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Outline 

Today’s topic: 



Features of metabolomics data 

• High dimensionality, i.e., many compounds, treatments 

• Data are usually not perfect, e.g., missing values, outliers, 
ranging in many magnitudes 

• Interact in pathways and network 

• Limited identification for secondary metabolites 

  Condition 1 Condition 2 Condition 3 … Condition n 

R 1 R 2 … R p R 1 R 2 … R p R 1 R 2 … R p R 1 R 2 … R p 

Metabolite 1 x x x x x x x x x x x x … x x x x 

Metabolite 2 x x x x x x x x x x x x … x x x x 

Metabolite 3 x x x x x x x x x x x x … x x x x 

… … … … … … … … … … … … … … … … … … 

Metabolite m x x x x x x x x x x x x … x x x x 

From this page on, I use “variables” to denote metabolites, and 
“conditions” to denote treatments (e.g., control, cold stress, etc.)  



Principles and methods  
to analyze metabolomics data 

• Individual metabolite level (Univariate analysis) 
– To detect changes under different conditions 
– To study pairwise relationships between metabolites 
 

• Metabolite group level (Multivariate analysis) 
– To study metabolite group differences relating to conditions 
– To study patterns of metabolites profiles across all conditions 
– To find out which factors cause differences 
– To find out which metabolites are important, such as biomarkers 
 

• Network level (Graph analysis) 
– Mapping identified metabolites to pathway databases 
– Inferring metabolic network from data 
– To find out how networks are differently associated with conditions 

 



Individual metabolite level (1) 

• ANOVA (ANalysis Of VAriance) to detect difference 
among conditions 



A metabolomics dataset 



Missing values problem 

• What causes missing values?  

– Because beyond machine detection ability? 

– Because software problem (e.g., deconvolution)? 

– Because randomly missed? 

 

• Two approaches to fill missing values  

– Use half of the minimal value 

– Use distribution-based algorithm 

 



Outliers 

Must consider: are there biological 
explanations? 
Did you know Marie Curie’s story? 

 

Adjust outliers from the proposed distribution 



Not normally distributed data 

Log transformation Box-cox transformation 



Individual metabolite level (2) 

• Correlation coefficient characterizes the 
similarity between two metabolites 
– Use Pearson’s for normally distributed data 

– Use Spearman’s for not normally distributed, existing 
outliers data. 

Common outputs of correlation 
calculation are: 
1) Correlation coefficients [0-1] 
2) p-value to indict significance  



Individual metabolite level (3) 

• Granger causality identifies the causation 
between two metabolites in time course data 

Hannes Doerfler*, David Lyon*, Xiaoliang Sun*, …, Wolfram Weckwerth, Metabolomics, 2012 

Granger causality in 
integrated GC–MS and  
LC–MS metabolomics data 
reveals the interface of 
primary and secondary 
metabolism 



Metabolite group level (1) 

• Principal component analysis (PCA) distinguishes 
phenotypes and finds most influencing metabolites 

A. Variance occupancy B.  Loading plot C.  Coordinate plot 

[Loading, Coordinate, Variance] = Singular Value Decomposition(data) 



Data Scaling? 

• Scaling is necessary if aiming to compare 
relative change 

 

 

 

• Scaling methods:  

– Linear: z-score, range [0,1] 

– Nonlinear: log 

 

Metabolite Initial 

Concentration 

[a.u.] 

Fluctuation 

amplitude 

(%) 

Changed ratio 

(fold) 

Loading 

of PC1 

Differential 

loading of PC1 

(log2 ratio) 

S1 
1 10 10 0.0022 5.95 

S2 
10 10 5 0.0119 1.64 

S3 
100 10 2 0.0268 0.08 

S4 
1000 10 0 (no change) 0.9996 ~ 0 



Metabolite group level (2) 

• Clustering classifies data into groups 

– Common methods: hierarchical clustering, k-
means clustering 

– Regression 

– Based on graph  



Metabolite group level (3) 

• Regression identifies association between 
metabolites and conditions, and is especially 
useful for orthogonal experimental design 

 [Species] [Tr.1]  [Tr.2]  [Tr.3]  [Tr.3] 
    Barke    UVA+    UVB+    PAR+    N+ 
    Barke    UVA-    UVB-    PAR+    N+ 
    Barke    UVA-    UVB+    PAR-    N- 
    Barke    UVA+    UVB+    PAR+    N- 
    Barke    UVA+    UVB+    PAR-    N+ 
    Barke    UVA-    UVB-    PAR-    N- 
    Barke    UVA-    UVB-    PAR-    N+ 
    Barke    UVA-    UVB-    PAR+    N- 
    Barke    UVA+    UVB+    PAR-    N- 
    Barke    UVA-    UVB+    PAR-    N+ 
    Barke    UVA-    UVB+    PAR+    N+ 
    Barke    UVA-    UVB+    PAR+    N- 
    Bonus    UVA+    UVB+    PAR+    N+ 
    Bonus    UVA-    UVB+    PAR+    N+ 
    Bonus    UVA-    UVB-    PAR-    N- 
    Bonus    UVA-    UVB-    PAR-    N+ 
    Bonus    UVA-    UVB+    PAR+    N- 
    Bonus    UVA-    UVB+    PAR-    N+ 
    Bonus    UVA-    UVB-    PAR+    N- 
    Bonus    UVA-    UVB+    PAR-    N- 
    Bonus    UVA+    UVB+    PAR-    N+ 
    Bonus    UVA-    UVB-    PAR+    N+ 
    Bonus    UVA+    UVB+    PAR+    N- 
    Bonus    UVA+    UVB+    PAR-    N-  

Discretize treatments: 1 for -, 2 for + 
 
Regression equation:  
m/z feature level = a0 + a1*Species + a2*Tr.1 + 
a3*Tr.2 + a4*Tr.3 + a5*Tr.4 + a6*Species*Tr.1 + 
a7*Species*Tr.2 + a8*Species*Tr.3 + a9*Tr.4 + 
a10*Tr.1*Tr.2 + a11*Tr.1*Tr.3 + a12*Tr.1*Tr.4 + 
a13*Tr.2*Tr.3 + a14*Tr.2*Tr.4 +a15*Tr.3*Tr.4 + error 

 
Stepwise regression eliminates insignificant 
associations 



Regression results vs. whole data 



Influences of data preprocessing to  
statistical analysis results 

 ●● represents strong influences, ● medium influences, and  ○ no 
influence.  Here, the ANOVA is based on a normal distribution and clustering 
uses the Euclidean distance. 

The distribution-based imputation method: 
using Expectation-Maximization algorithm 

     MetaGeneAlyse results 

COVAIN results 

PCA analysis on a proteomics dataset 



Network level (1): database mapping 

Original names Reduced names KEGG names mapping 

KEGG ID/Formula Mapping 

User’s data 

integration 



An example. Red: up- / Blue: down- regulated 

Pathway enrichment analysis can be done afterward. 



Network level (2): inferring from data 

• Based on: 

– Correlation coefficients 

– Granger causality 

– Regression 



An ecological network 



Network level (3): differential Jacobian identifies 
dynamical changes in metabolic network 

Sun X, Weckwerth W, Metabolomics, 2012 
Nagele T, Mair A, Sun X, et al, PLoS One, 2014 



Network level (4): spectral clustering 
partitions network into separate modules 



Clustering variables from network 



Analyzing metabolomics data by 
COVAIN 

Sun X & Weckwerth W, Metabolomics, 2012 
Doerfler H*, Sun X*, et al, PLoS One, 2014 



A short illustration  
on analyzing cold stress GC-MS data 

Most methods presented in this talk are included in the COVAIN software. 



mzGroupAnalyzer - Predicting Pathways and Novel Chemical 
Structures from Untargeted High-Throughput Metabolomics Data 

 

Read m/z data 
and reaction 
rules 

mzGroupAnalyzer 

+ 
Pathway Viewer 

Outputs 



1. Select the desired m/z range in full scan for a combined 
full-scan spectrum (whole chromatogram might be too 
data-heavy – divide in more work steps in this case) 

• Choose full scan in chromatogram window 
 

• „Pin“ spectrum window below and select TIC range with left mouse hold down 

full scan 

Combined full scan 
spectrum 



2. Set parameters for your data in „spectrum list“ view  
 

• In spectrum window: right click  view  spectrum list 

• In „View“ header  open „Info bar“  „Elemental composition“ 

• Parameters might depend on sample type, acquisition method, etc. 

• Tick and untick „Elemental composition“ to refresh parameter settings 

 
Parameter settings (red windows in next slide) e.g.: 
  
• elements C,H,O,N,S 
• Intensity 0.5-100 % 
• 5 ppm, 1-2 or lower for high res instruments 
• 5 formulae 
• … 



Important:  
• Set „All peaks“ in „Display 

Options“ (right click in spectrum 
list)!! 

• Set ppm limit according to the 
accuracy of your machine 



3. Export from Xcalibur to Excel 
 
 

• „Copy cell“ in Xcalibur „Edit“ header (seems to be best option RAM-storage-
wise) 
 

alternatively  
 
• „Export to Clipboard (Exact mass)“ 

 



4. Prepare Excel sheet for mzGroupAnalyzer 
 

Separate the elemental composition by using „text to columns“ and „space“ 
as separator. You have to keep the „composition“ column, so copy/paste it 
into the next column and then separate it 







Finally, find the results in your specified saving folder. 
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Plan the future 

• I will add more advanced methods, e.g., 
supervised machine learning, to COVAIN 

• I am willing to develop methods and software 
for your data 

• Tutorial on COVAIN can be done in 2 hours. 


