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7. Statistical Analysis with metadata

that take these covariates into account can draw more robust conclusions about the
relationships between the primary variable and the omics data. Statistical Analysis with metadata become available now.

Highlights:

This module is designed to perform covariate analysis, including covariate adjustment and identifying major patterns
with regard to the two given factors and their interactions. .




7.0 Knowledge & Background

Covariate Analysis

e Metadata describes the data, and typically contains details on the experimental condition (i.e., treatments),
sample source (i.e., species, tissue), and sample collection (i.e., location, time). Such metadata are critical for
data interpretation, allowing researchers to analyze the data with respect to their biological and environmental
context, and for data re-use, allowing other researchers to search for, and meaningfully compare and potentially
integrate, results from across diverse studies.

e Details on the environmental context and sample source are becoming increasingly important as observational
studies that collect omics data from human populations or animals outside of laboratory settings are becoming

more common43. In these cases, there is typically a primary variable of interest, such as presence/absence of a
certain disease or exposure to a specific chemical, as well as other variables such as age, sex, or other potential

factors that co-vary with the primary metadata .



Input Data Type

Raw Spectra
(mzML, mzXML or mzData)

MS Peaks

(peak list or intensity table)

Annotated Features

(compound list or table)

Generic Format

(.csv or .txt table files)

/.1 Start Statistical Analysis [Metadata Table]

Available Modules (click on a module to proceed, or scroll down for more details)

LC-MS Spectra

Click here to
start

Enrichmgnt Analysis Pathway Analysis

Functional Analysis

Statistical Analysis Statistical Analysis

Biomarker Analysis
[one factor] [metadata table] 4

Processing

Functional Meta-
analysis

Joint-Pathway
Analysis

Statistical Meta-
analysis

Network Analysis

Power Analysis

Other Utilities




7.2 Data Upload Page

Upload your data and metadata
« Data table contains cempound concentratiens or peak ntensities for multiple samples TIP: A separate metadata file
* Metadata table contains various descriptors of these samples and can be discrete or continuous; is required for Statistical
Processing » Data and metadata tables must use the same sample IDs; . .
Analysis [metadata table], in
addition to a data table
Data Type: O Concertrations () Specralbins () Peak intensities containing feature abundance
information. The first column
of the metadata must be the
Upload both data table and same sample names used by
<« metadata file by clicking the the data file. The second
options respectively. column contains the primary
condition of interest. Other
metadata (such as sex, age, or
.T. ~ 1 batch) can be included in the
Try our test data ~ remaining columns. Both

. " oal
o oty oo Click “Submit’ to contlnuous and discreate
. variables are acceptable.
0 Data e CO nt|nue meta-data of 20 healthy and 39 COVID-19
Metadata categorical and 1 numeric. MetabOAnaIySt Cannot deal

- LC-MS peak intensity data from plasma samples of 175 individuals to study Wlth m ISSIng values (NA or
Multiple factors / covariates trichloroethylene (TCE) exposure. Nine metadata - 6 categorical and 3 numeric.

M Please refer to Walker . et s for more detals. empty) in the metadata. Users
LC-MS peak intensity data collected from Arabidopsis thaliana during a wounding Wl” be asked ‘to manua”y fIX

s Time series + one condition time course (four time points). WT - wild type; MT - dde2-2 mutant. Please refer to th | f d t t d
Meinicke P. et al) for more information €Se values | etectea.

LC-MS peak intensity data collected from only wild type Arabidopsis thaliana during a

Upload
. « For detailed instructions, please visit our Data Formats page (under Metadata/Time series tab)
Normalization
Multi-factors
Download

Exit Study Design: Multiple factors / covariates

Data Format: Samples in columns A"
Data File: ~+ choose

Metadata File: ~+ Choose

Data

— Time series only data wounding time course (four time points). Please refer to (Meinicke P. et al) for more
etadata

information




7.3 Data integrity check

ﬂ N ‘ Data Integrity Check:

1. Checking the class labels - at least three replicates are required in each class.

Upload
[ 2. If the samples are paired, the pair labels must conform to the specified format.

v Processing 3. The data (except class labels) must not contain non-numeric values.

Data check 4. The presence of missing values or features with constant values (i.e. all zeros).

Missing value
Metadata check Data processing information:

Data filter Checking data content ..passed.

. Samples are in columns and features in rows.
Data editor
The uploaded data file contains 175 (samples) by 7830 (peaks(mz/rt)) data matrix.

Normalization .
Samples are not paired.

Multi-factors 3 groups were detected from primary meta-data factor: TCE_Exp_Category.
Download Only English letters, numbers, underscore, hyphen and forward slash (/) are allowed.

Exit Othe al characters or punctuations (if any) will be stripped off

All data values are numeric.

A total of 193204 (14.1%) missing values were detected.

By default, missing_values will be replaced by 1/5 of min positive values of their corresponding_variables
Click the Proceed button if you accept the default practice;

Or click the Missing Values button to use other methods.

m Missing Vaues

Click ‘Proceed’ to
continue.




7.4 MetaData integrity check

You can change the
levels' order or name of

ﬁ N Meta-data check

1. Infer the type (categorical or continuous) for each metadata column;

izt 2. For categorical metadata, at least two groups and three replicates per groups are required; th e m eta d ata
“  Processing 3. For continuous metadata, all values must be numerical; :
E— 4. Missing values are not allowed - you can manually add those missing values, or exclude the metadata from further analysis
chec

Missing value

Metadata check Metadata processing information:

Checking metadata content ... passed.

Data filter
A total of 8 metadata factors were detected: TCE_Exp_Category, TCE_Exp_Conc, Age, Sex, Smoking_Status, Alcohol_Use, BMI, "
- GRS S “d = Edit metadata
ata editor Bateh
Normalization The primary metadata factor is: TCE_Exp_Category, which contains 3 groups.

> Multi-factors TCE_Exp_Conc, Age, BMI meta-data factors are assigned to be continuous and remaining are categorical. [ Edit (sample-level)  Order (factor-level)  Edit (factor-level)

For categorical metadata, at least two groups with three replicates per group are required.
Download
Please double check if these auto-assigned metadata types are correct.
Exit

You can manually update the metadata using the table below. Available

Low

Moderate
g -

Update your metadata using the table below

* Update metadata type: categorical option for experimental graups (i.e. control s diseased), continuous for numerical measures (i.e. agel;

* Edit metadata content: click Edit to modify underlying groups to address those that do not meet requirements.

* Modify metadata name: click on corresponding cell on the main table to modify name

* Specify group order of categorical metadata: click Edit and go to Qrder tab to specify the order which the underlying metadata groups are (i.e
* Exclude metadata that do not pass sanity check.

Name Status Edit Remove

TCE_Exp_Category oK Categorical o . “ oan .
5| Click "Edit’ to edit
TCE_Exp_Conc oK Continuous Edit @ t he m e‘ta d a‘ta

P information.

ja]
Remember to make sure o o o
the types of the factors o - W @
are specified correctly.

Edit

—

Click “Proceed’ button from the bottom to continue.



7.5 MetaData integrity check

Data Filtering:

The purpose of the data filtering is to identify and remove variables that are nlikely to be of use when modeling the data. No phenotype information are used in the filtering process,
50 the result can be used with any downstream analysis. This step is strongly for untargeted datasets (i.e. spectral binning data, peak lists) with large

number of variables, many of them are from baseline noises. Filtering can usually improve the results. For details, please refer to the paper by Hackstads. et al.

variables can be in three groups: 1) variables of very small values (close to baseline or detection limit) - these variables can be detected using mean or

median; 2) variables that are values the ndit or - these variables can be detected using standard deviation
(SD): or the robust estimate such as interquantile range (IQR); and 3) variables that show low repeatability - this can be measured using QC samples using the relative standard
deviation(RSD = SD/mean). Features with high percent RSD should be removed from the subsequent analysis (the suggested threshold is 20% for LC-MS and 30% for GC-MS). For
data filtering based on the first two categories, the following empirical rules are applied during data filtering:

* Less than 250 variables: 5% will be filtered;

* Between 250 - 500 variables: 10% will be filtered;

* Between 500 - 1000 variables: 25% will be filtered;

* Over 1000 variables: 40% il be filtered;
Please note, in order to reduce the computational burden to the server, the None option is only for less than 5000 features. The maximum allowed number of variables is 5000. For
power analysis, the max number is 2500 to improve power and to control computing time. Over that, the IQR filter will still be applied to keep only top maximun features, even if you
choose None option.

Filtering features if their RSDs are > sm{_) 2 % in QC samples

None (less than 5000 features)
Interquantile range (IQR)
Standard deviation (SD)

Median absolute deviation (MAD)

Relative standard deviation (RSD = SD/mean)

pi I dard deviation
Mean intensity value

Median intensity value

Click “Proceed’ to
continue.

Normalization Overview:

The normalization procedures are grouped into three categaries. You can use one or combine them to achieve better results.

« Sample normalization is for general-purpose adjustment for systematic differences among samples; o
“ D ion applies a on indlividual values themseives. A simple mathematical appraach is used ta. @
You can click View Result button to

square oot (FAGs #14) view the effect, o Proceed buttan 1o
* Data scaling adjusts each variable/feature by a scaling factor computed based on the dispersion of the variable. analysis page!

Sample normalization
O none

Sample-specific normalization (i< weight, volume) Specity
Normalization by sum

Normalization by median

Normalization by a reference sample (PQN) Specity
Normalization by a pooled sample from group (group PQN) Specify
Normalization by reference feature Specity

Quantile normalization (suggested only for » 1000 features)
Data transformation
None

(0) Log transformation (base 10)

Square root transformation (square root of data values)

Cube root transformation (cube root of data values)

e Click “Proceed” to
Onons .
Mean centering (mean-centered only) C 0 ntl n u e .

Auta scaling 4 and divieled by the standard d f each variable)

g red i the square root of the standard deviation of each variable)

Range sealing (mean-centered and divided by the range of each variable]

SR



7.6 Selection of Analyzing ltems

Select an analysis path to explore :

Data and Metadata Overview
Metadata Visualization

Users can explore the metadata patterns and correlations through intuitive graphics. It is very useful for users to identify highly
dependent metadata and quickly assess the overall patterns of the metadata

Interactive PCA Visualization

a0 S S S D O S U Data and Metadata Overview

very useful to detect overall patterns of data with regard to different metadata.
Hierarchical Clustering and Heatmap Visualization

This method displays data and metadata in the form of colored cells. It provides direct visualization of feature abundances across
different samples and metadata.

Univariate Analysis
Linear Models with Covariate Adjustment

This approach uses linear models (limma or Im) to perform significance testing with covariate adjustments. Users can choose
different metadata to be included in the analysis

Correlation and Partial Correlation Analysis

This approach allows users to explore the correlations or partial correlations (with covariate adjustments) between metabolomi
features and different metadata of interest.

Tuo-way ANOVA (ANOVAZ)

This approach provides classical twa-way ANOVA based on the two factors selected by users. For time-series data, users should
choose within-subjects ANGVA,

Multivariate Analysis

ANOVA Simultaneous Component An

This approach is designed to identify major patterns with regard to the two given factors and their interaction. The implementation

was based on the algorithm described by AK Smildle,_et al. with additional improvements on feature selection and model

validation.

Multivariate Analysis

Multivariate Empirical Bayes Analysis of Variance (MEBA) for Time Series

This approach is designed to compare temporal profiles across different biological conditions. It is based on the timecourse
methad described by YC Tai. et al

Supervised Classification
[Bandom Forest

s i i s S e o an et slction . s o oo Supervised Classification

of meta-data to class prediction.




7.6 Metadata Visualization

PR Change correlation method and

Metadata Heatmap  Correlation Heatmap

Change parameters for heatmap s Click 'Update’
s PSP— and click 'Update’
s optons Correlation measure: Pearson r

Processing

Data check
Clustering Methods

Missing value 8
Metadata check Color Contrast: fault

Data filter View Mode: Q overview Detal View

Data editor Shaw raw names
Normalization Show cell borders

0077
Multi-factars

Metadata

0002 Acons Use
iPCA

Heatmap2 Con‘ts;annn

0006  Smokeg Stats
Linear Maodel 03

; 00
Correlations i

I .os 0277 0007 0091 e
ANOVAZ 10

ASCA Iis
i o 0.055 -0.097 0137  Age
MEBA it

RandomForest

005 0123 L 0059 0042 0026 TCE Exp Conc
Download

Exit
xi 0074 0013 0027 -0095 -0037 -005

3 301

by
g 301

weis Bupows
ey d
w05 dx3

X Lab @ MG (last uprdaled 2022.06-17)

Heatmap of metadata




7.7 Interactive PCA

Principal Component Analysis (PCA)
ﬁ h Principal Component Analysis (PCA)

Color based on: TCE_Exp_Category V'
s S o

Shape based on: Se» - v
Update
pe x v

Data check Pairwise Score Plots  Synchronized 3D Plots

Processing

Missing value Pairwise Score Plots  Synchronized 3D Plots

Metadata check _ I - |

Data filter
Display score plots fortop 5V PCs Update
i e i Lsdodicnd Pe Drag to rotate the view around the axis: Seroll to zoom in and out Double dlick on any point on loading plot to view  summary of the feature;

Normalization

Multi-factors.

Metadata
iPCA

Heatmap2

Linear Model

Correlations

PC2 (7.1%)
Loadings 2

ANOVA2

RandomForest

Download

Exit

TIP: Principal Component Analysis (PCA) on the data with
multiple factors. For the score plot, the PCA are shown as
scatter plot and contour plot. The scatter plot shows the details
of all samples, while contour plot shows the distribution center
of all samples. The density plot on the diagonal display the
density of different groups at the corresponding PC based on
SESSSS Sas! the primary factor. A pair of dynamic 3D PCA can be explored
Arense Qe @Low  @non and rotated easily.

@ Moderate




7.8 Hierarchical Clustering and Heatmap Visualization

Heatmap Visualization

T [T TIP: Clustering of the data
- b x s X can be performed with
ising vl Data Source: different methods or based
iy Standardzaton: on different factors. Edit the
o Ol usre | & parameters and Click
= Chtrio Ao ‘Update’ to view the heatmap

Multi-factors Color Contrast:

Metadata in annotation:

Metadata Font size

Sample Arrangement: TCE Exp_Category X ™

View Mode: Q overview Detail View (< 1000 features)

Selection: D\&play top 25  basedon Average v

Show row names:

Show cell borders:
MEBA
Heatmap Color legend
RandomForest Group annotations
Download

Exit

TCE Exp.Catogory
T TE o Cont
R T 1 aas

Sex
TCE Exp Category
Lo
us)
s

Vioderaie
High

TCE Exp Cone
s




7.9 Covariate Adjustment with Linear Models

Linear models with covariate adjustments

The underlying methad is based on limma for its high-performance implementation. Some data may include some form of blocking in the study design, which can be modeled as either fixed or
random effects. Please note that although you can specify a blocking factor (to be modeled as random effects), we in general recommend keeping this option unspecified (the default). Using
fixed effect model not only is computationally more efficient, but also gives results that are more consistent with the interpretation of differences. Please refer to the excellent book by Paul D.
Allison (2009) for more technical discussions.

Primary metadata: TCE Exp_Category W

Age X Sex X

Counrites conmattor 1 % Select appropriate variables then
click ' Submit’

Blocking factor: - Unspecified -
P-value cutoff: 0.05

Reference group: Low

TIP: Find metabolites are
significantly associated with your
variable of interest (“Primary
metadata”), after adjusting for
covariates (“Include metadata”). After
selecting the appropriate variables,
click “Submit”.

TIP: The results plot compares p-values
for each metabolite both before (x-axis)
and after (y-axis) covariate adjustment.
The green section shows features
significant only after adjustment, red

are significant only before adjustment,
and blue are significant in both cases.

Click the paint icon to generate a
high resolution results figure

-0p10(P-value): adjusted




Upload
Vv Processing
Data check
Missing value
Metadata check
Data filter
Data editor
Normalization
Vv Multi-factors
Metadata
iPCA
Heatmap2
Linear Model
Correlations
ANOVA2
ASCA
MEBA
RandomForest
Download

Exit

7.10 Correlation Analysis

Correlation and Partial C

Correlation analysis can be performed for a given feature and metadata of metadata of interest.

© When the covariate is “none” (default), regular ion analysis will be ise, partial correld

* For binary metadata, the point biserial correlation will be used; for continuous metadata, users can choose Peg

Q ametadata: TCE_Exp_Category Vv

Target of interest

Select appropriate variables and
parameters then click ‘'Submit’

a feature: y'e

Covariates of interest

Correlation measure Pearson r

0%

Top 25 metadata correlated with the TCE_Exp_C: ory

249.06002_61.73262
206.1002143_102 72
408.6799592_56.535
190.911905_49.0505
4013442333 _363.10
230.8099491_55.186
266821

122.9241651_50.097

gESE
Eﬁgﬁ
Y
8E38

95374 .
Top 25 most correlated 2 s 1 é
peaks are plotted 224 sc0ea

170.8537487_54.748

266.8301722_79.036

()

.394

2088719473

206.874961_81.2597
222  80.724
210 8687276_81 546

Click table spread icon
to view complete
correlation results

T T
05 0.0

T
05

Correlation coefficients

Feature Betails Table

Select a metadata of interest,  Batch

2108687276 8154841418
Low 1L Mo

orgina e mesn +4- 501
ass

216727 B st rane

2mamisars o 0eras

224 B4saoee_ 1 354256

e 1]

256

amse 13

Click 'View' for comparison of
abundance



7.11 Two-way ANOVA (ANOVA2)

Type of ANOVA:

 For two-factor independent samples: Two-way (between subjects) ANOVA
© Type | and Type Il ANOVA are supported, the main difference is whether the means are weighted (type I) or unweighted (type IIi)
© For unbalanced data, there may be signficant difference between type | and type Ill. o H

TRl S W A, Select appropriate variables and
© The data must have a balanced design (equal sample sizes) parameters then Cl |Ck lSu b m It'

© For time-series + one experimental factor: Two-way repeated measures (within subjects) ANOVA.

R il i to update the Venn Diagram
below. Click table spread icon to

Select two metadata: TCE Bp Category ) Sex XV view more details.

Choose ANOVA Type: Typel | (for two-way independent ANOVA)

Adjusted p-value cutoff: 015
Feature Details Table

Multiple testing correction: False discovery rate
Click a faature name to it its name and then click the next columin to save the change. Click the view link to visuaiize a graphical summary of the distribution. The bar plots on the left show the
original values {mean +/- SDJ. The box and whisker plots on the right summarize the normalized values. Note, positive infinite numbers are represented as 999999, and negative infinite numbers

999999,

o update a name suitable for graphical display,
0 »

Name 11 TCEExp Categary(Fval)  TCE Gxp Cotogorylrawp)  TCEExp Categoryladip)  SestFwal)  Sestawp)  Sextadip)
1. T

. 1 i i
Two-way ANOVA (between subjects)

2061002143 1027247657 292785 012997 9393264 097558 099741

5429252101 4792005778 BA518ES 013762 017591 067544 098551

24806000 6173262631 9.3499E 5 013762 040834 052368 09823

013762 45373 003461 084297

1550907006 252 6532109 1386164

4003405301 362 9808388 1550164 013762 015803 069065 098551

TCE_Exp_Category




7.12 ANOVA Simultaneous Component Analysis (ASCA)

ANOVA Simultaneous Component Analysis (ASCA) C U StOmIZe the pa rameters

. N )
generalization of anal rariance (ANOVA) for univariate data to the multivariate case based on AK Smildle, et al. with additi a n d C | I Ck S u b I I I I t .
n. AS mmonly used to model two main effects with one interaction effect. Th parameters are the number of compol

* First select two mef of interest and click S on using the default parameters. Based on the Scree plots (first tab), you can update the companent numbers
* Use0if you o madel the interaction al:

= The max. num ompanents cannat exceed number as shown in the corresponding Scree Plats

Select two metadata: TCE_Exp_Category X
‘ { only) Sex X

View results from different tabs
below the parameters panel.

v

Modele A (ModeL.a: 1
Model B (Model.b): 1

Interaction Model (Model.ab): 2

Residual Model (Model.res): 2

Scree Plots Major Patterns Sig. Features Model Validation

Leverage threshold:

Alpha threshold:

TCE_Exp_Category

TIP: To fully understand the
mechanism of ASCA and
interpret the results, please

Himage Options
0O Well-modelled
O Outliers [Flsig. Features

refer to the FAQs section of
MetaboAnalyst.

Bloutiers



https://www.metaboanalyst.ca/docs/Faqs.xhtml

7.15 Multivariate empirical Bayes (MEBA) time-series analysis

Time-course profiles:
The table below shows all the features ranked by the corresponding statistics. You can click any feature name to view its corresponding time-course profile.

« For time-course only data, we are interested in features which change over time.
« For time-course + one experimental factor data, we are interested in features which respond differently in different experimental conditions over time.
« For time-course + one experimental factor data, the statistics will be Hotelling-T2 if there are only 2 biological conditions or MB-Statistics if there are more than 2 biological conditions.

Spacily metadeta: (SEEEERENNY WRSEIN Customize the metadata included
and click 'Update’.

Hotelling-T2
37533.7531
0280/873 28526 24962

1.944/1044 23123.73006

Select/Click feature name to
3.4428/1019 13978.74526 . ) i
13056,14835 view the time-series trend

10969.97689
9867.84225
9816.35836
8767.92088
7619.41511
7231.37491
6396.38121
5607.72909
5554.81068
5270.14221
5266.47452
5012.98133
4569.28863

4288 4332




7.14 Supervised Classification with Random Forest

Random Forest

Classification Var. Importance

Primary metadata:

Choose metadata for predictors:

Randomness:

Outlier Detection

TCE_Exp_Category W

Sex X v

On

Random Forest classification

Leave defaults and click
‘Update’

P AR RIS
¥ AT A WY
W Baf

4

--- Overall
Low

-~ Moderate

--- High

The OOB error is 0.411

The model does an o.k. job
classifying samples as either
“Low” or “Moderate / High".

TIP: To build a predictive model with
only metabolites features, leave the
default settings. If you'd like to include
certain covariates in the model, add
them using the “Choose metadata for
predictors” dropdown.

Low | Moderate

class.error

Low 1

0.0316

Moderate 5

0872

High 2

0.854

Look at the results overview




6.4 Result Downloading

Download Results & Start New Journey

Please download the results (tables and images) from the Results Download tab below. The Dewnload zip contains all the files in your home directary. You can alsa generate a
PDF analysis report using the butten. Finally, you can continue to explore other compatible modules using the Start New Journey tab.

Results Download Start New Journey

20v2 1_dpi72.png
¥ aov2_3 dpi72.png
Click the “Generate — s 100 o200
Report’ to download a s mpa 0 diz2ong -
pdf report summarizing asca oot 0 210m0 sttt s s
your analysis. s scree 0 7209 ooam. 0 2500
aov2 2 dpi7Zpng snorm 0 dpi72.png
Sig features Model abssy asca impb_0_dpi72 pog
Sig_features_Model_b.csv el csv
el dpif2.eng Qutliers Model ab.csv

asca fa 0 dpi72.png




If you have any questions please read thro
Zhigiang.pang]at]xialab.ca or je




