importance on metabolites in higher abun-
dance, which may not reflect biological importance. Auto scaling was chosen because it allows
the comparison of metabolites based on the relationship between them, with all metabolites being

equivalent to one another (van den Berg et al., 2006).
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For the univariate analysis of each dataset, t-tests were performed, and fold changes were cal-
culated, which were displayed as volcano plots. Since it is difficult to test all the underlying as-
sumptions of the univariate tests for each metabolite, more robust methods are preferred. The
assumption of homoscedasticity can be circumvented by using a variation on the t-test that can
accommodate heteroscedasticity, which is why unequal group variances were assumed. When
performing hypothesis testing at a univariate level across multiple compounds, the Type | error
rate (a) does not remain constant. As explained by Bhandari, P. (2021), a Type | error occurs
when you mistakenly consider something as statistically significant, when it is the result of random
chance. The variable alpha (a) is a measure of how likely you are to make this mistake. With each
additional test performed there is an increase in the likelihood of a false discovery (i.e., finding a
p-value < a). To improve the validity of findings, the rate at which such false discoveries are made
over an increasing number of hypothesis tests needs to be controlled, which is made possible by
the option to select an ‘FDR-adjusted p value’ on MetaboAnalyst. Correcting for multiple testing

was then achieved controlling the False Discovery Rate (FDR).

For the chemometric (multivariate) analysis of each dataset, principal component analysis (PCA)
and the partial least squares — discriminant analysis (PLS-DA) were carried out. PCA models are
used to summarize variation in the data and visualize how the largest proportion of variability
relates to the groups of interest. PLS-DA does the same but is explicitly informed of the groups
represented in the data. The availability of this information tends to unduly inflate the power of a
PLSDA model (overfit), so these models must always be validated to assess the severity of overfit.
The most basic and lenient validation procedure involves leaving a single sample out repeatedly
and rebuilding the model each time (LOOCYV or leave-one-out cross-validation). LOOCYV is com-

plemented by the preferred performance metric, which in this instance is prediction accuracy.

For each dataset, MetaboAnalyst generated an analysis report containing all the important infor-
mation. This report was downloaded, along with high-resolution images of the result from each

statistical test.

Through the consultation and guidance of a biostatistician, specific rules were established as cut-
off criteria to determine which bins/metabolites were significant. With the first dataset, the bins

were selected as significant if they met the following criteria:

1) All latent variables (from PLS-DA) must be greater than or equal to 1, only if the PLS-DA
model is validated.

2) The absolute value of the logarithm of the fold change (from the volcano plot) must be
greater than 1.

3) FDR-adjusted p-value from the t-test must be smaller than or equal to 0.05.
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The list of significant bins was then used to obtain metabolite identities by using two semi-auto-
mated software systems, hamely Chenomx profiler (V8.2) and Bruker Amix (V3.9.14). Chenomx
profiler was used to determine possible metabolite annotations for the peaks that fall within the
significant bins, based on matches with pure compound libraries. Bruker Amix, together with pure
compound spectral libraries, was used to confirm these possible annotations, and 2D correlation
spectroscopy (COSY) and 2D 1H J-resolved (JRES) NMR spectroscopy were used to confirm

these identities.

These significant metabolites were then quantified to obtain their absolute concentrations. The
quantification process involved first determining the relative metabolite concentrations (mmol/mol
creatinine) to account for dilution differences. The internal standard (TSP) with known concentra-
tion was then used to calculate the absolute value of creatinine per sample. The previously cal-
culated relative concentration was then multiplied by the absolute concentration of creatinine
(mM) per sample to obtain the absolute concentration of each metabolite (uM). The absolute
qguantified manual data was combined into dataset 3, which is now more comparable to the
BAYESIL data as both contain absolute concentration values.

For datasets 2 and 3, the criteria were relaxed slightly to increase the number of metabolites
selected, as these datasets form the core of the comparison between BAYESIL and the manual

method. Metabolites were selected as significant if they met these criteria:

e Latent variable 1 or 2 must be greater than or equal to 1 — this is the only criteria that was
relaxed (“and” changed to “or”).

e The absolute value of the logarithm of the fold change (from the volcano plot) must be
greater than or equal to 1.

e The FDR-adjusted t-test p-value must be smaller than or equal to 0.05.
3.7 Guideposts

During this MSc, a lot was learned, and many mistakes were made. Most of the time, these mis-
takes were made due to gaps in knowledge from being a novice in the field of untargeted "H-NMR
metabolomics data analysis. Through the guidance and assistance of my supervisors and other
experts in this field, | picked up some tips along the way. These tips have been included as guide-
posts in Chapter 4 of this dissertation. These guideposts include discoveries/tips/assumptions
that | have articulated during my MSc. The hope is that these guideposts can help the next novice
navigate the world of untargeted "H-NMR metabolomics data processing more smoothly, by im-

plementing the developed process and guidelines as a formal, peer-reviewed published SOP.
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41.1 Abstract

Introduction: The processing of untargeted *H NMR metabolomics data is difficult, especially
when extracted from complex biological matrices; hence, there is an increasing need for auto-
mated H NMR spectral metabolite profiling. Here, the respective abilities of two approaches to

generate metabolite profiles from complex urine samples are compared.

Methodology: Samples were analysed to obtain *H NMR spectral data. Two data processing
methods were used: an in-house manual method and an automated method using the open-
source software BAYESIL. The open-source software MetaboAnalyst was used for all statistical
analyses. These approaches were compared to understand the risk/reward of high-throughput
processing. The groups were purposefully selected to compare performance in the presence of

exogenous metabolites from pathogens and medication.

Results: Comparing healthy controls with untreated tuberculosis cases, 14 and 8 important me-
tabolites were identified via the BAYESIL and quantified manual methods, respectively. Compar-
ing untreated with treated tuberculosis cases identified 22 and 16 important metabolites via the
BAYESIL software and quantified manual methods, respectively.

Discussion and conclusion: Expert knowledge is essential when a comprehensive metabolic
profile is desired, novel/exogenous metabolites are of interest, or the biological matrix is complex.
By comparison, BAYESIL was less time-consuming and required little user expertise — it is rec-
ommended for novice NMR metabolomics analysts, with guideposts suggested here. BAYESIL'’s
metabolite library is still limited and identification was often only approximate. The BAYESIL soft-
ware is therefore not yet capable of producing comprehensive and accurate metabolic profiles
from urine, but is well-suited to obtain a bird’s-eye view of the corresponding metabolism respon-
sible.

Keywords: proton nuclear magnetic resonance (*H NMR) spectroscopy; Untargeted urinary

metabolomics; Data processing; BAYESIL; Automated; MetaboAnalyst
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4.1.2 Introduction

The processing of *H NMR metabolomics data is not fully automated and therefore still requires
some manual interventions (Ravanbakhsh et al., 2015). This is mostly because the analytical tool
used — NMR spectroscopy — was initially developed for the purpose of identifying single, pure
chemical compounds and not complex biological mixtures of metabolites (Ravanbakhsh et al.,
2015). Most biological samples contain hundreds of metabolites, of widely varying abundance,
which correspond to hundreds, or even thousands, of peaks in the *H NMR spectra and which
can overlap substantially (Ravanbakhsh et al., 2015; Zheng et al., 2011). This makes it increas-
ingly difficult to interpret the spectra and identify and quantify the metabolites present in a metab-
olite profile. To simplify the data processing and interpretation of untargeted *H NMR metabolom-
ics data, numerous examples of online software are emerging to automate this process. For this
study, two well-established online tools for processing *H NMR metabolomics data were as-
sessed: BAYESIL — for the automated identification and quantification of metabolites — and

MetaboAnalyst, for statistical analysis.

First reviewed by Ravanbakhsh et al. (2015), BAYESIL (https://bayesil.ca) is a free online, fully

automated spectral profiling application for *H NMR-based metabolomics data that can carry out
the processing and profiling of 1D *H NMR spectra automatically without the need for manual
intervention. Ravanbakhsh et al. (2015) showed that this software is well-suited for serum and
cerebrospinal fluid, but did not test it on urine. MetaboAnalyst is an online application

(https://lwww.metaboanalyst.ca), also free to use, and has a range of different functions, mainly

for data manipulation, such as statistical analysis, the revelation of biomarkers, as well as the
analysis of metabolic pathways (Selegato et al., 2019; Gowda & Raftery, 2019). MetaboAnalyst
is recommended by Emwas et al. (2018) as a valuable software tool for *H NMR metabolomics,
specifically for multivariate analysis, as well as for the biological interpretation of data. Hence,
both BAYESIL and MetaboAnalyst were selected as the online tools for our study as they are so

well-established.

For this study, comparisons were made between urine samples from patients found to be either
positive or negative (healthy) for tuberculosis (TB). Sample groups were purposely selected to
compare critically both analytical methods. These samples are considered complex because their
metabolite profiles will not only contain metabolites with concentrations differing by orders of mag-
nitude, but also foreign metabolites from medication and/or the TB pathogen. Comparisons of this

nature are common in untargeted *H NMR metabolomics investigations.

Combining the use of BAYESIL and MetaboAnalyst could potentially automate the processing of

untargeted *H NMR metabolomics data, which is greatly needed because of the growing demands

for accurate and convenient diagnosis; however, automated systems are still in their infancy. For
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this reason, automated processing methods still need to be tested against the established in-
house standard operating procedure (SOP) metabolomics methods currently used. Furthermore,
unless these procedures are properly trained and experienced, the use of automated data pro-
cessing tools can be quite complex, even daunting. Hence, user-friendly guidelines are needed
for novice users of untargeted *H NMR metabolomics data. Thus, the aim of this study was the
parallel assessment of both our “in-house” SOP and automated data processing methods of com-
plex urinary *H NMR metabolomics data, with guideposts offered by a novice (J. vdW) for novice

users, at identified pitfalls.

4.1.3 Materials and Methods
4.1.3.1 Sample description and ethics requirements

The samples used in this study were anonymized urine samples collected from 46 TB-positive
patients before treatment (week 0), after 2 weeks of treatment, and 30 samples from healthy
controls who were TB negative. All samples were obtained from a biorepository; ethics approval
for the use of these samples was granted by the Ethics Committee of the University of Stellen-
bosch (No. 99/039). This research also received ethical approval from the Health Research Ethics
Committee of North-West University under the following ethics number: NWU-00127-11-A1-02.
A pooled quality control (QC) sample (consisting of ~70 pL from each sample) was inserted at
the beginning, middle and end of each batch to evaluate the precision of the analysis. Samples

were randomized to analytical batches in a representative manner.

4.1.3.2 Instrumentation and materials

The instruments used in this study were the following: an Orto Alresa UNICEN 21 centrifuge; a
Dragonlab D3024 high-speed microcentrifuge; a Dragonlab MX-S vortex mixer; a Sentron pH
meter with a 9270-010 MicroFET pH probe; and a Bruker Avance™ Ill HD 500 MHz NMR spec-
trometer. Materials and consumables used in the laboratory during this study included 5 mm glass
NMR tubes, Eppendorf® microcentrifuge tubes, pipettes of various sizes and tips, as well as nitrile
gloves. The chemicals used in this study, mainly for the preparation of the NMR buffer, were the
following: distilled water, 2-chloropyrimidine-5-carboxylic acid, potassium phosphate monobasic

(KH2PO.), trimethylsilyl propanoic acid (TSP) and sodium azide, and deuterium oxide (D-0).

4.1.3.3 Buffer preparation

A 100 mL buffer solution, used to prepare the urine sample for NMR analysis, was collected

according to the recipe [see Table S1, available in the online supplementary information (SI)]
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provided by BAYESIL on their website (http://bayesil.ca/), with some minor modifications de-

scribed below. These modifications were required for practical reasons but were inconsequential

in the identification and quantification of metabolites.

The original recipe provided by BAYESIL calls for the use of potassium phosphate dibasic
(K2HPO,). This was substituted for potassium phosphate monobasic (KH2PO,), which was al-
ready available in the laboratory. The necessary calculations were made to ensure that the correct
amount was added to keep the desired concentration, as indicated in Table S1. Another minor
change to the recipe included the use of trimethylsilyl propanoic acid instead of sodium trime-
thylsilyl propane sulfonate (DSS) as the first internal standard. Lastly, the BAYESIL recipe allows
for a choice between sodium formate and 2-chloropyrimidine-5-carboxylic acid. In this study, the
latter was chosen and used as the second internal standard to aid in the optimization of phase
correction carried out by BAYESIL during analysis. The last (modified) component added to this
buffer was sodium azide, whose presence prevents bacterial growth. After the addition of all these
reagents, the buffer was filled up to 100 mL with sterilized water and mixed thoroughly under

vortex into a homogenous solution.

It is important to note that NMR as an analytical tool is pH sensitive. For this reason, it is vital to
ensure that the buffer solution has a final pH of exactly 7.00. To achieve this, small amounts of
NaOH or HCI solutions were added to adjust the pH. The urine buffer was then left to stabilize

overnight and micro-adjustments to the pH, if needed, were made the next day.

4.1.3.4 Sample preparation

All samples were prepared according to the protocol suggested by BAYESIL. Prior to preparation,
all samples were stored at —20°C and then allowed to thaw at room temperature before use. From
each sample, 1 mL was transferred to an Eppendorf® microcentrifuge tube for further use. The
pH of each sample was checked and adjusted, if needed, so that it fell within the range of 6.8—
7.4. After this, the Eppendorf® tubes containing 1 mL of each sample were centrifuged at 12 000
g for 5 minutes. In a new microcentrifuge tube, 60 pL of the previously prepared NMR buffer and
70 pL of D20 were added, along with 570 pL of the urine supernatant. This combination was then
mixed under vortex for a few seconds and further centrifuged at 12 000 g for another 5 minutes.
From this supernatant, 540 pL was taken and transferred to a 5 mm glass NMR tube. These tubes
were then randomly loaded into the NMR spectrometer to avoid confounding with the order of

analysis, with a pooled QC sample inserted at the beginning, middle and end of each batch.
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4.1.3.5 Spectral collection

It is important to note that NMR samples are sensitive to both pH and temperature. The NMR
buffer solution that was added to each sample functioned to maintain the pH at ~7.00, while the
temperature was controlled by the temperature control unit of the NMR spectrometer, which keeps
the probe constant at 300 K (~ 27°C) during analysis of the samples. The *H NMR parameters
that were used to collect the spectra in this study were identical for both the manual and BAYESIL
methods and were as follows: a sweep width of 12 ppm, an acquisition time of 4 seconds, mixing
time of 100 milliseconds, 10 milliseconds recycle delay and a saturation delay of 990 milliseconds.
The pre-saturation pulse power was calibrated to provide a field strength of 60—80 Hz, to prevent
signal saturation near the region of water resonance (~ 4.78 ppm). The transmitter offset and
saturation pulse was positioned on the water resonance region and standard phase cycling was
used to suppress water resonance and unwanted spectral artefacts. All excitation pulses were
calibrated to correspond to a 90° flip angle. Four steady-state scans were collected prior to data
acquisition (dummy scans = 4), which were at 128 transients and a receiver gain of 64 (number

of scans = 128), yielding a run time of 15 minutes and 45 seconds per sample.

4.1.3.6 Manual (binning) data processing

The data analysis steps that were carried out during this study are summarised below and in the
accompanying figures. For the standard manual (binning) method, the spectra collected had to
be processed. This was conducted using the software program Bruker Topspin (V3.5) and in-
volved three steps. The first step was chemical shift referencing, where everything was made
relative to an internal standard (in this case, TSP). This step is important for the identification of
metabolites, alignment of peaks, and multivariate statistical analysis (Emwas et al., 2018). The
second step — phasing — was used to adjust the NMR spectra to improve peak symmetry. The
final spectral processing step — baseline correction — is vital for the removal of spectral artefacts
(e.g., electronic distortions, poor filtering, or errors during sampling) that interfere with the NMR

spectrum (Emwas et al., 2018).

Once the spectra were processed, the data were subjected to further processing, known as data
post-processing. During post-processing, non-informative regions (where neither distinct peaks
nor metabolite signals were present) were removed from the data, spectra were divided into bins
of width 0.02 ppm (yielding approximately 500 bins), and the data were normalized relative to
creatinine at 4.05 ppm to account for dilution differences. The binned data matrix was then ex-
ported as a text file and converted to a Microsoft® Excel sheet for data clean-up and statistical

analysis.
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In Microsoft® Excel, the water region was identi-
fied and removed (spectral region 4.69 — 4.89
ppm). Noise filtering was also conducted in Mi-
crosoft® Excel, by qualitatively identifying the bins
that correspond to noise regions in the spectra.
The standard deviations of these noise bins were
then used to calculate the noise threshold. All val-
ues in the binned data matrix that fell below the
noise threshold were replaced with a value of 0, by
using the IF function in Microsoft® Excel. The
binned data matrix was then saved in comma sep-
arated value (.csv) format, as a requirement for up-
loading onto MetaboAnalyst. See Guidepost #1 for

a novice tip.

Guidepost #1

Conversion of the data matrix into comma
separated value (.csv) format converts
the document into a delimited text file
where the values are separated by a
comma. Check that the binned data ma-
trix has point (.) decimals and not comma
(,) decimals when converting the file into
a comma separated format (.csv), other-
wise the binned data will be converted in-
correctly. This can be checked by review-
ing the global decimal setting in Excel un-

der Options and converting numbers

stored as text to numbers if need be.

After the data were processed through MetaboAn-

alyst, a list of important bins was obtained based on pre-defined selection criteria, namely: fold
change analysis with a threshold of 1; the t-test false discovery rate (FDR)-adjusted p-value had
to be less than or equal to 0.05; and the PLSDA VIPs were greater than or equal to 1 for all
selected latent variables. To obtain the metabolite identities that correspond to these significant
bins, two semi-automated software systems were used, namely, Chenomx profiler (V8.2) and
Bruker Amix (V3.9.14). Chenomx profiler identifies possible metabolite annotations for the peaks
that fall within the significant bins, based on matches with libraries of pure compounds. Bruker
Amix, together with pure compound spectral libraries, was used to confirm these possible anno-
tations, and 2D correlation spectroscopy (COSY) and 2D 'H J-resolved (JRES) NMR spectros-

copy was used to confirm these identities.

The next step was to calculate the concentrations of identifiable important metabolites. All metab-
olite concentrations were made relative (as mmol/mol creatinine) to the methylene moiety of cre-
atinine at 4.05 ppm to account for dilution differences and then multiplied by the absolute concen-
tration of creatinine (mM) per sample to obtain the absolute concentrations of the metabolites
(uM) to allow the data to be compared to the BAYESIL results. The quantified list of metabolites
was then subjected to another round of statistical analysis via MetaboAnalyst, to determine which
metabolites were selected again based on the same criteria indicated above. This list was used
for a direct comparison with the BAYESIL list of important variables. Figure 1 summarises the
standard manual (binning) method used at the Centre for Human Metabolomics at North-West
University (CHM of NWU).
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Spectral processing (via Bruker
Topspin):

1. Chemical shift referencing
2. Phasing
3. Baseline correction

Post-processing:

1. Non-informative regions are
discarded (no distinct peaks)

Post-processing:
2. The data are divided into bins
with a width of 0.02 ppm

Post-processing:

3. Data are normalized. Since
these were urine samples,
everything was made relative to
creatinine (defined as the region
of 4.04 —4.07 ppm on the
spectra)

Post-processing:
4. The bins are exported as a .txt
file which is then dragged into an
Excel sheet

Post-processing:

5. The water region of the
spectrum is removed form the
data (defined to be 4.69 — 4.89)

Post-processing:

6. The samples are then labelled
properly in the Excel sheet, noise
filtering 1s carried out and the
data sheet is saved in the .csv
format for upload onto
MetaboAnalyst

MetaboAnalyst then yields a list
of significant bins. The
metabolites relating to these bins
are identified using the software
tools Bruker Amix and Chenomx
profiler, which both have built-in
libraries

To confirm the metabolite
identities, 2D "H-'H NMR
spectra are used. In this case
JRES and COSY were used

After the metabolites are
identified, they are quantified to
obtain their concentrations. First

relative to creatinine and then
their absolute concentrations are
calculated to be made

The quantified list of metabolites
is then subjected to another round
of MetaboAnalyst in order to
obtain the final list of significant
metabolites

This list is then used in the
comparison with BAYESIL

comparable to BAYESIL

Figure 4-1: Schematic representation of the standard manual (binning) untargeted

!H NMR metabolomics data processing method.

4.1.3.7 Automated (BAYESIL) data processing

For the automated BAYESIL method, the raw NMR data files (FID files) were uploaded directly
onto the BAYESIL website (http://bayesil.ca/). The software carries out all spectral processing

steps automatically, including zero-filling, Fourier and Hilbert transformation, phasing, and base-
line correction. The reader is referred to Ravanbakhsh et al. (2015), who describe BAYESIL’s
spectral processing algorithms and the principles and rationale behind this spectral profiling
method in greater detail. Post-processing and zero filtering of the BAYESIL data are also not
necessary, since the program is essentially a metabolite profiling tool and the resulting output is
a list of metabolite names (albeit with a certain percentage certainty) and their concentrations
(uM). Once uploaded onto BAYESIL, the samples are placed in a queue and take approximately
10 minutes per sample once they reach the front of the queue. Figure 2 summarises the auto-
mated BAYESIL method and can be used as a step-by-step guide for first-time users. The result-
ant outputs from the program were separated files per sample, which then had to be manually
combined into a single data matrix consisting of metabolite names as columns and sample names
given as rows, with each corresponding cell containing the associated concentration value. This
metabolite concentration matrix was then uploaded onto MetaboAnalyst, where statistical analy-

sis was conducted to determine which metabolites differ notably among groups.
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Seroll down to Bayesil Spectral Select applicable biofluid —if not on
Go to BAYESIL website Analysis' ——>| thelist (e.g. urine — select custom,
(bayesil.ca) then "all" and click save
Choose the applicable chemical Provide the correct known Choose the NMR frequency
shi f reference - in this case: TSP concentration of the chemical shift |——=>| (depending on machine to be used)
' reference — in this case: 1000 uM —in this case: 500 MHz

Upload the raw spectrum files in the
form of a ZIP compressed FID
folder (one sample at a time)

Select standard profile & click
submit

Wait approx. 10 minutes & when
complete, download the .csv file
containing names & concentrations
of metabolites

Figure 4-2: Schematic summary of the automated BAYESIL data processing method.

4.1.3.8 MetaboAnalyst — statistical analyses

The online metabolomics suite, MetaboAnalyst (V5.0), was used for statistical analysis of both
data sets from the manual and automated methods. Figure 3 is a summary of how MetaboAnalyst
was used in this study — it is sufficiently universal to be used by a novice wanting to compare two

groups. First, to use MetaboAnalyst, one must navigate to the website (https://www.metaboana-

lyst.ca/), where the option ‘Statistical Analysis [one factor] is selected. The data file can now be

uploaded, followed by the selection of the correct data type (e.g., spectral bins or concentrations).

To upload data onto MetaboAnalyst, specific requirements need to be met. For this study, the
data sets that were used were spectral bins and concentration tables. According to the Metabo-

Analyst website, these data types must meet the following criteria:
1. Data must be uploaded in comma separated value (.csv) format or tab delimited text (.txt).

2. Sample or feature names must be unique and may contain only common English letters, un-

derscores, and numbers. No Latin/Greek letters.
3. Class labels must immediately follow sample names.
4. If the data are a time series, the time-point group must be labelled as “Time”.

5. Data values should contain only numeric and positive values. Missing values should be left

empty or indicated with “NA”.
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6. No spaces between numbers (e.g., 1800 instead of 1 800).

After uploading the data, MetaboAnalyst performs various data integrity checks, which verify that

all the requirements are met (See Guidepost #2 for

a novice tip).

The next step is data filtering. Here, the option to
filter features if their relative standards deviations
(RSDs) are more than 30% in the QC samples was
selected, along with interquartile range (IQR) filter-
ing. Excluding variables based on QC RSD values
is sensible as these variables could not be meas-
ured consistently. The IQR filter removes variables
that showed too little variation to differ significantly

among groups, thereby reducing the number of uni-

Guidepost #2

It is important to assess the information
output by MetaboAnalyst after the data in-
tegrity check, to ensure that it corresponds
with the uploaded data. Important things to

check include:

e The number of rows

e The number of columns

e The proportion of missing values
e Group sizes.

variate tests required and consequently the impact of the false discovery rate correction.

Once the data have been filtered, MetaboAnalyst automatically moves to the next step, referred

to as normalization. This step includes normalization, transformation, and scaling of the data, with

various options for each. Since the data had already been normalized to creatinine, as mentioned

before, this part was skipped and only transformation and scaling were of interest.

For univariate statistical analysis, the data were
split into two data sets including the healthy control
versus week 0 (HC vs WO) group and week 0 ver-
sus week 2 (WO vs W2) group, respectively. The
entries in these data sets were only transformed
and not scaled. The CHM prefers not to scale data
at this point as the means associated with scaled
data can be negative, which is unconventional in
the clinical setting. At the same time, transfor-

mations are required to reduce the skew of distri-

Guidepost #3 (just to be safe)

At the time of this analysis, a big limitation
of MetaboAnalyst was that paired and un-
paired data cannot be uploaded in a single
document. For this reason, the data were
split into data sets, since the HC vs WO
group is unpaired and the W0 vs W2 group

is paired.

butions, for which metabolomics data are known. In so doing, the validity of the statistical test

assuming normality is improved. Reporting untransformed descriptive statistics is also not con-

sidered an accurate representation as these are not the values compared in the statistical tests
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used. The type of transformation that was used is
called square root transformation, which pro-
duces a similar pattern to log transformation but
holds an advantage due to its ability to work with
zero values and has a positive effect on the het-
eroscedasticity of the data (van den Berg et al.,
2006). Once transformed, the data can be sub-
jected to univariate statistical tests. The univariate
tests that were used in our study included fold
change analysis with a threshold of 1, independ-
ent/dependent t-test with the assumption of une-
qual group variance and false discovery rate
(FDR) adjusted p values, and a volcano plot with
an FDR p-value cut-off of 0.05 and assumed un-
equal group variance. The univariate statistics se-
lected are considered robust and more powerful

Guidepost #4

When conducting statistical tests on
MetaboAnalyst, it is important to know ex-
actly which settings to select. Settings
such as equal or unequal group variances,
whether to use a raw p value or an FDR
adjusted p value, parametric or non-para-
metric tests, the advantages/disad-
vantages/effect of different transformation
and scaling methods, etc. can have a dra-
matic impact on the statistical result. It is
therefore suggested to consult with a bio-
statistician for guidance on the selection of

statistical methods.

than their non-parametric counterparts; a novice is likely to have some experience with these.

Before continuing with multivariate tests, the normalization step of MetaboAnalyst needs to be

revisited. Scaling cannot be ignored in the multivariate setting as differences in the orders of

Guidepost #5

MetaboAnalyst has a built-in feature
called “data editor”, which allows the
user to select which groups in the data
to include for further analysis. This fea-
ture may be useful when the data file
contains various groups, and the user
wishes to compare specific groups,
while ignoring others. The data editor
feature works by temporarily remov-
ing/adding groups as the user desires.

The same can be achieved to cases.

magnitude between metabolites will place greater
importance on metabolites in higher abundance,
which may not reflect biological importance. This
time, both square root transformation and auto scal-
ing were selected. According to van den Berg et al.
(2006), auto scaling allows for the comparison of
metabolites based on the relationship between
them, with the importance of all metabolites being
equivalent. The transformed and scaled data were
subsequently subjected to principal component
analysis (PCA) and partial least squares discrimi-
nant analysis (PLS-DA), for each group compari-
son. For this, the data editor tool of MetaboAnalyst

was used (see Guidepost #5).
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Because PCA and PLS-DA are the most well-known multivariate models in the field of metabo-
lomics, even a novice should have encountered them before. PCA models are used to summarize
variation in the data and visualize how the largest proportion of variability relates to the groups of
interest. PLS-DA does the same but is explicitly informed of the groups present in the data. Any
PLS-DA model must be validated as this method is prone to fit the given data well, but not previ-
ously unseen data, a characteristic known as overfit. When validating the PLS-DA result, one
must determine which latent variables/components are important for separation of the groups.
This can be achieved by visual inspection — that is, which components must be viewed to reveal
separation between the groups. Once this has been assessed and separation is visible, cross-
validation can be carried out. To assess the severity of overfit, the stability of the model — how
sensitive the model’'s performance is to slight alterations in the data — is accessed as well as its

statistical significance. Under the cross-validation tab,

search for the number of components determined to be im- Guidepost #6

portant. We suggest assessing stability by setting cross-val- The PLS-DA validation criteria

idation to ‘LOOCV’ and the performance measure to accu- are as follows:

racy. The next important aspect is statistical significance; to

accommodate this, go to the permutation tab and selectthe | e Accuracy > 0.8 (80%)
e Q2>0.6

test statistic as ‘prediction accuracy during training’. The
e R2>0.8.

maximum number of permutations should be selected

(2000). The PLS-DA validation criteria are given in Guidepost #6. From the PLS-DA result, an
Excel sheet containing the important features can be downloaded. If the PLS-DA model is con-
sidered stable and significant, the VIP score (a ranking assigned to each variable according to its

importance in the models) can be used to select important compounds/metabolites.
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Once statistical analysis has been completed, MetaboAnalyst generates an analysis report con-
taining the results and explanations of all the steps that were followed. This report can be down-

loaded as a .pdf document.

MetaboAnalyst website: Upload data file in correct Double check data integrity,
Select start, then 'Statistical ———>| format (.csv file) and select ———>| e.g. no. of samples & click
Analysis [one factor]' relevant data type proceed
Univariate analysis:
) ization: ivari 1. Fold Change (threshold =
Data filtering: Select filter Nonlnal_lza(tllon.lFor Imwarlate % (
features if RSDs > 30% in analysis, fata is C;m y square
QS IOR e ik || gl Rem o || 2. Tt (el g
submit & proceed panal sis variance, FDR)
¥ 3. Voleano plot — (0.05 FDR,
unequal group variance)
J[ Multivariate analysis:
1.PCA
2. PLS-DA (By cross .
Back to normalization: Select validation select no. of Légtgéﬁliﬂgg gﬁpﬁﬂﬁ?
square root transformation & ——> components, LOOCV& | ——| I3 i biained fi
auto scaling make accuracy the m onnﬂ? IOE obtamed lrom
performance measure, by e above steps
permutation select prediction

accuracy & no. of
permutations = 2000

Figure 4-3: A summarised guide on how to use the online metabolomics suite

MetaboAnalyst (V5.0) for a basic two-group comparison.
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4.1.4 Results
4.1.4.1 Multivariate model performance

Table 1 summarizes the results obtained from analysing the data for the BAYESIL method and
the ‘quantified manual’ method using the MetaboAnalyst platform. The ‘quantified manual’ method
refers to the data that were analysed using MetaboAnalyst after the bins had been identified and
guantified, to make the manual result more comparable to the BAYESIL result. This table includes
information about the PCA, as well as PLS-DA plots, with a grading scale indicating how well the

groups were separated in the different comparisons (scores plots are available in the Sl).

Table 4-1: A summary of the multivariate MetaboAnalyst statistical results for both
methods and comparisons, showing the performance of the multivariate
models (PCA and PLS-DA).

PCA PLS-DA
Method | Grou Separa- Separa-  Stability Performance
p tion tion R? Q? p-value Accu-
racy
BAYESIL | HCvs 1 2 0.75 0.67 < 0.0005 92%
e
Quantified | HCvs 2 2 0.77 0.72 < 0.0005 97%
manual | WO
BAYESIL | WOvs 1 2 0.67 0.54 < 0.0005 86%
W2
Quantified | WOvs 2 2 0.83 0.80 < 0.0005 95%
manual | W2

Grading scale for PCA and PLS-DA separation: 1 = significant overlap; 2 = some separation.

None of the groups showed complete separation for the PCA analysis. The only group to reveal
complete separation was the PLS-DA analysis of the binned manual HC vs WO group (see Table
S2). The PLS-DA results for the BAYESIL groups did not perform as well as the ‘quantified man-
ual’ groups. The BAYESIL HC vs WO group had an R? of 0.75, which is below the validation
criterion of 0.8 (given in Guidepost #6). The BAYESIL WO vs W2 group had the lowest accuracy
value of 86% as well as an R?value of 0.67 and a Q? value of 0.54, both below the validation
criterion, indicating a result with insufficient stability. The ‘quantified manual’ HC vs WO group had
an R?value of 0.77 and a Q? value of 0.72 but validates on all other criteria with the highest overall

accuracy value of 97%. All statistical diagrams (PCA, PLS-DA, volcano plots, t-tests, and fold
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changes) for the ‘quantified manual’ and BAYESIL methods are given in the supplementary infor-

mation.

4.1.4.2 Healthy controls versus week 0 (HC vs WO0) group comparison

Table 2 shows the metabolites that were identified as important for the healthy controls versus
week 0 group, with the corresponding predetermined statistical rules, and provides a confidence
score (0—10, where 0 is the lowest and 10 is the highest confidence) per metabolite for each
method, indicating the confidence in identification. The manual method has a confidence score
of 10 for each metabolite, since their identities were confirmed by two-dimensional *H NMR meth-
ods. The statistical rules that were used to determine if metabolites are significant, as indicated

in Tables 2 and 3, are the following:

» The absolute value of the logarithm of the fold change must be greater than or equal to
1.

» The FDR-adjusted t-test p-value must be no greater than 0.05.

» The PLS-DA VIP score for latent variables showing group separation must be equal to at

least 1.

It is important to note that for the HC vs WO comparison, the BAYESIL method revealed a total of
90 metabolite identifications before statistical analysis, whereas the ‘quantified manual’ method
had 22; the lists of metabolites that were not identified as significant are available in Table S3 of

the supplementary information.
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Table 4-2:

The list of metabolites that were identified as important for differentiating

between the HC vs WO group, along with the statistical rules that were

used to determine the significance of metabolites and a confidence

score from 0-10 indicating the confidence in identification of these me-

tabolites.
Rule for significance
[o\}
5
= >
= S
- E N
= & e
: A 5 >
ke o L =z
5 £ g 4
O = = &~
Metabolite Auto* | Q. Man [ Auto* | Q. Man | Auto* Q. Man | Auto* Q. Man
2-Aminoadipic acid N/A 10
3-Hydroxyisovaleric acid | 6 10
Acetoacetate 8 N/A
Anhydro glucose N/A 10
Betaine 10 N/A
Formic acid 9 10
Glucose 10 10
Histidine 7 N/A
Isopropanol 10 N/A
Lactic acid 10 N/A
Leucine 10 N/A
Methanol 10 10
Methylmalonic acid - N/A
N-AcetylX N/A 10
Phenylalanine 10 10
Proline 10 N/A
Pyroglutamic acid 10 N/A
Succinic acid 8 N/A
*Auto = Automated BAYESIL method. Q. Man = quantified manual method. “— “= no confidence score

provided by BAYESIL (assumed to be 0). N/A = metabolites that were not identified by that method and

therefore a confidence score could not be given. N-AcetylX is the N-acetyl moiety (CHs) of an unidentified

metabolite. The key for understanding this table is as follows: green indicates that the metabolite was

identified as important according to the statistical rule; red indicates that the metabolite was identified by

the method but was not significant according to the rule; and orange indicates that the metabolite was not

identified by the method.
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Table 2 shows that BAYESIL had a relatively low confidence score for the identification of 3-
hydroxyisovaleric acid and histidine. Moreover, BAYESIL did not provide a confidence score for
methylmalonic acid, which was therefore assumed to be 0. The statistical rule that identified the
most metabolites as significant is the rule for the PLS-DA analysis — 12 metabolites for BAYESIL
and 8 metabolites for the ‘quantified manual’ method. The univariate statistical rule of |logFC| > 1
identified 7 significant metabolites for BAYESIL and 1 significant metabolite for the ‘quantified
manual’ method. The univariate statistical rule of t-test FDR p-value < 0.05 identified 8 significant
metabolites for BAYESIL and 5 significant metabolites for the ‘quantified manual’ method. Thus,
when assessing a diseased state (WO0) vs a control group (HC), the BAYESIL method identified
more metabolites; however, only 16% were found to be important. For the ‘quantified manual’

method, 36% of identified metabolites were found to be important.

4.1.4.3 Week 0 versus week 2 (W0 vs W2) group comparison

Table 3 provides the list of metabolites that were identified as important in differentiating between
the WO vs W2 group, with a confidence score per metabolite. All the annotations, the associated
key, and the statistical rules in Table 3 are identical to Table 2. Before statistical analysis, the
BAYESIL method listed a total of 90 metabolite identities, whereas the ‘quantified manual’ method
revealed 28. Table S4 in the supplementary information provides the list of metabolites that were

not found to be significant.

Table 4-3: The WO vs W2 group comparison, the statistical rules that were applied,
and which metabolites were identified as important as a result of these
rules, as well as a confidence score (0-10) to indicate confidence in iden-
tification for each metabolite. Metabolites boxed in red represent TB

medications

Rule for significance
S
=)
g o
s 2
VI .
o 2 -
— « -
c > Al
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: A 5 >
S o L 5
€ = ? @
o =) = |
@) = - AN
Q. Q. Q. Q.
Metabolite Auto* | Man Auto* Man Auto* Man Auto* Man
1-MethyInicotinamide N/A 10
2-Aminoadipic acid N/A 10
2-Hydroxybutyrate 9 N/A
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2-Hydroxyisovaleric acid 10 N/A
|2—Pyridinylformamidoacetic acid | N/A 10
3-Hydroxybutyric acid 10 10
3-Hydroxyphenylacetic acid N/A 10
5-Aminopentanoic acid - N/A
Acetoacetate 8 N/A
Acetyl 1soniazid | N/A 10
Alanine 10 N/A
Butyric acid - N/A
Citric acid 10 N/A
Creatinine 10 N/A
Dimethylamine 10 N/A
NA | 10
Formic acid 9 10
Glutamine 10 N/A
Glycine 10 N/A
Hypoxanthine 10 10
Isobutyric acid 10 N/A
Isonicotinic acid | NA |10
Lactic acid 10 10
Leucine 10 10
Methylamine - 10
Ornithine 6 N/A
Phenylalanine 10 10
[Pyrazine carboxylic acid | NA |10
Pyroglutamic acid 10 N/A
Sarcosine - N/A
Succinic acid 8 10
Taurine - 10
Threonine 9 N/A
Valine 10 10
*Auto = Automated BAYESIL method. Q. Man = Quantified manual method. “—* = no confidence score

provided by BAYESIL (assumed to be 0). N/A = metabolites that were not identified by that method and
therefore a confidence score could not be given.

Table 3 shows a longer list of significant metabolites than the result for HC vs WO (Table 2). The
metabolites boxed in red were identified as TB treatment drugs and/or their derivatives/metabo-
lites (based upon pure compound *H NMR spectra). They were not identified by BAYESIL in any
of the samples (indicated by N/A in the confidence score column) as the BAYESIL spectral library
does not contain drugs/medications. For the univariate statistical rules of |logFC| >1 and t-test
FDR p-value < 0.05, both the BAYESIL method and ‘quantified manual’ method identified almost
the same number of metabolites each — 7 metabolites each for |logFC| >1, and 17 (BAYESIL)
and 16 (‘quantified manual’) metabolites for t-test FDR p-value < 0.05. The statistical rule for the
PLS-DA analysis identified 17 metabolites for BAYESIL and 7 metabolites for the ‘quantified man-
ual’ method. Thus, when assessing a treated state (W2) vs an untreated diseased state (WO0), the
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BAYESIL method identified more metabolites. For this group comparison (W0 vs W2), 24% of all
BAYESIL identities were important in differentiating between the groups, compared to 57% from

the ‘quantified manual’ method.

Superficially, the BAYESIL method identified more metabolites than the ‘quantified manual’
method for both comparisons in our study. However, it is important to look at the details of the

results and highlight some important points — as discussed below.

During final checks of all data, it was noted that the number of cases in the quantified data set did
not match the number of cases in the BAYESIL data set. The reason for this was that two of the
samples were identified as being of poor NMR spectral quality (due to baseline drift and peak
broadening) based upon manual qualitative inspection, and could not be quantified accurately —
and so were excluded from further analysis. This highlights an important point of consideration —
the quality of the raw *H NMR spectral data that are input into BAYESIL is not checked by
BAYESIL. Thus, some form of quality check — for example, a manual qualitative check or a com-

puter-coded algorithm — is needed to assess the spectral quality prior to inputting into BAYESIL.

4.1.5 Discussion

The main issue that was addressed in this study is that in-house processing of *H NMR metabo-
lomics data can be very time-consuming and vulnerable to human fatigue and error. Since auto-
mated software tools have been developed to combat this problem (such as BAYESIL and
MetaboAnalyst), our focus was to test the robustness of these tools and determine if automation
of the processing of untargeted *H NMR metabolomics data has the capability of providing a true
and reliable metabolic profile of treated and untreated TB patient urine samples, and in so doing,

identify the pitfalls of these automated tools.

To achieve this, two methods of *H NMR metabolomics data processing were compared and are
discussed below. These methods were the in-house manual method of the Centre for Human
Metabolomics at our university, and an automated shotgun method using open-source BAYESIL.
Statistical analysis for both methods was carried out using MetaboAnalyst and two general com-
parisons were assessed: healthy controls (HC) versus week 0 (WO0), and week 0 (WO0) versus
week 2 (W2).

4151 MetaboAnalyst results

From the MetaboAnalyst results in Table 1, it is clear that all of the groups obtained better (or the
same) separation when subjected to PLS-DA analysis when compared to the PCA models, as
indicated by the grading scale. This is to be expected as PLS-DA is a supervised statistical test,

which means that it takes class labels into account to aid in group separation (Ruiz-Perez et al.,
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2020). Comparing each method in Table 1, group by group, shows that both methods performed
similarly with the HC vs WO group. Furthermore, only the ‘quantified manual’ method showed
better stability, with the more complex sample group (WO vs W2) where metabolites of both dis-
ease and medication were present, with an R? value of 0.83, a Q? value of 0.80, and an accuracy
of 95%, meeting all the validation criteria given in Guidepost #6. The lower values of BAYESIL for
this group (R? = 0.67, Q? = 0.54, accuracy = 86%), meeting one of 3 validation criteria, indicate
that BAYESIL had some difficulty with the complex sample matrix. The most likely reason is that
BAYESIL does not have an algorithm designed specifically for urine, causing some issues with
the coverage of the spectrum by the fit produced by BAYESIL software. Overall, the highest ac-
curacy for both groups was achieved by the ‘quantified manual’ method, with 97% for the HC vs
WO group and 95% for the WO vs W2 group.

4.1.5.2 HCvs WO group comparison

Table 2 includes a list of metabolites that were identified as important when differentiating be-
tween the HC and WO groups. Some were identified by only one method, others were identified
by both methods but considered significant in only one method, and others were identified as
significant in both methods. The confidence score provided in columns 2 and 3 of Table 2 is a
score provided by BAYESIL to indicate how confident the software is in the identification of a
specific metabolite, where 0 is the lowest and 10 is the highest confidence. The lowest confidence
scores generated by BAYESIL were for 3-hydroxyisovaleric acid and histidine, with scores of 6
and 7, respectively. Methylmalonic acid, which was not identified in the ‘quantified manual
method at all, had no confidence score provided by BAYESIL, which was assumed to imply no
confidence in its identification. For the purposes of comparison, all ‘quantified manual’ method
identities were given a confidence score of 10, since extensive measures were taken to ensure
the accuracy of these identities, including the use of two spectral libraries of pure compounds and
the use of 2D *H NMR methods (JRES and COSY). Since applications of these methods include
biomarker identification for disease diagnosis, it is important to have complete confidence in the
identification of metabolites. Disease diagnosis, specifically of a serious disease such as TB,
leaves little room for uncertainty in metabolite identification. The ‘quantified manual’ method

clearly holds an important advantage here.

An interesting observation was the identification of isopropanol by the BAYESIL method, which
was not identified by the ‘quantified manual’ method. Isopropanol is found in rubbing alcohol and
cleaning products and its ingestion is usually associated with toxic effects, as described in a re-
view by Slaughter et al. (2014). For this reason, the presence of isopropanol in these samples is

considered highly unlikely and its identification by BAYESIL could possibly be a mistake.
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The metabolite labelled ‘N-AcetylX’ refers to the N-acetyl moiety of a metabolite that could not be
identified as it was not in the available libraries used in the ‘quantified manual’ method; however,
it could be identified as an acetylated compound since it presented with a singlet in the region of
the *H NMR spectrum known to be dominated by N-acetyl moieties (1.95-2.15 ppm). This shows
an advantage over the manual method — the ability to use human intuition to predict where certain
metabolites will lie in the spectrum. Software systems such as BAYESIL use fixed algorithms and

so lack the intuition of human analysts.

4.1.5.3 WO vs W2 group comparison

This group comparison is considered the most complex due to the presence of disease metabo-
lites from TB infection, as well as numerous exogenous medication metabolites derived from the
TB treatment. The TB medications that were identified as significant are indicated by a red outline
in Table 3. The only technique that identified these metabolites was the ‘quantified manual’
method. The BAYESIL method was unable to identify any medication metabolites, which is ex-
plained by the limited library of the software — an absence of specialised metabolites such as
those found in TB disease or treatment. This is a limitation of the automated BAYESIL method,
as highlighted in a study by Maulidiani et al. (2017).

This also brings to attention an important advantage of the ‘quantified manual’ method, which is
the ability and opportunity to expand the available spectral library to aid in the identification of
specialised metabolites, such as TB disease and treatment metabolites. In this study, a TB med-
ication library was compiled after analysing the pure compounds of these medications and their
metabolites/derivatives on the NMR spectrometer. This made the identification of these metabo-
lites possible. The identification of these medications as important by statistical analysis is ex-
pected, since these compounds are the separating factor between the week 0 and week 2 groups,
since week 0 samples are untreated TB samples. Thus, a suggestion from us to the creators of
the BAYESIL software is to open their databases to allow the public to upload their own pure
compound *H NMR spectral data — pending approval by BAYESIL, of course. A database by the
public, for the public.

4.1.5.4 General comparison of methods

Although BAYESIL was able to identify a greater number of metabolites (90 overall) than the
manual method, most of them were not identified as significant (16% significant for HC vs W0 and
24% significant for WO vs W2), whereas the alternative method identified fewer compounds over-
all (22 and 28 metabolites for the HC vs W0 and WO vs W2 comparisons, respectively), but more
of them were significant — 36% and 57%, respectively. (See Tables S2 and S3 in the supplemen-

tary information for the lists of metabolites that were not found to be significant.) Although the
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BAYESIL method produced more information, which was expected from a high-throughput tech-
nique, most of this information was not relevant to this study. Moreover, the identification of fewer
metabolites by the ‘quantified manual’ method was to be expected as it performs pre-selection of
metabolites based on the same selection criteria. One may then simply relax the initial selection

criteria to expand the list of bins and so the list of metabolites evaluated by the manual method.

These findings point to a significant strength of the ‘quantified manual’ method, which is its ability
to produce more accurate and more relevant results and identify metabolites no matter the com-
plexity of the samples, using the advantage of user expertise and input/intuition. The fact that
BAYESIL does not have an algorithm for urine is a disadvantage of this platform. Since there is
currently no alternative, well-established automated method for untargeted *H NMR urine metab-
olomics data processing, BAYESIL remains the best option for these studies. This identifies a
relatively large gap in automated metabolomics data processing. Since urine is one of the most
used biofluids in metabolomics research — it confers many advantages, including easy non-inva-
sive sample collection, little to no pre-treatment requirements and lower protein content (Zhang
et al., 2012) — one would expect better automated options for this biofluid. Numerous metabolom-
ics research groups are undoubtedly attempting to address this matter. Recently, one such re-
search group from Denmark (Khakimov et al., 2020) has presented a new peak-picking algorithm
called signature mapping (SigMa), designed specifically for urine samples. A beta version of
SigMa became available at the end of 2020, but rigorous testing is needed before it can be con-
sidered as well-established as BAYESIL; hence, our current choice is to focus on BAYESIL in-

stead of SigMa.

During data analysis, some discrepancies were noticed between the concentrations of metabo-
lites obtained by the BAYESIL method and by the ‘quantified manual’ method. Other problems
that were experienced with the BAYESIL method include the inability to identify some metabolites
due to its limited library, issues with the fit produced by BAYESIL and there being no algorithm
specifically designed for use on urine. These limitations to the BAYESIL system are similar to
those reported by Maulidiani and colleagues (2017), which they attributed to poor baseline cor-
rection by BAYESIL, as well as issues with peak shifting. The study by Maulidiani et al. (2017)
found that despite these issues observed when using BAYESIL, it is still suitable for the automa-
tion of metabolite quantification of *H NMR data and holds the advantage over the BATMAN sys-
tem (an alternative semi-automated NMR data processing platform) of being more user friendly

and not requiring coding experience to use it.

In contrast, the ‘quantified manual’ method was able to identify and quantify metabolites more
accurately but requires significant intervention by a skilled NMR analyst. This method is also

greatly time consuming and can take up to a few days to provide a complete metabolite profile. It
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is therefore clear that both methods have advantages and disadvantages, highlighting the im-
portance of finding a balance between high-throughput processing and user expertise. Another
pitfall that was identified in this study is that there is a lack of standardisation in data processing
and statistical analysis, which leads to many inconsistencies in the results obtained. For this
study, the available pipeline was used for data processing, which determined the statistical tests
and rules to be used. This may, however, differ from what another analyst would or can do, which
may produce a different result. Furthermore, a limitation of the MetaboAnalyst platform itself is
that it has very strict requirements for the format of the data to be uploaded, which may make it
challenging for a novice user who has limited experience in data handling, statistics, and bioin-

formatics.

This paper provides a functional guide on how to process untargeted *H NMR metabolomics data
for novice users in the future and was compiled by a fellow novice. Throughout the research that
led to this paper, a few areas were identified where mistakes were easily made by a novice. All
the advice and tips that were picked up along the way are included in this paper as guideposts,
which we hope will provide useful guidance to those who lack confidence during the many hours

of data processing.

4.1.6 Conclusions

When comparing the automated BAYESIL and the ‘quantified manual’ methods, we found that
the latter method generates a metabolite profile with higher specificity and greater confidence.
However, the biggest disadvantage of the manual method is that it is time-consuming, labour-
intensive and requires an analyst with experience of *H NMR metabolomics data. In contrast, the
BAYESIL method is high-throughput and quick, is easier to use and requires no trained expertise.
It does, however, perform with less specificity and identifies metabolites with a lower confidence
than the other method. For these reasons, we conclude that the automated BAYESIL method is
currently better suited for shotgun metabolic profiling to obtain a bird’s-eye view of metabolism,
whereas the in-house ‘quantified manual’ method, with its higher specificity and confidence, is
well-suited for more detailed research studies. It may also be useful to combine both methods, to
allow the BAYESIL system to supplement the ‘quantified manual’ method, as it may identify me-
tabolites missed by a human expert. Currently, there is a large gap in the automation of *H NMR
metabolomics data processing, since there is no established online tool specifically designed for
the widely used and information-rich biofluid — urine. Clearly, the automation of *H NMR metabo-
lomics data processing has potential but is still lacking in some areas and retains a measure of
error associated with it. Moreover, we hope that the guideposts that we have provided here will
help future novice users of *H NMR metabolomics data to understand better and navigate the

data processing needed to achieve the maximum out of their data.
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CHAPTER 5 DISCUSSION

A discussion of the results of this study is given in the manuscript in Chapter 4. In this chapter,
the objectives of this study (listed in Chapter 1.3) will be discussed, and focus will be placed on
how each objective was met and how the overall aim was achieved. Insight(s) will also be offered
where applicable.

5.1 Objective 1: The manual method
5.1.1 Objective 1.1

Objective 1.1 involved manually preparing a spectral binned data matrix of the raw *H-NMR

output.

This was successfully completed by combining all the raw *H-NMR outputs from all samples an-
alysed by the 'H-NMR spectrometer, after the necessary spectral processing steps were com-
pleted. These spectral processing steps were carried out using the software program Bruker Top-
spin (V3.5) and involved calibrating the spectra to TSP at 0.00 ppm, phasing to adjust the sym-
metry of the peaks and baseline correction. All regions of the spectra that were considered unin-
formative after qualitative assessment of the spectra (such as the beginning and end parts of the
spectra where no discernible peaks were seen) were removed from the data matrix. The remain-

ing regions were divided into bins with a spectral width of 0.02 ppm.

Since spectra obtained from *H-NMR analyses contain thousands of peaks, the corresponding
data will have just as many variables. This results in an overwhelming amount of data that is
difficult to process into useful information. Binning is therefore applied to divide these vast spectra
of thousands of peaks into approximately 500 pieces/segments of equal-sized (equidistant) spec-
tral regions called bins. These bins represent the spectra, and each bin may correspond to one
or more spectral peak, or none if it is a noise region. Binning reduces the dimensionality of the
data to make it easier to work with and reduces the effect of peak shifts caused by small variations
in pH, temperature, and other exogenous effects (Cobas, 2011). The main drawback of binning,
however, is that some information is lost, since peaks corresponding to more than one metabolite

may be included in the same bin (Cobas, 2011).

After binning, the data were normalized to the methylene moiety of creatinine found as a singlet
at the chemical shift of 4.05 ppm. This yielded the spectral binned data matrix used for further

analysis in the manual method.
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5.1.2 Objective 1.2

Objective 1.2, as listed in Chapter 1.3 of this dissertation, is as follows: “Subject this data matrix

to statistical analysis via MetaboAnalyst”.

Before this objective could be met, the data matrix had to undergo some data clean-up and meet
a few requirements. The data clean-up steps involved the removal of the water region in the
spectra and noise filtering. The water region of the spectra was identified to be between 4.69 —
4.89 ppm, upon qualitative inspection. This region is easy to identify, due to the water suppression
program used during spectral collection pushing the water signal below the baseline. It is im-
portant to suppress this water signal during analysis because without suppression, the high abun-
dance of water in biofluids, such as urine, will over-shadow the signals from all the metabolites
present in less abundance and produce smaller signals.

All analytical instruments, including the NMR spectrometer, have ‘noise’ regions in their outputs.
This ‘noise’ is usually the result of electrical interference and/or other environmental/technical
aspects and is of no practical relevance. For this reason, this ‘noise’ is filtered out of the spectra
to ensure that these regions are not incorrectly identified as statistically significant. Noise filtering
involved the calculation of a noise threshold, and the replacement of all values that fell below this
threshold with zero.

Unless instructed otherwise, MetaboAnalyst automatically treats missing and zero values by first
removing variables with more than 50% zero or missing values, then replacing the remaining by
one fifth the minimum, and removing variables showing too little variation across experimental

groups based on the inter quantile range.

The data matrix could then be uploaded onto MetaboAnalyst in comma separated value (.csv)
format. For a document to be read by the MetaboAnalyst software, it must be contained in a
delimited text file where a comma separates the values. It is therefore important to check that the
binned data matrix has point (.) decimals and not comma (,) decimals, otherwise the binned data

will be incorrectly converted. This is the first important guidepost that was noted.

Another important tip is to assess the information output by MetaboAnalyst after the data integrity
check, to make sure that the uploaded data was read correctly. Important things to double check
include: the number of rows and columns, missing values, and group sizes. All requirements pro-
vided by MetaboAnalyst for the data were met, allowing us to continue with the statistical analysis

successfully. Therefore, objective 1.2 was successfully completed.
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5.1.3 Objective 1.3

Objective 1.3 was the following: “Identify *H-NMR spectral regions (bins) that differentiate be-

tween experimental groups within this data matrix and assign metabolite names to them”.

Once the statistical analysis was complete, a list of discriminating/important bins was obtained.
This list was produced by combining the results obtained from the volcano plots, t-tests and
PLSDA tests. These statistical tests, as well as their selection criteria, were carefully selected
after consultation with a biostatistician since there are several different settings and aspects that

could influence the statistical result.

For univariate analysis, the data were only transformed and not scaled. Scaling is excluded at
this point to avoid negative means commonly associated with scaled data since this is unconven-
tional in a clinical setting. Transformation, on the other hand, is essential to reduce the skew of
data that metabolomics is well-known for. The univariate tests and their selection criteria used in
our study included fold change analysis with a threshold of 1, an independent/dependent t-test
with the assumption of unequal group variance and false discovery rate (FDR) adjusted p values,
and a volcano plot with an FDR p-value cut-off of 0.05 and assumed unequal group variance. As
explained in Chapter 3.6, unequal group variance is assumed to avoid the assumption of homo-
scedasticity by using a variation on the t-test that accommodates heteroscedasticity. The validity
of findings is improved by controlling the rate at which false discoveries are made, which is made
possible by the option to select an ‘FDR-adjusted p value’ on MetaboAnalyst. This is also ex-

plained in more detail in Chapter 3.6.

For multivariate tests, the data are transformed as well as scaled. Scaling in the multivariate set-
ting ensures that greater importance is not placed on metabolites present in higher abundance.
Multivariate analysis included PCA and PLS-DA models. The purpose of these models is to sum-
marise the variation in the data and visualize how variability relates to the groups of interest. The
difference between these two models is that PLS-DA is a supervised model, meaning that it knows
which groups are present in the data. This tends to overly inflate the power of a PLS-DA model
(overfit). To assess the severity of the overfit, PLS-DA models must always be validated. As dis-
cussed in Chapter 3.6, the most basic and lenient validation procedure is called LOOCV and
involves leaving a sample out repeatedly and rebuilding the model every time. If the model per-
formance is unstable, it is unlikely that the model will accurately predict the group membership of
a new dataset. Since LOOCYV is not very robust, it is complemented by the performance metric,
prediction accuracy. The proportion of variability explained by the group structure (the alternative
performance metric) is not considered appropriate since only a small number of metabolites may

be affected.
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Since this was a metabolomics study and the focus was on metabolites, these bins had to be
converted into a more useful form of information i.e., a list of metabolite names. These metabo-
lites’ names were obtained by using a combination of two semi-automated software systems, with
built-in pure compound spectral libraries: Chenomx profiler (V8.2) and Bruker Amix (V3.9.14).
Metabolite identities were confirmed with 2D correlation spectroscopy (COSY) and 2D H-!H J-
resolved (JRES) NMR spectroscopy. Although these software systems were the main source of
information for the annotation of metabolite identities, knowledge obtained from previous NMR
training was also used to predict the chemical shift and positioning of some metabolites based on

their functional groups, see Fig 5-1 below. Objective 1.3 was therefore successfully completed.

=CH- SH
‘ CHO ’ ‘O-CH, [ -CH,- ‘
’ Aromatic N-CH, -CH4
10 9 8 7 6 5 4 3 2 1 0
1H (ppm)
Figure 5-1: Regions of a H-NMR spectrum where different functional groups are

known to be present, allowing the prediction of where certain metabolites
will lie. A *H-NMR spectrometer detects protons that are attached to a car-
bon atom (-CH, groups). The chemical environment around these groups
determines the positions of the -CH, groups of different metabolites. More
electronegative environments (such as a nearby oxygen atom — CHO) will

move more downstream (closer to 10 ppm).

5.1.4 Objective 1.4

As a reminder, objective 1.4 states: “Calculate absolute concentrations (UM) of these differentiat-

ing metabolites.”

It is not enough to only know which metabolites are present, the concentrations of these metab-
olites are also important. This is especially true for this study, since the BAYESIL system this
manual method is being compared to produces a full metabolite profile of samples, including the
absolute concentrations of identified metabolites. To make accurate and fair comparisons, the
outputs of these two methods had to be in the same format, hence the calculation of the absolute

concentrations of the identified important metabolites.
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All metabolites were made relative to creatinine, as described in Chapter 3.6. We could also
guantify creatinine in absolute terms by using the creatinine peak at 4.05 ppm. Firstly, the integral
of this creatinine peak was divided by the number of protons in creatinine. The same is done for
the TSP peak where its integral is divided by 9. These two integrals were then divided by one
another and multiplied by the concentration of TSP (1mM) to obtain the absolute concentration of
creatinine (mM). By multiplying the relative concentrations of the other metabolites (mmol/mol
creatinine) with the absolute concentration of creatinine, we obtained the absolute concentrations

(expressed in uM) of all the important metabolites, thereby completing objective 1.4 successfully.
5.1.5 Objective 1.5

Objective 1.5 of this study was to subject the quantified metabolites that potentially differentiate
between groups to further statistical analysis to obtain a comparable metabolite profile.

Now that the output of the manual method is in the same format as the BAYESIL output, the
metabolite concentration data matrix was subjected to a final round of statistical analysis via
MetaboAnalyst, identical to the previous round. The purpose of this was to use univariate and
multivariate statistical tests, with their various selection criteria, to obtain the final list of important
metabolites that will be used in the comparison with the BAYESIL method. The important metab-
olite list was a combination of metabolites identified as potential predictors of group membership
by the t-test, volcano plot, fold change analysis and PLS-DA.

This last round of statistical analysis resulted in a final list of important metabolites, along with
their absolute concentrations, which formed the metabolite profile for these samples using the

manual method. Therefore, objective 1.5 was successfully met.
5.2 Objective 2: The automated BAYESIL method
5.2.1 Objective 2.1

Obijective 2.1 involved the upload of the raw *H-NMR spectral data to the BAYESIL website and
the combination of the metabolite profile data into a single data matrix, carried out in parallel to

the manual method.

This automated method did not require the same manual spectral processing or data clean-up
steps because the BAYESIL software is programmed to carry these out automatically. Therefore,
the raw 'H-NMR spectral data in the form of FID files were directly uploaded onto the BAYESIL
website as individually zipped folders per sample. Since BAYESIL is governed by software and
algorithms, it lacks the human quality of intuition — which means it does not have the ability to look

at the spectra and conduct a quality check, i.e., a human is able to look at a spectrum and decide
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gualitatively whether the spectrum is of good quality. Usually, this is determined by looking at the
water region (around 5 ppm) and confirming that the water signal was sufficiently suppressed
below the baseline. The beginning of the spectrum is also scrutinized to ensure that the TSP
signal was accurately calibrated to exactly 0 ppm and that the resolution is good by measuring
the width of the TSP peak. If the width of the TSP peak is <1 Hz, the spectrum is determined to
have a good resolution. Herein highlights that the BAYESIL method should not be used as a fully
automated tool (yet) and that a trained NMR analyst should inspect all spectra first before upload-
ing the raw NMR data to BAYESIL.

After selecting the relevant parameters and submitting each sample for analysis, a processing
time of approximately ten minutes per sample file produced an exportable Excel® document as
an output with the list of identified metabolites and their concentrations. Although the processing
time is 10 minutes per sample, in reality the BAYESIL analysis took a lot longer. This was mostly
because the BAYESIL system queues all uploaded samples and runs them one at a time. When
conducting my analysis, another user simultaneously used the website, causing my samples to
fall behind theirs in the queue. On average, my samples were 8" in the queue every time, meaning
that | had to wait 70 minutes before my sample was analysed. BAYESIL has the potential to
produce quick results, but the more popular it gets, the more people will start using it, the longer

it will take for each person to obtain their results.

Another important point to raise regarding the BAYESIL system is that almost every sample had
a problem with the coverage of the spectrum by the fit produced by BAYESIL. This ranged from
0% - 102% not covered by the fit. This was most likely caused by the absence of a urine algorithm,
which led to inaccuracies with the metabolite profile produced by the automated BAYESIL
method. This coverage problem also contributed to uncertainty with some of the metabolite iden-
tities, such as methylmalonic acid, sarcosine, and taurine, which BAYESIL indicated as having

zero confidence in identification.

The data contained in the individual Excel® sheets were combined into a single concentration
data matrix for all samples to simplify further data processing. Objective 2.1 was, therefore, suc-

cessful.
5.2.2 Objective 2.2

This objective states the following: Upload results of BAYESIL to the MetaboAnalyst website and
perform the same pre-processing and statistical analysis as performed on the manually generated

dataset.

63



For both the manual and automated methods, all statistical analyses were carried out using
MetaboAnalyst. The same statistical tests were applied with identical validation criteria to avoid
any unnecessary variation that would impact our ability to compare these methods. Subjecting
the BAYESIL concentration data matrix to statistical analysis via MetaboAnalyst yielded a list of
metabolites and their concentrations that were identified as being statistically significant. This list
differed greatly from the list obtained by the manual method and lacked the TB medication me-
tabolites. This was expected because we knew that BAYESIL had a limited library and may have
trouble with the identification of some metabolites. BAYESIL is, however, a high-throughput
method and was able to produce a longer list of metabolites. However, these metabolites were
yet to be evaluated for their predictive ability and so most of which were not important to us. In
contrast, the manual method removes insignificant bins during the first round and produces a
shorter list of (more relevant) metabolites, more likely to discriminate between groups. Finally,
several metabolite identities produced by BAYESIL carried at least some uncertainty, which is not
ideal for application in the clinical setting.

Objective 2.2 was, therefore, successfully completed.
5.3 Objective 3

The last objective for this study was objective 3 and addresses the comparison of the outputs of
the in-house and automated processing methods as well as the identification of any differences

and what they imply, as well as pitfalls for novice users.

Since both metabolite profiles were obtained in an identical way with the same statistical tests
and selection criteria, they are comparable with one another in such a way that would be fair and
unbiased. After comparison of these methods, some important advantages and pitfalls were no-

ticed for each method and are provided in the article resulting from this study (Chapter 4).

The most important findings were that the automated BAYESIL method struggled to identify some
metabolites due to its limited library, such as those arising from TB disease or the associated
medication. BAYESIL also had some issues with the coverage of the spectra and identified me-
tabolites with relatively low confidence and lower specificity. These are very important pitfalls of
this method. Advantages of this method included being high-throughput, easy to use, and less

time-consuming.

The manual method on the other hand is very time-consuming, labour intensive and requires

specialised training and experience. Important advantages include its ability to identify metabo-

lites resulting from the ingestion of TB medication, higher-specificity, and higher confidence in

identification of metabolites. The manual method also has the advantage of involving a human,
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which allows the use of intuition, gained from experience, to aid in the identification of some me-
tabolites.

The two methods involved in this study could therefore successfully be compared, highlighting
some important advantages and pitfalls to both methods. This successfully allowed the comple-
tion of objective 3.
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CHAPTER 6 CONCLUSIONS AND FUTURE PROSPECTS

6.1 Conclusion

The successful completion of all objectives set out in Chapter 1.3 allows me to conclude that the
aim of this study, which was to determine if automation of the processing of untargeted *H-NMR
metabolomics data has the capability to obtain a metabolic profile of treated and untreated TB

patient urine samples was successfully achieved.

Each of the two methods investigated in this study has advantages and disadvantages, some
with a greater impact than others. The automated method BAYESIL is high-throughput, identifies
more but potentially less predictive metabolites, is easy to use, requires no training, and remains
the best currently established automated method for untargeted *H-NMR metabolomics data pro-
cessing. Some disadvantages to this method include that it has no algorithm designed for urine,
it struggles with complex sample matrices, it has some uncertainty in identification, has a limited

library and most importantly — it lacks the human quality of intuition.

On the other hand, the manual method identified fewer metabolites as only those showing some
predictive ability are quantified, is time-consuming and labour intensive, and requires an analyst
that has received prior *H-NMR training. The advantages of this method include its ability to use
human intuition to aid in the identification of metabolites, there is a possibility to expand the library
at any time, more of the metabolites that are identified are significant and the results from this

method are generally more accurate and more specific.

From the advantages and pitfalls identified for each method, mentioned here and discussed in
more detail in Chapter 4 of this dissertation, it is concluded that the BAYESIL method is currently
recommended for shotgun metabolic profiling where not too much detail is desired. If one wishes
to perform more detailed research on metabolism, the manual method remains the best suited for
this purpose. It may also be useful to combine these methods, so that they may supplement one

another’s shortcomings.

Although we achieved our aim, the question we set out to investigate does not have a straightfor-
ward answer. The automation of processes such as these is already becoming more common
and advancing rapidly. Currently, the available automated methods still have quite a way to go
before they are fully capable of obtaining a comprehensive metabolite profile of such complex
samples. For all we know, automated systems might never reach that point as they will always
lack what humans have — intuition, emotion, and thought. It is fascinating and exciting to watch

automated metabolomics unfold, but how far will it go?

67



6.2 Avenues for further research
This study has identified several prospects for future research, such as:

1. During this research, it was noticed that the concentrations of some metabolites obtained
by BAYESIL differed from the concentrations obtained by the manual method. This opens
an avenue for further investigation into BAYESIL and how to adapt its algorithm to be more
accurate in its quantification processes for urine samples.

2. Since statistical analyses across different metabolomics studies are not standardised,
there are many alterations that can be made. It would be interesting to investigate the
impact on the final result given different steps and options. This could be explored further
with a closer look into the statistics and the various available tests. Hopefully this can lead
to a more standardised and more optimised statistical analysis process or at least a better
understanding of the consequence(s).

3. Collaboration between BAYESIL and the public could possibly lead to the extension of its
limited library. For example, including metabolites arising from diseases such as TB and
medication metabolites that are of interest.

4. Repeating this study and comparing the manual method with other software systems avail-
able for the (semi)-automation of *H-NMR metabolomics data, such as BQuant, BATMAN,
and MetaboHunter. Further investigation into these systems might reveal a better alterna-

tive.
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ANNEXURE C: SUPPLEMENTARY INFORMATION FOR ‘A NOVICE’S
GUIDE TO PROCESSING UNTARGETED 'H NMR METABOLOMICS
DATA’

Buffer recipe
Table S1. Recipe used to make 100 mL of NMR buffer (adapted from the BAYESIL website)

Ingredients Mass to be added Concentration Final concentration
(8) (in buffer) (in each sample)
KH2PO4 23.816 1.75M 150 mM
MW =136.09 g/mol
2-chloropyrimidine-5-carboxylic 0.0926 5.84 mM 500 um
acid
MW = 158.54 g/mol
TSP 0.202 11.7 mM 1mM

MW =172.27 g/mol

Table S2. Full MetaboAnalyst results, including those for the manual binned data

PCA PLS-DA No. of important com-
pounds
Method | Grou  Separa- | Separa- Stability Performance PLS- Vol- t-test
p tion tion R? Q? Pvalue Accuracy | DA cano
(%)
BAYESI | HC vs 1 2 0.75 0.67 < 92 12 7 8
L | WO 0.0005
Manual | HC vs 1 3 087 0.75 < 94 - - -
(bins) | WO 0.0005
Quanti- | HC vs 2 2 077 072 < 97 8 1 5
fied | WO 0.0005
manual
BAYESI | WO vs 1 2 067 054 < 86 17 7 17
L | w2 0.0005
Manual | WO vs 1 2 0.80 0.65 0.006 90 - - -
(bins) | W2
Quanti- | WO vs 2 2 0.83 0.80 < 95 7 7 16
fied | W2 0.0005
manual
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Statistical figures

Quantified manual data:
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Figure S1. (a) The PCA result for the HC vs WO comparison of quantified manual data. (b) The PCA result for

the WO vs W2 groups of quantified manual data
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Figure S2. (a) The PLS-DA result for the HC vs WO groups of the quantified manual data. (b) The PLS-DA result
for the WO vs W2 groups of the quantified manual data
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Figure S3. (a) The fold change analysis of the HC vs WO groups of the quantified manual data. (b) The fold change
analysis of the W0 vs W2 groups of the quantified manual data
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Figure S5. The volcano plot result from the HC vs WO groups of the quantified manual data, showing only meth-
anol as significant
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Figure S6. The volcano plot from the WO vs W2 groups of the quantified manual data, showing mainly TB
medication metabolites as significant
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BAYESIL data:
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Figure S7. (a) The PCA result from the HC vs WO groups of the BAYESIL data. (b) The W0 vs W2 PCA result for

the BAYESIL data
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Figure S8. (a) The PLS-DA result of the HC vs WO group comparison of the BAYESIL data. (b) The result after
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Figure S9. (a) The result after subjecting the HC vs WO groups of the BAYESIL data to fold change analysis. (b)
The fold change result for the WO vs W2 groups of the BAYESIL data
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Figure S10. (a) The result of the unpaired t-test conducted on the HC vs WO groups of the BAYESIL data. (b) The
paired t-test result from the WO vs W2 groups of the BAYESIL data.
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Figure S12. The volcano plot for the HC vs WO groups of the BAYESIL data, showing the significant metabolites
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Figure S11. The volcano plot result for the WO vs W2 groups of the BAYESIL data, indicating significant me-
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Identified metabolites

Table S3. The list of metabolites that were identified by each method, but were not found to be significant for the
HC vs WO groups

Rule for significance
c . f 3
3 3 5
: 2 & p
& S x a
) -
& 3
- g
Compound Auto* | Q.Man | Auto* Q.Man | Auto* Q.Man | Auto*
Trimethylamine - 10
Citric acid 10 N/A
Valine 10 10
Isoleucine 7 10
3-Hydroxybutyric acid 10 10
Methyl guanidine N/A 10
Methylamine - 10
Taurine - 10
Sucrose N/A 10
3-Hydroxyphenylacetic acid N/A 10
Histamine N/A 10
Hypoxanthine 10 10
1-Methylhistidine 5 N/A
2-Hydroxybutyrate 9 N/A
2-Oxoisovalerate - N/A
p-Hydroxyphenyl acetic acid - N/A
3-Hydroxyisobutyrate 9 N/A
Butyric acid - N/A
Acetic acid 10 N/A
Ascorbic acid - N/A
Carnitine 9 N/A
Creatine 7 N/A
Dimethylamine 10 N/A
Dimethylglycine - N/A
Choline 10 N/A
Ethanol 9 N/A
Glycine 10 N/A
Guanidoacetic acid - N/A
Glycerol 9 N/A
Fumaric acid - N/A
Galactose - N/A
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Glutamic acid
Ethanolamine
Tyrosine
Alanine
Threonine
Asparagine
Mannose
Fucose
Lysine
Alpha-Lactose
Serine
Aspartic acid
Cystine
2-Oxoglutaric acid
Phenylacetic acid
Myoinositol
Ornithine
Oxalacetic acid
Pyruvic acid
Sorbitol
Sarcosine
Xanthine
Urea
Uracil
2-Hydroxyisovaleric acid
3-Methylhistidine
Arginine
Creatinine
Cysteine
Gluconic acid
Glutamine
Fructose
Malonic acid
Methionine
Hippuric acid
Isovalerate
4-Hydroxyphenyllactic acid
Tryptophan
Phosphorylcholine
Acetone
Caffeine
Isobutyric acid
Propylene glycol
1,5-Anhydrosorbitol
5-Aminopentanoic acid
Dimethyl sulfone
p-Cresol sulfate
EDTA

w o > |

o |

10

10

10

10

10

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A




Key:
Identified by method, but not significant according to stats
Not identified by method
- No confidence score given (assumed to be 0)

Auto* Automated BAYESIL method
Q. Man Quantified manual method

Table S4. The list of metabolites that were identified by both methods for the WO vs W2 groups, but were not found
to be significant

Rule for significance
o
S
o 2
5
A 3 e
: 5
S 5 =
—
Confidence in ID =
Q. Q. Q.
Compound Auto* Q. Man Auto* Mal Auto* Mal Auto* Mal
Isoleucine 7 10
3-Hydroxyisovaleric acid 6 10
N-AcetylX N/A 10
Methyl guanidine N/A 10
Trimethylamine - 10
Methanol 10 10
Sucrose N/A 10
Anhydro glucose N/A 10
Glucose 10 10
Histamine N/A 10
1-Methylhistidine 5 N/A
2-Oxoisovalerate - N/A
p-Hydroxyphenyl acetic acid - N/A
3-Hydroxyisobutyrate 9 N/A
Acetic acid 10 N/A
Betaine 10 N/A
Ascorbic acid - N/A
Carnitine 9 N/A
Creatine 7 N/A
Dimethylglycine - N/A
Choline 10 N/A
Ethanol 9 N/A
Guanidoacetic acid - N/A
Glycerol 9 N/A
Fumaric acid - N/A




Galactose
Glutamic acid
Ethanolamine

Tyrosine

Proline
Asparagine
Mannose
Fucose
Histidine
Lysine
Alpha-Lactose
Serine
Aspartic acid
Cystine
Methylmalonic acid
2-Oxoglutaric acid
Phenylacetic acid
Myoinositol
Oxalacetic acid
Pyruvic acid
Sorbitol
Xanthine
Urea
Uracil
3-Methylhistidine

Arginine

Cysteine
Gluconic acid

Fructose
Malonic acid
Methionine
Hippuric acid

Isovalerate

4-Hydroxyphenyllactic acid
Isopropanol
Tryptophan
Phosphorylcholine
Acetone
Caffeine
Propylene glycol
1,5-Anhydrosorbitol
Dimethyl sulfone
p-Cresol sulfate
EDTA

10

10
10

o ~ w w

w O b

~

10

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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Auto*
Q. Man

Key:

Identified by method, but not significant according to stats
Not identified by method
No confidence score given (assumed to be 0)
Automated BAYESIL method
Quantified manual method
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ANNEXURE D: A SCREENSHOT FROM THE ONLINE SUBMISSION
TRACKING SYSTEM
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ANNEXURE E: CERTIFICATE FROM THE 27™ SASBMB CONFER-
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ANNEXURE F: GUIDELINES FOR SUBMISSION TO THE JOURNAL
METABOLOMICS

Instructions for Authors

Types of Papers

Original Articles

The journal publishes Original Research articles that contextualize their hypoth-
esis and research to a broader global issue, and/or present a novel technologi-
cal approach to the study of metabolomics. All research paper submissions are
supported by sound experimental design, methodology, and data interpreta-
tion. Submissions of Original Research articles should be 2,500-4,000 words in
length (or a maximum of 7 printed pages), should have a maximum of 6 fig-
ures/tables (combined), and data should be made accessible via public metab-
olomics data repositories. Supplementary information is welcome.

Reviews

There are several types of reviews that Metabolomics aims to publish:

o Critical Reviews which review an area in a critical fashion. These reviews
aim to critique objectively an area and in doing so synthesis knowledge
giving the reader a feel for the critical aspects in terms of what has been
currently achieved and what is needed to move a particular field for-
ward. These are typically 7-15 pp. printed text.

« Tutorial Reviews are used to guide a reader through a particular area, be
it analytical in nature, computational, or of a biological/medical focus.
These should contain a teaching element aimed at earlier career scien-
tists These are typically 7-15 pp. printed text.

« Mini-reviews are highly focused and report on a current hot topic of im-
portance within metabolomics. These should aim to review and critique
a few key papers in the field. These are a maximum of 4 pp. printed text.

« Opinion Pieces like mini-reviews are focused on a particular area and
should review a few key papers in the field. As these are opinions, if
there is potential contention then authors of papers that are criticized
may be asked for their views first, and these along with the reviews

comments may be published. These are a maximum of 4 printed pages.
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Short Communications

* This should follow the same style as a full paper (please refer to section above).
» The Abstract contains less that 100 words.
« This is followed by a brief Introduction section.

« Material and Methods should allow work to be reproduced and extensive ma-
terial should be provided in supporting Supplementary Information.

» The Results and Discussion must be combined.
« References contain no more than 20 references.

 These are a maximum of 4 pages of printed text, with a combined maximum
of 2 Figures and/or Tables.

Software/Databases

These highlight recent developments in software and computer programs along
with database developments. Submissions should follow the original article for-
mat with structured abstracts and within the abstract and paper details of where
to access the software and databases. Articles of this type can also be produced
in brief formats as short communications.

General Format for all Types of Papers

Format

1. Abstract

Original Papers require a structured abstract of less than 250 words arranged
under the following headings:

« Introduction: Describe the topic's mechanisms, history, and/or how it relates
to a problem.

 Objectives: Explain the purpose. What does the study try to demonstrate?
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« Methods: Briefly describe the experimental design.

« Results: Report your findings.

« Conclusion: Analyze your results and link it back to the purpose.
Reviews also require an abstract. Please adhere to the following structure:
 Background

 Aim of Review

« Key Scientific Concepts of Review

An abstract is not required of Commentaries or Letters to the Editor.

Each heading should be composed of 1-2 sentences. All abstracts must not in-
clude equations, tables, reference citations, or graphics.

2. Introduction: briefly introduces the area and provides a road map of what is
to come.

3. Headed Sections: a series of these are then used to bring various aspects
together

4. Overall Conclusions: should be made to bring the review to a conclusion.

5. Figures and Tables: should be used to break up the text.

A well-used figure or table can be used to synthesis knowledge, depict time
lines etc. The data presented in these formats should stand-alone and the au-

thor should avoid repeating these within the body of the text.

Manuscript Preparation

Ethical Statements and Journal Specific Requirements:

« Conflicts of Interest Statement
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« Author Contributions

« Ethical Statements

« Data Availability

« Software Availability

Author Conflict of Interest Statement

Funding: This study was funded by X (grant number X). (optional - could be left
out in case no funding was received)

Conflict of Interest: Author1 declares that he/she has no conflict of interest.
Author2 declares that he/she has no conflict of interest. ...

Author Contribution Statement

Authors must provide a short description of the contributions made by each
listed author (please use initials). This will be published in a separate section in
front of the Acknowledgments. For example: AM and DB conceived and de-
signed research. AM and BB conducted experiments. GR contributed new rea-
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Authorship Policy

Authorship should incorporate and should be restricted to those who have con-
tributed substantially to the work in one or more of the following categories:

« Conceived of or designed study
« Performed research
* Analyzed data

« Contributed new methods or models
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« Wrote the paper
Compliance with Ethical Standards

Please included a Compliance with Ethical Standards section before the Refer-
ences as shown in the samples below.

o In case animals were involved:

“All applicable international, national, and/or institutional guidelines for
the care and use of animals were followed.”

« And/or in case humans were involved:

"All procedures performed in studies involving human participants were
in accordance with the ethical standards of the institutional and/or na-
tional research committee and with the 1964 Helsinki declaration and its
later amendments or comparable ethical standards.”

« Informed consent: “Informed consent was obtained from all individual
participants included in the study.

« If articles do not contain studies with human participants or animals by
any of the authors, please select one of the following statements:

“This article does not contain any studies with human and/or animal par-
ticipants performed by any of the authors.”

Data Availability Statement

“The metabolomics and metadata reported in this paper are available via [insert
repository and URL] study identifier [insert study identifier/project ID etc]"

Software or Database Availability Statement
“The software developed in this study is available via [inset URL]"
and/or

“The database reported in this study is accessible via [inset URL]"
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Data Availability Statement

The Metabolomics strongly encourages open data! If you have not already done
so, please make your research data available — for example on the following
repositories:

Metabolights https://www.ebi.ac.uk/metabolights/

Metabolnote http://metabolonote.kazusa.or.jp/Main Page

Metabolomics Workbench http://www.metabolomicsworkbench.org/

Metaspace http://metaspace2020.eu/#/about

MassIVE https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp

MetabolomeXchange http://www.metabolomexchange.org/site/

Global Natural Product Social molecular networking http://gnps.ucsd.edu/

Offprints

25 offprints of each article will be provided free of charge. Additional offprints
can be ordered by means of an offprint order form supplied with the proofs.

Manuscript Submission
Manuscript Submission

Submission of a manuscript implies: that the work described has not been pub-
lished before; that it is not under consideration for publication anywhere else;
that its publication has been approved by all co-authors, if any, as well as by the
responsible authorities — tacitly or explicitly — at the institute where the work
has been carried out. The publisher will not be held legally responsible should
there be any claims for compensation.

Permissions

Authors wishing to include figures, tables, or text passages that have already

been published elsewhere are required to obtain permission from the copyright

owner(s) for both the print and online format and to include evidence that such
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permission has been granted when submitting their papers. Any material re-
ceived without such evidence will be assumed to originate from the authors.

Online Submission

Please follow the hyperlink “Submit manuscript” and upload all of your manu-
script files following the instructions given on the screen.

Source Files

Please ensure you provide all relevant editable source files at every submission
and revision. Failing to submit a complete set of editable source files will result
in your article not being considered for review. For your manuscript text please
always submit in common word processing formats such as .docx or LaTeX.

Plagiarism Check with CrossCheck
Plagiarism prevention with CrossCheck

Springer is a participant of CrossCheck, a multi-publisher plagiarism detec-
tion initiative to screen published and submitted content for originality. Cross-
Check consists of two products: a database of scholarly publications (Cross-
Check) and a web-based tool (iThenticate) to check an authored work against
that database.

This journal uses the plagiarism tool to detect instances of overlapping and sim-
ilar text in submitted manuscripts and your manuscript may be screened upon

submission for plagiarism against previously published works.

Title Page
Title Page

Please make sure your title page contains the following information.
Title
The title should be concise and informative.

Author information
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o The name(s) of the author(s)

« The affiliation(s) of the author(s), i.e. institution, (department), city,
(state), country

o A clear indication and an active e-mail address of the corresponding au-
thor

« If available, the 16-digit ORCID of the author(s)

If address information is provided with the affiliation(s) it will also be published.

For authors that are (temporarily) unaffiliated we will only capture their city and
country of residence, not their e-mail address unless specifically requested.

Abstract

Please provide an abstract of 150 to 250 words. The abstract should not contain
any undefined abbreviations or unspecified references.

For life science journals only (when applicable)

« Trial registration number and date of registration for prospectively reg-
istered trials

o Trial registration number and date of registration, followed by “retro-
spectively registered”, for retrospectively registered trials

Keywords

Please provide 4 to 6 keywords which can be used for indexing purposes.

Statements and Declarations

The following statements should be included under the heading "Statements
and Declarations" for inclusion in the published paper. Please note that submis-
sions that do not include relevant declarations will be returned as incomplete.

« Competing Interests: Authors are required to disclose financial or non-
financial interests that are directly or indirectly related to the work sub-
mitted for publication. Please refer to “Competing Interests and Fund-
ing” below for more information on how to complete this section.
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Please see the relevant sections in the submission guidelines for further infor-
mation as well as various examples of wording. Please revise/customize the
sample statements according to your own needs.

Text

Text Formatting

Manuscripts should be submitted in Word.

« Use a normal, plain font (e.g., 10-point Times Roman) for text.

« Use italics for emphasis.

o Use the automatic page numbering function to number the pages.

« Do not use field functions.

« Use tab stops or other commands for indents, not the space bar.

« Use the table function, not spreadsheets, to make tables.

o Use the equation editor or MathType for equations.

« Save your file in docx format (Word 2007 or higher) or doc format (older
Word versions).

Manuscripts with mathematical content can also be submitted in LaTeX. We
recommend using Springer Nature's LaTeX template.

Headings

Please use the decimal system of headings with no more than three levels.

Abbreviations

Abbreviations should be defined at first mention and used consistently there-
after.

Footnotes

Footnotes can be used to give additional information, which may include the
citation of a reference included in the reference list. They should not consist
solely of a reference citation, and they should never include the bibliographic
details of a reference. They should also not contain any figures or tables.

Footnotes to the text are numbered consecutively; those to tables should be
indicated by superscript lower-case letters (or asterisks for significance values
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and other statistical data). Footnotes to the title or the authors of the article are
not given reference symbols.

Always use footnotes instead of endnotes.

Acknowledgments

Acknowledgments of people, grants, funds, etc. should be placed in a separate
section on the title page. The names of funding organizations should be written
in full.

Scientific style

« Please always use internationally accepted signs and symbols for units
(Sl units).

« Nomenclature: Insofar as possible, authors should use systematic names
similar to those used by Chemical Abstract Service or [UPAC.

« Genus and species names should be in italics.

« Generic names of drugs and pesticides are preferred; if trade names are
used, the generic name should be given at first mention.

« Please use the standard mathematical notation for formulae, symbols,
etc.:ltalic for single letters that denote mathematical constants, variables,
and unknown quantities Roman/upright for numerals, operators, and
punctuation, and commonly defined functions or abbreviations, e.g.,
cos, det, e or exp, lim, log, max, min, sin, tan, d (for derivative) Bold for
vectors, tensors, and matrices.

References
Citation

Cite references in the text by name and year in parentheses. Some examples:

« Negotiation research spans many disciplines (Thompson, 1990).

« This result was later contradicted by Becker and Seligman (1996).

« This effect has been widely studied (Abbott, 1991; Barakat et al., 1995;
Kelso & Smith, 1998; Medvec et al.,, 1999).

Authors are encouraged to follow official APA version 7 guidelines on the num-
ber of authors included in reference list entries (i.e., include all authors up to 20;

for larger groups, give the first 19 names followed by an ellipsis and the final
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author’'s name). However, if authors shorten the author group by using et al.,
this will be retained.

Reference list

The list of references should only include works that are cited in the text and
that have been published or accepted for publication. Personal communications
and unpublished works should only be mentioned in the text.

Reference list entries should be alphabetized by the last names of the first au-
thor of each work.

Journal names and book titles should be italicized.

If available, please always include DOls as full DOI links in your reference list
(e.g. “https://doi.org/abc”).

« Journal article Grady, J. S., Her, M., Moreno, G., Perez, C., & Yelinek, J.
(2019). Emotions in storybooks: A comparison of storybooks that repre-
sent ethnic and racial groups in the United States. Psychology of Popular
Media Culture, 8(3), 207-217. https://doi.org/10.1037/ppm0000185

« Article by DOI Hong, I., Knox, S., Pryor, L., Mroz, T. M., Graham, J.,
Shields, M. F., & Reistetter, T. A. (2020). Is referral to home health reha-
bilitation following inpatient rehabilitation facility associated with 90-
day hospital readmission for adult patients with stroke? American Jour-
nal of Physical Medicine & Rehabilitation. Advance online publication.
https://doi.org/10.1097/PHM.0000000000001435

« Book Sapolsky, R. M. (2017). Behave: The biology of humans at our best
and worst. Penguin Books.

« Book chapter Dillard, J. P. (2020). Currents in the study of persuasion. In
M. B. Oliver, A. A. Raney, & J. Bryant (Eds.), Media effects: Advances in
theory and research (4th ed., pp. 115-129). Routledge.

« Online document Fagan, J. (2019, March 25). Nursing clinical brain. OER
Commons. Retrieved January 7, 2020, from https://www.oercom-
mons.org/authoring/53029-nursing-clinical-brain/view

EndNote-Style for Metabolomics
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« Please find an EndNote citation style that had been customised for the
journal at the Link below:

Link (Download zip, 2 kB)

Tables

o All tables are to be numbered using Arabic numerals.

« Tables should always be cited in text in consecutive numerical order.

« For each table, please supply a table caption (title) explaining the com-
ponents of the table.

« Identify any previously published material by giving the original source
in the form of a reference at the end of the table caption.

« Footnotes to tables should be indicated by superscript lower-case let-
ters (or asterisks for significance values and other statistical data) and in-
cluded beneath the table body.

Artwork and Ilustrations Guidelines

Electronic Figure Submission

« Supply all figures electronically.

« Indicate what graphics program was used to create the artwork.

« For vector graphics, the preferred format is EPS; for halftones, please use
TIFF format. MSOffice files are also acceptable.

« Vector graphics containing fonts must have the fonts embedded in the
files.

« Name your figure files with "Fig" and the figure number, e.g., Fig1.eps.

Line Art
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« Definition: Black and white graphic with no shading.

« Do not use faint lines and/or lettering and check that all lines and letter-
ing within the figures are legible at final size.

o Alllines should be at least 0.1 mm (0.3 pt) wide.

« Scanned line drawings and line drawings in bitmap format should have
a minimum resolution of 1200 dpi.

« Vector graphics containing fonts must have the fonts embedded in the
files.

Halftone Art
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« Definition: Photographs, drawings, or paintings with fine shading, etc.

« If any magnification is used in the photographs, indicate this by using
scale bars within the figures themselves.

« Halftones should have a minimum resolution of 300 dpi.

Combination Art
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« Definition: a combination of halftone and line art, e.g., halftones con-
taining line drawing, extensive lettering, color diagrams, etc.
« Combination artwork should have a minimum resolution of 600 dpi.
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Color Art

Color art is free of charge for online publication.

If black and white will be shown in the print version, make sure that the
main information will still be visible. Many colors are not distinguishable
from one another when converted to black and white. A simple way to
check this is to make a xerographic copy to see if the necessary distinc-
tions between the different colors are still apparent.

If the figures will be printed in black and white, do not refer to color in
the captions.

Color illustrations should be submitted as RGB (8 bits per channel).

Figure Lettering

To add lettering, it is best to use Helvetica or Arial (sans serif fonts).
Keep lettering consistently sized throughout your final-sized artwork,
usually about 2-3 mm (8-12 pt).

Variance of type size within an illustration should be minimal, e.g., do
not use 8-pt type on an axis and 20-pt type for the axis label.

Avoid effects such as shading, outline letters, etc.

Do not include titles or captions within your illustrations.

Figure Numbering

All figures are to be numbered using Arabic numerals.

Figures should always be cited in text in consecutive numerical order.
Figure parts should be denoted by lowercase letters (a, b, ¢, etc.).

If an appendix appears in your article and it contains one or more fig-
ures, continue the consecutive numbering of the main text. Do not num-
ber the appendix figures,"A1, A2, A3, etc." Figures in online appendices
[Supplementary Information (SI)] should, however, be numbered sepa-
rately.

Figure Captions

Each figure should have a concise caption describing accurately what
the figure depicts. Include the captions in the text file of the manuscript,
not in the figure file.

Figure captions begin with the term Fig. in bold type, followed by the
figure number, also in bold type.
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No punctuation is to be included after the number, nor is any punctua-
tion to be placed at the end of the caption.

Identify all elements found in the figure in the figure caption; and use
boxes, circles, etc., as coordinate points in graphs.

Identify previously published material by giving the original source in
the form of a reference citation at the end of the figure caption.

Figure Placement and Size

Figures should be submitted separately from the text, if possible.

When preparing your figures, size figures to fit in the column width.
For large-sized journals the figures should be 84 mm (for double-col-
umn text areas), or 174 mm (for single-column text areas) wide and not
higher than 234 mm.

For small-sized journals, the figures should be 119 mm wide and not
higher than 195 mm.

Permissions

If you include figures that have already been published elsewhere, you must
obtain permission from the copyright owner(s) for both the print and online
format. Please be aware that some publishers do not grant electronic rights for
free and that Springer will not be able to refund any costs that may have oc-
curred to receive these permissions. In such cases, material from other sources
should be used.

Accessibility

In order to give people of all abilities and disabilities access to the content of
your figures, please make sure that

All figures have descriptive captions (blind users could then use a text-
to-speech software or a text-to-Braille hardware)

Patterns are used instead of or in addition to colors for conveying infor-
mation (colorblind users would then be able to distinguish the visual el-
ements)

Any figure lettering has a contrast ratio of at least 4.5:1

Supplementary Information (SI)
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Springer accepts electronic multimedia files (animations, movies, audio, etc.)
and other supplementary files to be published online along with an article or a
book chapter. This feature can add dimension to the author's article, as certain
information cannot be printed or is more convenient in electronic form.

Before submitting research datasets as Supplementary Information, authors
should read the journal’s Research data policy. We encourage research data to
be archived in data repositories wherever possible.

Submission

o Supply all supplementary material in standard file formats.

« Please include in each file the following information: article title, journal
name, author names; affiliation and e-mail address of the corresponding
author.

« To accommodate user downloads, please keep in mind that larger-sized
files may require very long download times and that some users may ex-
perience other problems during downloading.

« High resolution (streamable quality) videos can be submitted up to a
maximum of 25GB; low resolution videos should not be larger than 5GB.

Audio, Video, and Animations

o Aspect ratio: 16:9 or 4.3

« Maximum file size: 25 GB for high resolution files; 5 GB for low resolu-
tion files

e Minimum video duration: 1 sec

« Supported file formats: avi, wmv, mp4, mov, m2p, mp2, mpg, mpeg, flv,
mxf, mts, m4v, 3gp

Text and Presentations

o Submit your material in PDF format; .doc or .ppt files are not suitable for
long-term viability.
« A collection of figures may also be combined in a PDF file.

Spreadsheets
« Spreadsheets should be submitted as .csv or .xIsx files (MS Excel).

Specialized Formats
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« Specialized format such as .pdb (chemical), .wrl (VRML), .nb (Mathemat-
ica notebook), and .tex can also be supplied.

Collecting Multiple Files
o lItis possible to collect multiple files in a .zip or .gz file.

Numbering

« If supplying any supplementary material, the text must make specific
mention of the material as a citation, similar to that of figures and ta-

bles.
« Refer to the supplementary files as “Online Resource”, e.g., "... as shown
in the animation (Online Resource 3)", “... additional data are given in

Online Resource 4".
« Name the files consecutively, e.g. "ESM_3.mpg”, “"ESM_4.pdf".

Captions

o For each supplementary material, please supply a concise caption de-
scribing the content of the file.

Processing of supplementary files

« Supplementary Information (SI) will be published as received from the
author without any conversion, editing, or reformatting.

Accessibility

In order to give people of all abilities and disabilities access to the content of
your supplementary files, please make sure that

« The manuscript contains a descriptive caption for each supplementary
material

. Video files do not contain anything that flashes more than three times
per second (so that users prone to seizures caused by such effects are
not put at risk)

Ethical Responsibilities of Authors
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This journal is committed to upholding the integrity of the scientific record. As
a member of the Committee on Publication Ethics (COPE) the journal will follow
the COPE guidelines on how to deal with potential acts of misconduct.

Authors should refrain from misrepresenting research results which could dam-
age the trust in the journal, the professionalism of scientific authorship, and
ultimately the entire scientific endeavour. Maintaining integrity of the research
and its presentation is helped by following the rules of good scientific practice,
which include*:

« The manuscript should not be submitted to more than one journal for
simultaneous consideration.

o The submitted work should be original and should not have been pub-
lished elsewhere in any form or language (partially or in full), unless the
new work concerns an expansion of previous work. (Please provide
transparency on the re-use of material to avoid the concerns about text-
recycling (‘self-plagiarism’).

o Asingle study should not be split up into several parts to increase the
quantity of submissions and submitted to various journals or to one
journal over time (i.e. ‘salami-slicing/publishing’).

« Concurrent or secondary publication is sometimes justifiable, provided
certain conditions are met. Examples include: translations or a manu-
script that is intended for a different group of readers.

« Results should be presented clearly, honestly, and without fabrication,
falsification or inappropriate data manipulation (including image based
manipulation). Authors should adhere to discipline-specific rules for ac-
quiring, selecting and processing data.

« No data, text, or theories by others are presented as if they were the au-
thor’s own (‘plagiarism’). Proper acknowledgements to other works must
be given (this includes material that is closely copied (near verbatim),
summarized and/or paraphrased), quotation marks (to indicate words
taken from another source) are used for verbatim copying of material,
and permissions secured for material that is copyrighted.

Important note: the journal may use software to screen for plagiarism.

« Authors should make sure they have permissions for the use of soft-
ware, questionnaires/(web) surveys and scales in their studies (if appro-
priate).
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« Research articles and non-research articles (e.g. Opinion, Review, and
Commentary articles) must cite appropriate and relevant literature in
support of the claims made. Excessive and inappropriate self-citation or
coordinated efforts among several authors to collectively self-cite is
strongly discouraged.

o Authors should avoid untrue statements about an entity (who can be an
individual person or a company) or descriptions of their behavior or ac-
tions that could potentially be seen as personal attacks or allegations
about that person.

« Research that may be misapplied to pose a threat to public health or
national security should be clearly identified in the manuscript (e.g. dual
use of research). Examples include creation of harmful consequences of
biological agents or toxins, disruption of immunity of vaccines, unusual
hazards in the use of chemicals, weaponization of research/technology
(amongst others).

o Authors are strongly advised to ensure the author group, the Corre-
sponding Author, and the order of authors are all correct at submission.
Adding and/or deleting authors during the revision stages is generally
not permitted, but in some cases may be warranted. Reasons for
changes in authorship should be explained in detail. Please note that
changes to authorship cannot be made after acceptance of a manu-
script.

*All of the above are guidelines and authors need to make sure to respect third
parties rights such as copyright and/or moral rights.

Upon request authors should be prepared to send relevant documentation or
data in order to verify the validity of the results presented. This could be in the
form of raw data, samples, records, etc. Sensitive information in the form of
confidential or proprietary data is excluded.

If there is suspicion of misbehavior or alleged fraud the Journal and/or Publisher
will carry out an investigation following COPE guidelines. If, after investigation,
there are valid concerns, the author(s) concerned will be contacted under their
given e-mail address and given an opportunity to address the issue. Depending
on the situation, this may result in the Journal's and/or Publisher’s implementa-
tion of the following measures, including, but not limited to:
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« If the manuscript is still under consideration, it may be rejected and re-
turned to the author.

« If the article has already been published online, depending on the na-
ture and severity of the infraction:

- an erratum/correction may be placed with the article
- an expression of concern may be placed with the article

- or in severe cases retraction of the article may occur.
The reason will be given in the published erratum/correction, expression of con-
cern or retraction note. Please note that retraction means that the article
is maintained on the platform, watermarked “retracted” and the explanation
for the retraction is provided in a note linked to the watermarked article.

« The author’s institution may be informed

« A notice of suspected transgression of ethical standards in the peer re-
view system may be included as part of the author’s and article’s biblio-
graphic record.

Fundamental errors

Authors have an obligation to correct mistakes once they discover a significant
error or inaccuracy in their published article. The author(s) is/are requested to
contact the journal and explain in what sense the error is impacting the article.
A decision on how to correct the literature will depend on the nature of the
error. This may be a correction or retraction. The retraction note should provide
transparency which parts of the article are impacted by the error.

Suggesting / excluding reviewers

Authors are welcome to suggest suitable reviewers and/or request the exclusion
of certain individuals when they submit their manuscripts. When suggesting re-
viewers, authors should make sure they are totally independent and not con-
nected to the work in any way. It is strongly recommended to suggest a mix of
reviewers from different countries and different institutions. When suggesting
reviewers, the Corresponding Author must provide an institutional email ad-
dress for each suggested reviewer, or, if this is not possible to include other
means of verifying the identity such as a link to a personal homepage, a link to
the publication record or a researcher or author ID in the submission letter.
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Please note that the Journal may not use the suggestions, but suggestions are
appreciated and may help facilitate the peer review process.

Authorship principles

These guidelines describe authorship principles and good authorship practices
to which prospective authors should adhere to.

Authorship clarified

The Journal and Publisher assume all authors agreed with the content and that
all gave explicit consent to submit and that they obtained consent from the
responsible authorities at the institute/organization where the work has been
carried out, before the work is submitted.

The Publisher does not prescribe the kinds of contributions that warrant author-
ship. It is recommended that authors adhere to the guidelines for authorship
that are applicable in their specific research field. In absence of specific guide-
lines it is recommended to adhere to the following guidelines*:

All authors whose names appear on the submission

1) made substantial contributions to the conception or design of the work; or
the acquisition, analysis, or interpretation of data; or the creation of new soft-
ware used in the work;

2) drafted the work or revised it critically for important intellectual content;

3) approved the version to be published; and

4) agree to be accountable for all aspects of the work in ensuring that questions
related to the accuracy or integrity of any part of the work are appropriately
investigated and resolved.

* Based on/adapted from:

ICMJE, Defining the Role of Authors and Contributors,
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Transparency in authors’ contributions and responsibilities to promote integrity
in scientific publication, McNutt at all, PNAS February 27, 2018

Disclosures and declarations

All authors are requested to include information regarding sources of funding,
financial or non-financial interests, study-specific approval by the appropriate
ethics committee for research involving humans and/or animals, informed con-
sent if the research involved human participants, and a statement on welfare of
animals if the research involved animals (as appropriate).

The decision whether such information should be included is not only depend-
ent on the scope of the journal, but also the scope of the article. Work submitted
for publication may have implications for public health or general welfare and
in those cases it is the responsibility of all authors to include the appropriate
disclosures and declarations.

Data transparency

All authors are requested to make sure that all data and materials as well as
software application or custom code support their published claims and comply
with field standards. Please note that journals may have individual policies on
(sharing) research data in concordance with disciplinary norms and expecta-
tions.

Role of the Corresponding Author

One author is assigned as Corresponding Author and acts on behalf of all co-
authors and ensures that questions related to the accuracy or integrity of any
part of the work are appropriately addressed.

The Corresponding Author is responsible for the following requirements:

« ensuring that all listed authors have approved the manuscript before
submission, including the names and order of authors;

« managing all communication between the Journal and all co-authors,
before and after publication;*

« providing transparency on re-use of material and mention any un-
published material (for example manuscripts in press) included in the
manuscript in a cover letter to the Editor;
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« making sure disclosures, declarations and transparency on data state-
ments from all authors are included in the manuscript as appropriate
(see above).

* The requirement of managing all communication between the journal and all
co-authors during submission and proofing may be delegated to a Contact or
Submitting Author. In this case please make sure the Corresponding Author is
clearly indicated in the manuscript.

Author contributions

In absence of specific instructions and in research fields where it is possible to
describe discrete efforts, the Publisher recommends authors to include contri-
bution statements in the work that specifies the contribution of every author in
order to promote transparency. These contributions should be listed at the sep-
arate title page.

Examples of such statement(s) are shown below:

* Free text:

All authors contributed to the study conception and design. Material prepara-
tion, data collection and analysis were performed by [full name], [full name] and
[full name]. The first draft of the manuscript was written by [full name] and all
authors commented on previous versions of the manuscript. All authors read

and approved the final manuscript.

Example: CRediT taxonomy:

« Conceptualization: [full name], ...; Methodology: [full name], ...; Formal analysis
and investigation: [full name], ...; Writing - original draft preparation: [full name,
...]J; Writing - review and editing: [full name], ...; Funding acquisition: [full name],
..., Resources: [full name], ...; Supervision: [full name].....

For review articles where discrete statements are less applicable a statement

should be included who had the idea for the article, who performed the litera-
ture search and data analysis, and who drafted and/or critically revised the work.
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For articles that are based primarily on the student’s dissertation or thesis, it
is recommended that the student is usually listed as principal author:

A Graduate Student's Guide to Determining Authorship Credit and Authorship
Order, APA Science Student Council 2006

Affiliation

The primary affiliation for each author should be the institution where the ma-
jority of their work was done. If an author has subsequently moved, the current
address may additionally be stated. Addresses will not be updated or changed
after publication of the article.

Changes to authorship

Authors are strongly advised to ensure the correct author group, the Corre-
sponding Author, and the order of authors at submission. Changes of author-
ship by adding or deleting authors, and/or changes in Corresponding Author,
and/or changes in the sequence of authors are not accepted after ac-
ceptance of a manuscript.

« Please note that author names will be published exactly as they ap-
pear on the accepted submission!

Please make sure that the names of all authors are present and correctly spelled,
and that addresses and affiliations are current.

Adding and/or deleting authors at revision stage are generally not permitted,
but in some cases it may be warranted. Reasons for these changes in authorship
should be explained. Approval of the change during revision is at the discretion
of the Editor-in-Chief. Please note that journals may have individual policies on
adding and/or deleting authors during revision stage.

Author identification

Authors are recommended to use their ORCID ID when submitting an article for
consideration or acquire an ORCID ID via the submission process.

Deceased or incapacitated authors
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For cases in which a co-author dies or is incapacitated during the writing, sub-
mission, or peer-review process, and the co-authors feel it is appropriate to in-
clude the author, co-authors should obtain approval from a (legal) representa-
tive which could be a direct relative.

Authorship issues or disputes

In the case of an authorship dispute during peer review or after acceptance and
publication, the Journal will not be in a position to investigate or adjudicate.
Authors will be asked to resolve the dispute themselves. If they are unable the
Journal reserves the right to withdraw a manuscript from the editorial process
or in case of a published paper raise the issue with the authors’ institution(s)
and abide by its guidelines.

Confidentiality

Authors should treat all communication with the Journal as confidential which
includes correspondence with direct representatives from the Journal such as
Editors-in-Chief and/or Handling Editors and reviewers’ reports unless explicit
consent has been received to share information.

Compliance with Ethical Standards

To ensure objectivity and transparency in research and to ensure that accepted
principles of ethical and professional conduct have been followed, authors
should include information regarding sources of funding, potential conflicts of
interest (financial or non-financial), informed consent if the research involved
human participants, and a statement on welfare of animals if the research in-
volved animals.

Authors should include the following statements (if applicable) in a separate
section entitled "Compliance with Ethical Standards” when submitting a paper:

« Disclosure of potential conflicts of interest
« Research involving Human Participants and/or Animals
« Informed consent

Please note that standards could vary slightly per journal dependent on their
peer review policies (i.e. single or double blind peer review) as well as per journal
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subject discipline. Before submitting your article check the instructions follow-
ing this section carefully.

The corresponding author should be prepared to collect documentation of
compliance with ethical standards and send if requested during peer review or
after publication.

The Editors reserve the right to reject manuscripts that do not comply with the
above-mentioned guidelines. The author will be held responsible for false state-
ments or failure to fulfill the above-mentioned guidelines.

Competing Interests

Authors are requested to disclose interests that are directly or indirectly related
to the work submitted for publication. Interests within the last 3 years of begin-
ning the work (conducting the research and preparing the work for submission)
should be reported. Interests outside the 3-year time frame must be disclosed
if they could reasonably be perceived as influencing the submitted work. Dis-
closure of interests provides a complete and transparent process and helps
readers form their own judgments of potential bias. This is not meant to imply
that a financial relationship with an organization that sponsored the research or
compensation received for consultancy work is inappropriate.

Editorial Board Members and Editors are required to declare any competing
interests and may be excluded from the peer review process if a competing
interest exists. In addition, they should exclude themselves from handling man-
uscripts in cases where there is a competing interest. This may include — but is
not limited to — having previously published with one or more of the authors,
and sharing the same institution as one or more of the authors. Where an Editor
or Editorial Board Member is on the author list they must declare this in the
competing interests section on the submitted manuscript. If they are an author
or have any other competing interest regarding a specific manuscript, another
Editor or member of the Editorial Board will be assigned to assume responsibil-
ity for overseeing peer review. These submissions are subject to the exact same
review process as any other manuscript. Editorial Board Members are welcome
to submit papers to the journal. These submissions are not given any priority
over other manuscripts, and Editorial Board Member status has no bearing on
editorial consideration.
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Interests that should be considered and disclosed but are not limited to the
following:

Funding: Research grants from funding agencies (please give the research fun-
der and the grant number) and/or research support (including salaries, equip-
ment, supplies, reimbursement for attending symposia, and other expenses) by
organizations that may gain or lose financially through publication of this man-
uscript.

Employment: Recent (while engaged in the research project), present or antic-
ipated employment by any organization that may gain or lose financially
through publication of this manuscript. This includes multiple affiliations (if ap-
plicable).

Financial interests: Stocks or shares in companies (including holdings of
spouse and/or children) that may gain or lose financially through publication of
this manuscript; consultation fees or other forms of remuneration from organi-
zations that may gain or lose financially; patents or patent applications whose
value may be affected by publication of this manuscript.

It is difficult to specify a threshold at which a financial interest becomes signifi-
cant, any such figure is necessarily arbitrary, so one possible practical guideline
is the following: "Any undeclared financial interest that could embarrass the au-
thor were it to become publicly known after the work was published.”

Non-financial interests: In addition, authors are requested to disclose interests
that go beyond financial interests that could impart bias on the work submitted
for publication such as professional interests, personal relationships or personal
beliefs (amongst others). Examples include, but are not limited to: position on
editorial board, advisory board or board of directors or other type of manage-
ment relationships; writing and/or consulting for educational purposes; expert
witness; mentoring relations; and so forth.

Primary research articles require a disclosure statement. Review articles present
an expert synthesis of evidence and may be treated as an authoritative work on
a subject. Review articles therefore require a disclosure statement.Other article
types such as editorials, book reviews, comments (amongst others) may, de-
pendent on their content, require a disclosure statement. If you are unclear
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whether your article type requires a disclosure statement, please contact the
Editor-in-Chief.

Please note that, in addition to the above requirements, funding information
(given that funding is a potential competing interest (as mentioned above))
needs to be disclosed upon submission of the manuscript in the peer review
system. This information will automatically be added to the Record of Cross-
Mark, however it is not added to the manuscript itself. Under ‘summary of re-
quirements’ (see below) funding information should be included in the ‘Decla-
rations’ section.

Summary of requirements

The above should be summarized in a statement and placed in a ‘Declarations’
section before the reference list under a heading of ‘Funding’ and/or ‘Compet-
ing interests’. Other declarations include Ethics approval, Consent, Data, Mate-
rial and/or Code availability and Authors’ contribution statements.

Please see the various examples of wording below and revise/customize the
sample statements according to your own needs.

When all authors have the same (or no) conflicts and/or funding it is sufficient
to use one blanket statement.

Examples of statements to be used when funding has been received:

o Partial financial support was received from [...]

o The research leading to these results received funding from [...] under
Grant Agreement Nol...].

« This study was funded by [...]

« This work was supported by [...] (Grant numbers [...] and [...]

Examples of statements to be used when there is no funding:

« The authors did not receive support from any organization for the sub-
mitted work.

« No funding was received to assist with the preparation of this manu-
script.

« No funding was received for conducting this study.
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« No funds, grants, or other support was received.

Examples of statements to be used when there are interests to declare:

« Financial interests: Author A has received research support from Com-
pany A. Author B has received a speaker honorarium from Company
Wand owns stock in Company X. Author C is consultant to company Y.

Non-financial interests: Author C is an unpaid member of committee Z.
- Financial interests: The authors declare they have no financial interests.

Non-financial interests: Author A is on the board of directors of Y and
receives no compensation as member of the board of directors.

« Financial interests: Author A received a speaking fee from Y for Z. Au-
thor B receives a salary from association X. X where s/he is the Executive
Director.

Non-financial interests: none.

« Financial interests: Author A and B declare they have no financial inter-
ests. Author C has received speaker and consultant honoraria from
Company M and Company N. Dr. C has received speaker honorarium
and research funding from Company M and Company O. Author D has
received travel support from Company O.

Non-financial interests: Author D has served on advisory boards for
Company M, Company N and Company O.
Examples of statements to be used when authors have nothing to declare:

« The authors have no relevant financial or non-financial interests to dis-
close.

« The authors have no competing interests to declare that are relevant to
the content of this article.

« All authors certify that they have no affiliations with or involvement in
any organization or entity with any financial interest or non-financial in-
terest in the subject matter or materials discussed in this manuscript.

« The authors have no financial or proprietary interests in any material
discussed in this article.
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Authors are responsible for correctness of the statements provided in the man-
uscript. See also Authorship Principles. The Editor-in-Chief reserves the right to
reject submissions that do not meet the guidelines described in this section.

Research involving human participants, their data or biological material

Ethics approval

When reporting a study that involved human participants, their data or biolog-
ical material, authors should include a statement that confirms that the study
was approved (or granted exemption) by the appropriate institutional and/or
national research ethics committee (including the name of the ethics commit-
tee) and certify that the study was performed in accordance with the ethical
standards as laid down in the 1964 Declaration of Helsinki and its later amend-
ments or comparable ethical standards. If doubt exists whether the research was
conducted in accordance with the 1964 Helsinki Declaration or comparable
standards, the authors must explain the reasons for their approach, and demon-
strate that an independent ethics committee or institutional review board ex-
plicitly approved the doubtful aspects of the study. If a study was granted ex-
emption from requiring ethics approval, this should also be detailed in the man-
uscript (including the reasons for the exemption).

Retrospective ethics approval

If a study has not been granted ethics committee approval prior to commenc-
ing, retrospective ethics approval usually cannot be obtained and it may not be
possible to consider the manuscript for peer review. The decision on whether
to proceed to peer review in such cases is at the Editor's discretion.

Ethics approval for retrospective studies

Although retrospective studies are conducted on already available data or bio-
logical material (for which formal consent may not be needed or is difficult to
obtain) ethics approval may be required dependent on the law and the national
ethical guidelines of a country. Authors should check with their institution to
make sure they are complying with the specific requirements of their country.

Ethics approval for case studies

Case reports require ethics approval. Most institutions will have specific policies
on this subject. Authors should check with their institution to make sure they
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are complying with the specific requirements of their institution and seek ethics
approval where needed. Authors should be aware to secure informed consent
from the individual (or parent or guardian if the participant is a minor or inca-
pable) See also section on Informed Consent.

Cell lines

If human cells are used, authors must declare in the manuscript: what cell lines
were used by describing the source of the cell line, including when and from
where it was obtained, whether the cell line has recently been authenticated
and by what method. If cells were bought from a life science company the fol-
lowing need to be given in the manuscript: name of company (that provided
the cells), cell type, number of cell line, and batch of cells.

It is recommended that authors check the NCBI database for misidentification
and contamination of human cell lines. This step will alert authors to possible
problems with the cell line and may save considerable time and effort.

Further information is available from the International Cell Line Authentication
Committee (ICLAQ).

Authors should include a statement that confirms that an institutional or inde-
pendent ethics committee (including the name of the ethics committee) ap-
proved the study and that informed consent was obtained from the donor or
next of kin.

Research Resource Identifiers (RRID)

Research Resource Identifiers (RRID) are persistent unique identifiers (effectively
similar to a DOI) for research resources. This journal encourages authors to
adopt RRIDs when reporting key biological resources (antibodies, cell lines,
model organisms and tools) in their manuscripts.

Examples:

Organism: Filip Trmaovewst RRID:MMRRC_055641-UCD

Cell Line: RST307 cell line RRID:CVCL_C321
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Antibody: Luciferase antibody DSHB Cat# LUC-3, RRID:AB_2722109
Plasmid: mRuby3 plasmid RRID:Addgene_104005

Software: ImageJ Version 1.2.4 RRID:SCR_003070

RRIDs are provided by the Resource Identification Portal. Many commonly used

research resources already have designated RRIDs. The portal also provides au-
thors links so that they can quickly register a new resource and obtain an RRID.

Clinical Trial Registration

The World Health Organization (WHO) definition of a clinical trial is "any re-
search study that prospectively assigns human participants or groups of hu-
mans to one or more health-related interventions to evaluate the effects on
health outcomes". The WHO defines health interventions as “A health interven-
tion is an act performed for, with or on behalf of a person or population whose
purpose is to assess, improve, maintain, promote or modify health, functioning
or health conditions” and a health-related outcome is generally defined as a
change in the health of a person or population as a result of an intervention.

To ensure the integrity of the reporting of patient-centered trials, authors must
register prospective clinical trials (phase Il to IV trials) in suitable publicly avail-
able repositories. For example www.clinicaltrials.gov or any of the primary reg-
istries that participate in the WHO International Clinical Trials Registry Platform.

The trial registration number (TRN) and date of registration should be included
as the last line of the manuscript abstract.

For clinical trials that have not been registered prospectively, authors are en-
couraged to register retrospectively to ensure the complete publication of all
results. The trial registration number (TRN), date of registration and the words
‘retrospectively registered’ should be included as the last line of the manuscript
abstract.

Standards of reporting

Springer Nature advocates complete and transparent reporting of biomedical
and biological research and research with biological applications. Authors are
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recommended to adhere to the minimum reporting guidelines hosted by
the EQUATOR Network when preparing their manuscript.

Exact requirements may vary depending on the journal; please refer to the jour-
nal’s Instructions for Authors.

Checklists are available for a number of study designs, including:
Randomised trials (CONSORT) and Study protocols (SPIRIT)
Observational studies (STROBE)

Systematic reviews and meta-analyses (PRISMA) and protocols (Prisma-P)
Diagnostic/prognostic studies (STARD) and (TRIPOD)

Case reports (CARE)

Clinical practice guidelines (AGREE) and (RIGHT)

Qualitative research (SRQR) and (COREQ)

Animal pre-clinical studies (ARRIVE)

Quality improvement studies (SQUIRE)

Economic evaluations (CHEERS)

Summary of requirements

The above should be summarized in a statement and placed in a ‘Declarations’
section before the reference list under a heading of ‘Ethics approval'.

Please see the various examples of wording below and revise/customize the
sample statements according to your own needs.

Examples of statements to be used when ethics approval has been obtained:
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« All procedures performed in studies involving human participants were in ac-
cordance with the ethical standards of the institutional and/or national research
committee and with the 1964 Helsinki Declaration and its later amendments or
comparable ethical standards. The study was approved by the Bioethics Com-
mittee of the Medical University of A (No. ...).

« This study was performed in line with the principles of the Declaration of Hel-
sinki. Approval was granted by the Ethics Committee of University B (Date.../No.

).

 Approval was obtained from the ethics committee of University C. The proce-
dures used in this study adhere to the tenets of the Declaration of Helsinki.

 The questionnaire and methodology for this study was approved by the Hu-
man Research Ethics committee of the University of D (Ethics approval number:

)
Examples of statements to be used for a retrospective study:

« Ethical approval was waived by the local Ethics Committee of University A in
view of the retrospective nature of the study and all the procedures being per-
formed were part of the routine care.

* This research study was conducted retrospectively from data obtained for clin-
ical purposes. We consulted extensively with the IRB of XYZ who determined
that our study did not need ethical approval. An IRB official waiver of ethical
approval was granted from the IRB of XYZ.

* This retrospective chart review study involving human participants was in ac-
cordance with the ethical standards of the institutional and national research
committee and with the 1964 Helsinki Declaration and its later amendments or
comparable ethical standards. The Human Investigation Committee (IRB) of
University B approved this study.

Examples of statements to be used when no ethical approval is required/ex-
emption granted:
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« This is an observational study. The XYZ Research Ethics Committee has con-
firmed that no ethical approval is required.

 The data reproduced from Article X utilized human tissue that was procured
via our Biobank AB, which provides de-identified samples. This study was re-
viewed and deemed exempt by our XYZ Institutional Review Board. The BioBank
protocols are in accordance with the ethical standards of our institution and
with the 1964 Helsinki declaration and its later amendments or comparable eth-
ical standards.

Authors are responsible for correctness of the statements provided in the man-
uscript. See also Authorship Principles. The Editor-in-Chief reserves the right to
reject submissions that do not meet the guidelines described in this section.

Informed consent

All individuals have individual rights that are not to be infringed. Individual par-
ticipants in studies have, for example, the right to decide what happens to the
(identifiable) personal data gathered, to what they have said during a study or
an interview, as well as to any photograph that was taken. This is especially true
concerning images of vulnerable people (e.g. minors, patients, refugees, etc) or
the use of images in sensitive contexts. In many instances authors will need to
secure written consent before including images.

|dentifying details (names, dates of birth, identity numbers, biometrical charac-
teristics (such as facial features, fingerprint, writing style, voice pattern, DNA or
other distinguishing characteristic) and other information) of the participants
that were studied should not be published in written descriptions, photographs,
and genetic profiles unless the information is essential for scholarly purposes
and the participant (or parent/guardian if the participant is a minor or incapable
or legal representative) gave written informed consent for publication. Com-
plete anonymity is difficult to achieve in some cases. Detailed descriptions of
individual participants, whether of their whole bodies or of body sections, may
lead to disclosure of their identity. Under certain circumstances consent is not
required as long as information is anonymized and the submission does not
include images that may identify the person.

Informed consent for publication should be obtained if there is any doubt. For
example, masking the eye region in photographs of participants is inadequate
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protection of anonymity. If identifying characteristics are altered to protect an-
onymity, such as in genetic profiles, authors should provide assurance that al-
terations do not distort meaning.

Exceptions where it is not necessary to obtain consent:

 Images such as x rays, laparoscopic images, ultrasound images, brain scans,
pathology slides unless there is a concern about identifying information in
which case, authors should ensure that consent is obtained.

* Reuse of images: If images are being reused from prior publications, the Pub-
lisher will assume that the prior publication obtained the relevant information
regarding consent. Authors should provide the appropriate attribution for re-
published images.

Consent and already available data and/or biologic material

Regardless of whether material is collected from living or dead patients, they
(family or guardian if the deceased has not made a pre-mortem decision) must
have given prior written consent. The aspect of confidentiality as well as any
wishes from the deceased should be respected.

Data protection, confidentiality and privacy

When biological material is donated for or data is generated as part of a re-
search project authors should ensure, as part of the informed consent proce-
dure, that the participants are made aware what kind of (personal) data will be
processed, how it will be used and for what purpose. In case of data acquired
via a biobank/biorepository, it is possible they apply a broad consent which al-
lows research participants to consent to a broad range of uses of their data and
samples which is regarded by research ethics committees as specific enough to
be considered “informed”. However, authors should always check the specific
biobank/biorepository policies or any other type of data provider policies (in
case of non-bio research) to be sure that this is the case.

Consent to Participate

For all research involving human subjects, freely-given, informed consent to
participate in the study must be obtained from participants (or their parent or
123



legal guardian in the case of children under 16) and a statement to this effect
should appear in the manuscript. In the case of articles describing human trans-
plantation studies, authors must include a statement declaring that no or-
gans/tissues were obtained from prisoners and must also name the institu-
tion(s)/clinic(s)/department(s) via which organs/tissues were obtained. For man-
uscripts reporting studies involving vulnerable groups where there is the poten-
tial for coercion or where consent may not have been fully informed, extra care
will be taken by the editor and may be referred to the Springer Nature Research
Integrity Group.

Consent to Publish

Individuals may consent to participate in a study, but object to having their data
published in a journal article. Authors should make sure to also seek consent
from individuals to publish their data prior to submitting their paper to a jour-
nal. This is in particular applicable to case studies.

Summary of requirements

The above should be summarized in a statement and placed in a ‘Declarations’
section before the reference list under a heading of ‘Consent to participate’
and/or ‘Consent to publish’. Other declarations include Funding, Competing in-
terests, Ethics approval, Consent, Data and/or Code availability and Authors’
contribution statements.

Please see the various examples of wording below and revise/customize the
sample statements according to your own needs.

Sample statements for "Consent to participate”:

Informed consent was obtained from all individual participants included in the
study.

Informed consent was obtained from legal guardians.
Written informed consent was obtained from the parents.

Verbal informed consent was obtained prior to the interview.
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Sample statements for “Consent to publish”:

The authors affirm that human research participants provided informed consent
for publication of the images in Figure(s) 1a, 1b and 1c.

The participant has consented to the submission of the case report to the jour-
nal.

Patients signed informed consent regarding publishing their data and photo-
graphs.

Sample statements if identifying information about participants is available in
the article:

Additional informed consent was obtained from all individual participants for
whom identifying information is included in this article.

Authors are responsible for correctness of the statements provided in the man-
uscript. See also Authorship Principles. The Editor-in-Chief reserves the right to
reject submissions that do not meet the guidelines described in this section.

Images will be removed from publication if authors have not obtained informed
consent or the paper may be removed and replaced with a notice explaining
the reason for removal.

Research Data Policy and Data Availability Statements

This journal operates a type 2 research data policy (life sciences). A submission
to the journal implies that materials described in the manuscript, including all
relevant raw data, will be freely available to any researcher wishing to use them
for non-commercial purposes, without breaching participant confidentiality.

The journal strongly encourages that all datasets on which the conclusions of
the paper rely should be available to readers. We encourage authors to ensure
that their datasets are either deposited in publicly available repositories (where
available and appropriate) or presented in the main manuscript or additional
supporting files whenever possible. Please see Springer Nature's information on
recommended repositories.
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List of Repositories

Research Data Policy

General repositories - for all types of research data - such as figshare and Dryad
may be used where appropriate.

Datasets that are assigned digital object identifiers (DOIs) by a data repository
may be cited in the reference list. Data citations should include the minimum
information recommended by DataCite: authors, title, publisher (repository
name), identifier.

DataCite

Where a widely established research community expectation for data archiving
in public repositories exists, submission to a community-endorsed, public re-
pository is mandatory. Persistent identifiers (such as DOIs and accession num-
bers) for relevant datasets must be provided in the paper.

If the journal that you're submitting to uses double-blind peer review and you
are providing reviewers with access to your data (for example via a repository
link, supplementary information or data on request), it is strongly suggested
that the authorship in the data is also blinded. There are data repositories that
can assist with this and/or will create a link to mask the authorship of your data.

For the following types of data set, submission to a community-endorsed, pub-
lic repository is mandatory:

Mandatory deposition Suitable repositories
Protein sequences Uniprot
DNA and RNA sequences Genbank

DNA DataBank of Japan (DDBJ)

EMBL Nucleotide Sequence Data-
base (ENA)

DNA and RNA sequencing data NCBI Trace Archive
NCBI Sequence Read Archive (SRA)
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Genetic polymorphisms dbSNP
dbVar

European Variation Archive (EVA)

Linked genotype and phenotype data dbGAP
The European Genome-phenome Ar-
chive (EGA)

Macromolecular structure Worldwide Protein Data Bank
(WwPDB)
Biological Magnetic Resonance Data
Bank (BMRB)

Electron Microscopy Data Bank

(EMDB)

Microarray data (must be MIAME compliant) Gene Expression Omnibus (GEO)
ArrayExpress

Crystallographic data for small molecules Cambridge Structural Database

For more information:

Research Data Policy Freguently Asked Questions

Data availability

The journal encourages authors to provide a statement of Data availability in
their article. Data availability statements should include information on where
data supporting the results reported in the article can be found, including,
where applicable, hyperlinks to publicly archived datasets analysed or gener-
ated during the study. Data availability statements can also indicate whether
data are available on request from the authors and where no data are available,
if appropriate.

Data Availability statements can take one of the following forms (or a combina-
tion of more than one if required for multiple datasets):

o 1. The datasets generated during and/or analysed during the current

study are available in the [NAME] repository, [PERSISTENT WEB LINK TO
DATASETS]
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o 2. The datasets generated during and/or analysed during the current
study are not publicly available due [REASON WHY DATA ARE NOT
PUBLIC] but are available from the corresponding author on reasonable
request.

« 3. The datasets generated during and/or analysed during the current
study are available from the corresponding author on reasonable re-
quest.

« 4. Data sharing not applicable to this article as no datasets were gener-
ated or analysed during the current study.

« 5. All data generated or analysed during this study are included in this
published article [and its supplementary information files].

More examples of template data availability statements, which include exam-
ples of openly available and restricted access datasets, are available:

Data availability statements

Authors who need help understanding our data sharing policies, help finding a
suitable data repository, or help organising and sharing research data can ac-
cess our Author Support portal for additional guidance.

Please note:

Metabolomics data should be submitted following the MSI guidelines.

Preferred Metabolomics data repositories are MassIVE and Metabolights

After acceptance

Upon acceptance, your article will be exported to Production to undergo type-
setting. Once typesetting is complete, you will receive a link asking you to con-
firm your affiliation, choose the publishing model for your article as well as ar-
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