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Nuclear magnetic resonance (NMR) measurements combined with chemometrics allow achieving a great amount of
information for the identification of potential biomarkers responsible for a precise metabolic pathway. These kinds of data
are useful in different fields, ranging from food to biomedical fields, including health science. The investigation of the
whole set of metabolites in a sample, representing its fingerprint in the considered condition, is known as metabolomics
and may take advantage of different statistical tools. The new frontier is to adopt self-learning techniques to enhance
clustering or classification actions that can improve the predictive power over large amounts of data.
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| 1. Introduction

Metabolomics corresponds to the part of omics sciences that investigates the whole set of small molecule metabolites in
an organism, representing a large number of compounds, such as a portion of organic acids, amino acids, carbohydrates,
lipids, etc. &, The investigation and the recording of metabolites by target analysis, metabolic profiling and metabolic
fingerprinting (i.e., extracellular metabolites) are fundamental steps for the discovery of biomarkers, helping in diagnoses
and designing appropriate approaches for drug treatment of diseases B4 There are many databases available with
metabolomics data, including spectra acquired by nuclear magnetic resonance (NMR) and mass spectrometry (MS), but
also metabolic pathways. Among them, the Human Metabolome Database (HMDB) & and Biological Magnetic
Resonance Bank (BMRB) € were mentioned that contain information on a large number of metabolites gathered from
different sources. By means of the corresponding web platform, it is possible, for instance, to search for mono- and bi-
dimensional spectra of metabolites, starting from their peak position &. However, metabolomics databases still lack
homogeneity mainly due to the different acquisition conditions, including employed instruments. Thus, the definition of
uniform and minimum reporting standards and data formats would allow an easier comparison and a more accurate
investigation of metabolomics data 4.

In recent years, NMR has become one of the most employed analytical non-destructive techniques for clinical
metabolomics studies. In fact, it allows to detect and quantify metabolic components of a biological matrix whose
concentration is comparable or bigger than 1 yM. Such sensitivity, relatively low if compared with other MS techniques,
allows to assign up to 20 metabolites in vivo, and up to 100 metabolites in vitro B9 Numerous strategies are being
designed to overcome actual limitations, including a lower selectivity compared to the MS technique coupled with gas or
liqguid chromatography (GC-MS and LC-MS, respectively) and a low resolution for complex biological matrices. These
include the development of new pulse sequences mainly involving field gradients for observing multidimensional hetero-
or homo-nuclear correlations 4. Within metabolomics investigations, NMR analyses are usually coupled with statistical
approaches: sample randomization allows to reduce the correlation between confounding variables, sample investigation
order and experimental procedures. In the last ten years, nested stratified proportional randomization and matched case-
control design were adopted in the case of imbalanced results.

| 2. Unsupervised Methods

In the analysis of large metabolomic NMR datasets, unsupervised techniques are applied with the aim to identify any
significant pattern within unlabeled databases without any human action.

2.1. Principal Component Analysis (PCA)

Principal component analysis (PCA) is employed for lowering the dimensionality of high-dimensional datasets, preserving
as much information as possible by means of a “linear” multivariate analysis 123l This approach employs a linear



transformation to define a new smaller set of “summary indices”—or “principal components” (PCs)—that are more easily
visualized and analyzed 14l In this frame, principal components correspond to new variables obtained by the linear
combination of the initial variables by solving an eigenvalue/eigenvector problem. The first principal component (PC1)
represents the “path” along which the variance of the data is maximized. As happens for the first principal component, the
second one (PC2) also defines the maximum variance in the database. Nevertheless, it is completely uncorrelated to the
PC1 following a direction that is orthogonal to the first component path. This step reiterates based on the dimensionality of
the system, where a next principal component is the direction orthogonal to the prior components with the most variance.
If there are significant distinctions between the ranges of initial variables (those variables with smaller ranges will be
dominated by those with larger ones), distorted results may occur. To avoid this kind of problem, it is required to perform a
standardization operation before executing PCA that corresponds to a transformation of the data into comparable scales.
This can be done by using different scaling transformations, such as autoscaling, the generalized logarithm transform or
the Pareto scaling with the aim to enhance the importance of small NMR signals, whose variation is more affected by the
noise 251, One of the most used transformation is the mean centered autoscaling:

value — mean

st. deviation

Furthermore, the computation of the covariance matrix is required to discard redundant information mainly due to the
presence of any relationship between the initial variables of the data. The covariance matrix is symmetric being composed
by the covariances of all pairs of the considered n variables :

Cov(zy,z1) --+ Cov(zi,zn)

Cov(z,,z1) -+ Cov(z,,z,)

In this frame, PCs can be obtained by finding the eigenvectors and eigenvalues from this covariance matrix. Figure 1
shows a graph with only three variables axes of the n-dimensional variables space. The red point in this figure represents
the average point used to move the origin of the coordinate system by means of the mean-centering procedure in the
standardization process. Once it was defined PC1 and PC2, as shown in Figure 1, they define a plane that allows
inspecting the organization of the studied database. Further, the projection of the data with respect to the new variables
(PCs) is called the score plot, and if the data are statistically different/similar, they can be regrouped and classified.




Figure 1. Example plot with 3 variable axes in a n-dimensional variable space. The principal components PC1 and PC2
are reported.

PCA is usually applied in NMR-metabolomic studies because it simplifies the investigation of hundreds of thousands of
chemical components in metabolomic database composed of several collected NMR spectra. In this way, each NMR
spectrum is confined to a single point in the score plot in which similar spectra are regrouped, and differences on the PC
axes shed light on experimental variations between the measurements LEILAREIS  However, it is noteworthy that PCA,
like the other latent structure techniques, must be applied to matrices where the number of cases is greater than the
number of variables 29,

The PCA technique can also be combined with other statistical approaches, including the analysis of variance (ANOVA)
as reported by Smilde et al. 2 in their ANOVA-simultaneous component analysis (ASCA). This method is able to
associate observed data changes to the different experimental designs. It is applied to metabolomics data, for example, to
study variations of the metabolites level in human saliva due to oral rinsing 22, or the metabolic responses of yeast at
different starving conditions [23],

2.2. Clustering

Clustering is a data analysis technique used to regroup unlabeled data on the basis of their similarities or differences.
Examples of clustering algorithms are essentially the following: exclusive, overlapping, hierarchical, and probabilistic
clustering 24123, Exclusive and overlapping clustering can be described together because they differ for the existence of
one or multiple data points in one or more clustered sets. In fact, while exclusive clustering establishes that a data point
can occur only in one cluster, overlapping clustering enables data points to be part of multiple clusters with different
degrees of membership. Exclusive and overlapping clustering are hard or k-means clustering and soft or fuzzy k-means
clustering, respectively 281271281 |n hard clustering, every element in a database might be a part of a single and precise
cluster, whereas in soft clustering, there is a probability of having each data point into a different cluster 28, Generally
speaking, k-means clustering is a “distance-based” method in which each “clustered set” is linked with a centroid that is
considered to minimize the sum of the distances between data points in the cluster.

Hierarchical clustering analysis (HCA) is used to recognize non-linear evolution in the data—contrary to what was done by
the PCA which shows a linear trend—by means of a regrouping of features sample by sample without having any
previous information 22, This clustering method could be divided in two groups: (i) agglomerative clustering, and (ii)
divisive clustering BB The first one allows to keep data points separate at first, unifying them iteratively later until it one
cluster with a precise similarity between the data points is obtained. In the opposite way, divisive clustering creates a
separation of data points in a data cluster on the basis of their differences. The clustering analysis leads to dendrograms
that are diagrams in which the horizontal row represents the linked residues, whereas the vertical axis describes the
correlation between a residue and previous groups

HCA analysis, performed on 'H NMR data recording the plasma metabolome of 50 patients with early breast cancer 22,
allowed to discriminate among three different groups characterized by significantly different levels of some metabolites,
such as lactate, pyruvate and glutamin B2, In this case, the Ward algorithm is adopted for measuring the distance.

Furthermore, covariance analysis of NMR chemical shift changes allows defining functional clusters of coupled residues
[33]

Clustering has been largely applied for metabolomic studies covering fields from medicine to food science and is
essentially adopted for samples’ classification by grouping metabolites without any external bias. This allows entering into
the details of the precise metabolic pathways that may provide a connection between metabolomics and molecular
biology. In such a way, many biomedical applications, including diagnostics and drug synthesis, would reach important
improvements.

2.3. Self-Organizing Maps (SOMs)

Self-organizing maps (SOMs) were introduced by Kohonen B4l and are widely employed to cluster a database, reduce its
dimension and detect its properties by projecting the original data in a new discrete organization of smaller dimensions.
This is performed by weighting the data throughout proper vectors in order to achieve the best representation of the
sample. Starting from a randomly selected vector, the algorithm constructs the map of weight vectors for defining the
optimal weights, providing the best similarity to the chosen random vector. Vectors with weights close to the optimum are
linked with each unit of the map allowing to categorize objects in map units. Then, the relative weight and the total amount
of neighbors reduce over time. Therefore, SOMs have the great power of reducing the dimensionality of the system while



preserving its topology. For that reason, they are commonly adopted for data clustering and as a visualization tool.
Another great asset of SOMs concerns the shapes of the clusters that do not require being chosen before applying the
algorithm, whereas other clustering techniques usually work well on specific cluster shapes 221, However, some limitations
are evidenced using SOMs. In fact, they are normally of low quality, and the algorithm must be run many times before a
satisfactory outcome is reached. Further, it is not easy to furnish information about the whole data distribution by only
observing the raw map.

The results achieved in the study of renal cell carcinoma (RCC) by (NMR)-based serum metabolomics using SOM are
able to separate healthy subjects (left region) and RCC patients (right region) within the SOM. Moreover, the weighted
maps of the individual metabolites allow to identify a biomarker cluster including the following seven metabolites: alanine,
creatine, choline, isoleucine, lactate, leucine, and valine. These may be considered for an early diagnosis of renal cell
carcinoma (28!,

| 3. Supervised Methods

Problems or datasets having response variables (discrete or continuous) are generally treated with supervised methods. It
was distinguished between classification or regression problems, depending on whether the variables are discrete or
continuous, respectively. The supervised technique is based on the association between the response variable (used to
drive the model training) and the predictors (namely covariates) with the aim to perform precise predictions B7[E8IEI, |n
fact, first, a training dataset is used as fitting model, while, in a second step, a testing dataset is used to estimate the
predictive power. The relevant predictors are chosen by three types of feature selection methods ©% whose merits and
demerits are listed in the scheme drawn in Figure 2 [41I:
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Figure 2. Scheme about merits and demerits of supervised methods, including filter, wrapper and embedded feature
selection approaches.

« The filter method marks subgroups of variables by calculate “easy to compute” quantities ahead of the model training.

« The wrapper method marks subgroups of variables by applying the chosen trained models on the testing dataset with
the aim to determine the achieving the optimal performance.

* The embedded method is able to ascertain simultaneously the feature selection and model structure.



Then, to measure the robustness of the fitting model and the predictive power, statistical approaches are adopted. Among
them, the root mean square error was mention for calculating regression, sensitivity and specificity and the area under the
curve for achieving classification.

For simplicity, in binary classification, the test prediction can provide the following four results: true positive (TP), false
positive (FP), true negative (TN), and false negative (FN). The model sensitivity, which coincides with the TP rate (TPR,
i.e., the probability of classifying a real positive case as positive), is defined as TP/(TP + FN). On the contrary, the
specificity is defined as TN/(FP + TN) and is linked to the ability of the test to correctly rule out the FP (FP rate, FPR =1 -
specificity). In order to evaluate the performance of binary classification algorithms, the most used approach is that of the
receiver operating characteristic (ROC) curve, which consists of plotting TPR vs. FPR for the considered classifier at
different threshold values. The performance of the classifier is usually indicated by the value of the corresponding area
under the ROC curve (AUC).

Furthermore, several resampling methods, including bootstrapping and cross validation, can be adopted to achieve more
reliable outcomes. This is a general description of the supervised methods.

| 4. Pathway Analysis Methods

A powerful method to describe peculiar features of the cell metabolism is pathway analysis (PA), which provides a
graphical representation of the relationships among the actors (mainly enzymes and metabolites) of precise catalyzed
reactions. Therefore, PA is highly employed for the interpretation of high-dimensional molecular data 42, In fact, taking
advantage of the already acquired knowledge of biological pathways, proteins, metabolites and also genes can be
mapped onto newly developed pathways with the objective to draw their collective functions and interactions in that
specific biological environment 43!, Although PA was initially developed for the interpretation of transcriptomic data, in the
last decades, it has become a common method in metabolomics, being particularly suited to find associations between
molecules involved in the same biological function for a given phenotype 441451(46]

PA methods include several tools allowing deep statistical analyses in metabolomics known as enrichment analysis. They
grant the functional interpretation of the achieved results mainly in terms of statistically significant pathways 4. These
tools can handle heterogeneous and hierarchical vocabularies and may be classified into two distinct collections. The first
encompasses “non-topology-based” (non-TB) approaches, which do not consider the acquired knowledge concerning the
character of each metabolite in the considered pathways 8l Non-TB approaches include the over-representation
analysis (ORA) as the first generation technique and the functional class scoring (FCS) as the second generation. Finally,
the second collection includes topology-based methods that are adopted to determine those pathways that are
significantly impacted in a given phenotype.

This latter approach can be classified depending on the considered pathways (e.g., signaling or metabolic), inputs (e.g.,
subset or all metabolites and metabolites p-values), chosen mathematical models, outputs (e.g., pathway scores and p-
values) and the wanted implementation (e.g., web-based or standalone) 429, Note that PA methods were originally
developed for genes, but they can be successfully applied for every biomolecule/metabolite 211,

4.1. Over-Representation Analysis (ORA)

Over-representation analysis (ORA) is among the most used pathway analysis approaches for the interpretation of
metabolomics data needed as input, once the type of annotations to examine is chosen. One obtains a collection of
annotations and their associated p-value as outputs since a statistical test is applied to determine whether a set of
metabolites is enriched by a specific annotation (e.g., a pathway) in comparison to a background set. Different statistics
can be applied to obtain information about the studied biological mechanisms and on the specific functionality of a given
metabolite set. Among the most used statistics, researchers would like to mention the well-known binomial probability,
Fisher's exact test and the hypergeometric distribution [221(53],

Three are the necessary inputs in ORA analysis: (i) a set of pathways (or metabolite collections); (i) a catalog of
investigating metabolites and, (iii) a background collection of compounds. The list of investigating metabolites usually
comes from experimental data after applying a statistical test to determine those metabolites whose signals can be
associated with a precise result by choosing a threshold value usually associated to the p-values ¥2. The background
collection includes all metabolites that can be revealed in the considered measurement. If the p-value corresponding to
each pathway is obtained by means of the right-tailed Fisher’s exact test based on the hypergeometric distribution, the
probability to find k metabolites or more in a pathway can be written as [42:
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where N corresponds to the number of background compounds, n is the number of the measured metabolites, M is the
number of background metabolites mapping the ith pathway, and k represents the overlap between M and n. A scheme of

the ORA principle is displayed in Figure 3 as a 3D Venn diagram. Finally, multiple corrections are usually applied, as
calculations are made for many pathways, thus obtaining a collection of significantly enriched pathways (SEP).

Figure 3. A 3D Venn diagram illustrating the relation between ORA parameters in which N corresponds to the number of
background compounds, n is the number of the measured metabolites, M is the number of background metabolites
mapping the ith pathway, and k represents the overlap between M and n.

Before applying ORA, one has to verify if the metabolomics dataset is sufficiently big to furnish proper statistical
significance. For instance, usually MS-based techniques can observe more metabolites than NMR-based methods, such
as the mono-dimensional NMR ones commonly used for profiling 24, Indeed, the choice of the most suitable background
collection is the real challenge and still remains an open subject because it strictly depends on the situation 42,

4.2. Functional Class Scoring (FCS)

Functional class scoring (FCS) methods look for coordinated variations in the metabolites belonging to a specific pathway.
In fact, FCS methods take into account those coordinated changes within the individual set of metabolites that, although
weak, can have a significant effect of specific pathways 311481, Essentially, all FCS methods comprise three steps:

« A statistical approach is applied to compute differential expression of individual metabolites (metabolite-level statistics),
looking for correlations of molecular measurements with phenotype 5. Those mostly used consider the analysis of
variance (ANOVA) B8l Q-statistic B4, signal-to-noise ratio 28, t-test B9, and Z-score €Y. The choice of the most
suitable statistical approach may depend on the number of biological replicates and on the effect of the metabolites set
on a specific pathway B4,

« Initial statistics for all metabolites of a given pathway are combined into statistics on different pathways (pathway-level
statistics) that can consider interdependencies among metabolites (multivariate) €2 or not (univariate) 2. The
pathway-level statistics usually is performed in terms of the Kolmogorov—Smirnov statistics 28, mean or median of
metabolite-level statistics 1], the Wilcoxon rank sum 83 and the maxmean statistics ©4. Note that, although
multivariate statistics should have more statistical significance, univariate statistics provide the best results if applied to
the data of biologic systems (p< 0.001) [€3],



« The last FCS step corresponds to estimating the significance of the so-called pathway-level statistics. In detail, the null
hypothesis can be tested into two different ways: (i) by permuting metabolite labels for every pathways, so comparing
the set of metabolites in that pathway with a set of metabolites not included in that pathway (competitive null
hypothesis) 43 and (i) by permuting class labels for every sample, so comparing the collection of metabolites in a
considered pathway with itself, whereas the metabolites excluded by that pathway are not considered (self-contained
null hypothesis) B2,

4.3. Metabolic Pathway Reconstruction and Simulation

The identification of metabolomic biomarkers and their mapping into a neural network is fundamental to further study the
cellular mechanisms and its physiology. The goal is to identify the effects of the metabolites (as a function of their
concentration) on the cellular changes, providing a relationship with the most likely biologically meaningful sub-networks.
Thus, basing on genome annotation and protein homology, reference pathways could be mapped into a specific
organism. However, this mapping method often produces incomplete pathways that need the employment of ab initio
metabolomic network construction approaches (such as Bayesian networks), where differential equations describe the
changes in a metabolomic network in terms of chemical amounts BEI67, Qi et al. €8 further improved this approach
allowing to optimize accuracy in defining metabolomics features or better the correlation between the substrates whose
nature is well known as well as the species of each individual reactions, so defining the classification of the mapped
metabolic products in a pathway and their modifications under selected perturbations. Recently, Hu et al. €4 performed a
pathway analysis on serum spectra recorded by 'H NMR with the aim to identify eventual biomarkers characterizing the
treatment of human lung cancer. After a first statistical analysis in terms of PLS-DA, they were able to identify four
metabolic pathways associated with the metabolic perturbation induced by non-small-cell lung cancer by means of the
MetaboAnalyst package 9. In detail, the highest pathway impact was shown by the metabolisms of (i) taurine and
hypotaurine, (ii) d-glutamine and d-glutamate, (iii) glycine, serine and threonine, and (iv) alanine, aspartate and glutamate,
thus shedding light on the responsible processes in this kind of cancer.
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