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You will learn about

• Metabolomics / Targeted and Untargeted

• Analytical technologies

• Metabolomics applications & Limits

• Main processing pipelines

• Tips, pitfalls and traps

Learning Objectives
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Outline

What is metabolomics?

Experimental Design

Data Generation / Analytical technologies

Applications and Limits

Preprocessing

Data cleaning

Key steps and best practice
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The urine wheel
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Time scales in biology
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Metabolomics

DNA

RNA

Proteins

Metabolites
Amino acids, sugars, nucleotides

lipids (Lipidome)

Genomics

Transcriptomics

Proteomics

Metabolomics

What can happen

What appears to be happening

What makes it happen

What has happened and is happening
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What is a metabolite?

•Any organic molecule detectable in the 

organism with a MW < 2000 Da•Includes amino 

acids, sugars, nucelosides, nucleotides, 

organic acids, fatty acids, ketones, aldehydes, 

amines, peptides, oligonucleotides, lipids, 

steroids, alkaloids, foods, food additives, 

toxins, pollutants, drugs and drug 

metabolites•Includes human & microbial 

products•Endogenous metabolites -produced 

by the host organism•Exogenous metabolites –

not produced by the host organism

Metabolites: 

Small molecules (<1500 Da) 

Ultimate support of the biological information

Includes human & microbial products

Endogenous metabolites: produced by the host organism

Exogenous metabolites: not produced by the host organism

Metabolome: 

refers to the complete set of metabolites in a biological sample

MetaboLomics / MetaboNomics: 

 Metabolic Profiling / Metabotyping

“the quantitative measurement of the metabolic responses of complex systems to a 

pathophysiological stimulus or genetic modification”. 

(Nicholson, J. K., et al 1999, Xenobiotica, 29, 1181-89.)



14/11/2019 A. TEBANI - Metabolomics - SysMed 2020 8

Metabolisme is an integrated network
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Metabolomics and Metabolism
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Metabolomics (Untargeted)
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Metabolomics (Targeted)
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Biological Information Generation
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Experimental Design

“To consult the statistician after an experiment is finished is

often merely to ask him to conduct a post-mortem examination.

He can perhaps say what the experiment died of.”

Sir Ronald Fisher (1938)
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Experimental Design may help

1. Clear and precise study objective

2. Sample type and size

3. Sampling and sample preparation strategy

4. Number of samples / Biological - Analytical replicates

5. Analytical technology(ies)

6. Collection of meta-data (Categorical, continuous, ordinal…)

7. Confounding factors

8. Randomization

9. Data analysis strategies (univariate vs. multivariate)

10. Biological Interpretation and insights

11. Validation (Biological/Analytical)

12. …Name it
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Know your data
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Metabolomics

Tebani et al. IJMS. 2016
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Metabolomics Workflows Overview

Tebani et al. JIMD. 2017
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Tebani, A. IJMS. 2016, 17, 1167

Metabolomics worflow
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NMR spectroscopy Mass spectrometry

Biological Information Extraction
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Biological Information Extraction

Mass spectrometry

Tissues, biofluids and extracts

Mass to charge ratio (m/z)

Sensitivity

Higher metabolome coverage

NMR spectroscopy

Tissues, biofluids and extracts

Interaction of spin active nuclei 
(1H, 13C, 31P) with 

electromagnetic fields gives 
molecular information

Non-destructive 

Cross-instrument robustness

Tebani et al. JIMD. 2016
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Tissue section

Untargeted analysis

Metabolomic Imaging

Metabolomics-based imaging
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Metabolomics-based imaging

Journal of Mass Spectrometry

Volume 46, Issue 2, pages 209-222, 24 JAN 2011 DOI: 10.1002/jms.1876

http://onlinelibrary.wiley.com/doi/10.1002/jms.1876/full#fig1

http://onlinelibrary.wiley.com/doi/10.1002/jms.v46.2/issuetoc
http://onlinelibrary.wiley.com/doi/10.1002/jms.1876/full#fig1
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Applications

Bekri S, Expert Review of Precision Medicine and Drug Development 1.6 (2016): 517-532

https://doi.org/10.1080/23808993.2016.1273067

http://onlinelibrary.wiley.com/doi/10.1002/jms.1876/full#fig1
https://doi.org/10.1080/23808993.2016.1273067
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Applications

Bekri S, Expert Review of Precision Medicine and Drug Development 1.6 (2016): 517-532

https://doi.org/10.1080/23808993.2016.1273067

http://onlinelibrary.wiley.com/doi/10.1002/jms.1876/full#fig1
https://doi.org/10.1080/23808993.2016.1273067
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Applications

Responder Non-responder Prediction

Human Drug Pharmacokinetics
Inherited Metabolic Diseases

Host-Microbiota intecations

Pathology and Cancer
Large-scale epidemiological profiling
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Metabolomics-based imaging

Real time 

Metabolomics: 

Precision Surgery
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Metabolomics-based imaging

Sci Transl Med 17 July 2013: Vol. 5, Issue 194, p. 194ra93 
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Metabolomics-based imaging

Sci Transl Med 17 July 2013: Vol. 5, Issue 194, p. 194ra93 

Demian R. Ifa et al. Clin Chem 62:1 (2016)

Real time Metabolomics: Precision Surgery
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Limits

Metabolite Identification are the main bottlenecks of metabolomics for large

adoption in both translational and clinical context.

Lack of standardized annotation of the metabolome is important for functional

analysis and integration with other omics through GEMs

More absolute quantification of metabolites is needed (targeted and

untargeted) to achieve reliability and robustness

Standardization and Harmonization is a prerequisite for large adoption

Miniaturization will enhance high-throuput

Automation, Data Visualization and Clinical Actionability at different stages,

instrument-, pre- and post-analytic levels including data processing, integration

and interpretation are very important issues for large clinical adoption of any

diagnostic innovation



14/11/2019 A. TEBANI - Metabolomics - SysMed 2020 30

Data Analysis

From signals to numbers
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PREPROCESSING
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Data processing

Signal Data
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Data processing
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Data processing

Direct MS Analysis

Data conversion

Noise filtering

Baseline correction

Peak detection

Hyphenated MS Analysis

Data conversion 
(Proteowizard)

Peak detection and 
integration

Alignement

Gap-filling
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Data processing softwares

Spicer, R., Salek, R.M., Moreno, P. et al. Metabolomics (2017) 13: 106
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Data processing softwares
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Output data structure

Chromtography Mass spectrometry Detector

Retention time

(RT)

Mass to charge ratio

(m/z)
Intensity
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Feature detection in 3-dimensional data (LC-MS)
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Feature detection in 3 dimensions

1. Mass (m/z)

2. Chromatographic retention time (RT)

3. Intensity (“counts”)

8

1 2
3

4

5 6

7
9 10

11

12

13 14

Concatenated to 

single term 

representing each 

feature

Feature = RT_mz

15

Feature detection in 3-dimensional data (LC-MS)
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Feature Identifier Sample identifier

Feature intensity

Output data structure
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?

DNA/RNA

Proteomics

Metabolomics

Gene IDs +

Transcript

Abundance

Protein IDs +

Concentrations

Metabolite IDs +

Concentrations

The biggest challenge is Annotation
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Metabolome Databases

http://metabolomicssociety.org/resources/metabolomics-databases
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Levels of Metabolite Identification in MS

1. Positively identified compounds

Confirmed by match to known standard

2. Putatively identified compounds

Match to MS + RT or MS/MS + RT

3. Compounds putatively identified in a compound class

4. Unknown compounds 

The biggest challenge is Annotation
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Commercial tools 

Agilent MassHunter Profinder

Bruker’s ProfileAnalysis

Thermo SIEVE™ 

Waters’ Progenesis QI

SkyLine

Free options 

XCMS Online

MZmine

Processing tools
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• The first open source tool for spectra processing

• Does peak picking, peak matching and retention time

alignment

• Available as a program and a server

• Accepts multiple formats: mzXML, mzData, .cdf (NetCDF), .d

folders (Agilent; Bruker), .wiff files (AB SCIEX)

• Metabolite identification is not the focus in XCMS (linked to

Metlin)

XCMS

Processing tools
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METLIN



14/11/2019 A. TEBANI - Metabolomics - SysMed 2020 47

Annotation Conversion
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GETTING DATA READY
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Input

A matrix containing numerical values

Concentrations (Targeted) 

Peak intensities (Untargeted)

Meta-data

Class labels, experimental factors

Output

Discriminant features

Clustering patterns

Biological Inference

Biomarkers

Predictive models

Data Analysis
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Data Analysis



14/11/2019 A. TEBANI - Metabolomics - SysMed 2020 51

Information

+

Noise

Variables
Metabolites
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Data Analysis
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Data Analysis / Data cleaning

Remove as much as possible noise

Extract as much as possible information
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Data cleaning

 Missing values imputation

 Filtering (Min, IQR, RSD, CV, R2 …)

 Normalization

Data Analysis / Data cleaning
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Cut-off

Data Analysis / Data cleaning
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Data Analysis / Normalization

Sample normalization (row-wise)

To remove systematic variation between experimental conditions

unrelated to the biological differences (i.e. dilutions, mass)

Total signal, sum of signals

Reference compound: Internal standards, endogenous metabolites

Reference sample: QCs, Controls…

Feature normalization (column-wise)

To bring variances of all features close to equal

Log transformation

Scaling
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Data Analysis / Normalization
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Data Analysis / Normalization
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Tow main objectives

Descriptive data analysis (Unsupervised learning)

Mining massive datasets to discover hidden

data structures

hidden relationships

patterns, trends and clusters

outliers

Dimension reduction

Predictive data analysis (Supervised learning)

Building models for specific tasks using training datasets

regression

classification,

pattern recognition

machine learning tasks

Assessing the predictive accuracy of the models using new datasets

Multivariate Data Analysis

X

X Y
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Tebani A et.al. Int J Mol Sci. 2016 Sep; 17(9): 1. 

Multivariate Data Analysis
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Clustering

Organize the 1000s of variables into blocks

Variables in each block are more homogenous

Key parameter: similarities (Distance, Spearman, Pearson …)

Similarity between samples - Similarity between clusters

Visualization using Heatmaps

 K-means

 Hierarchical Methods

Dimension reduction

Reduce the high-dimensional data

1000s into low-dimensions (Latent variables)

 Principal component analysis (PCA)

Data Analysis / Unsupervised learning
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https://jawbone.com/blog/classifying-steps-machine-learning/

Data Analysis / Supervised learning

Linear Discriminant Analysis

Partial Least Squares

k-Nearest Neighbors

Random Forest 

Support Vector Machines

Bayesian networks

Neural Networks

… name it

https://jawbone.com/blog/classifying-steps-machine-learning/
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Model validation

A statistically valid model

– Has good fit to the data

– Is predictive of new data

Validation methods

– Training set / Testing set

– Cross-validation

– Permutation test

Data Analysis / Supervised learning
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Tebani et al. Int J Mol Sci. 2016 Sep; 17(9): 1. 

Training dataset: a set of examples

used to build the predictive model

Validation dataset: a set of examples

used to refine the model parameters

and estimate the error.

Test dataset: used only to evaluate

the predictive performance of the

model. They are never used during

the learning or testing process.

Data Analysis / Supervised learning
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Take home message

Experimental design +++++++

Know you data

Main technologies are MS and NMR

Annotation is challenging in untargeted metabolomics


