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DATA PROCESSING: TOWARD A COMMON FORMAT IMzML

Existing MS software are often limited to proprietary data formats and make only limited
use of MSI information. Several software tools have been developed to enable the
flexible exchange and processing of MSI data, using a common format called imzML for
“imaging mzML”.

iImzML = Flexibility + Exchangeability + Diversity

» Workflow for MS imaging based on the imzML format:

» MS imaging datasets obtained from different instrumental systems
(ThermoFischer Scientific, Bruker Daltonics, AB Sciex, lonTOF, Shimadzu
and Waters)

» Converted to imzML

» Data is displayed with identical parameters in the software packages




DATA PROCESSING: TOWARD A COMMON FORMAT IMzML

Imaging mzML
XML file (*.imzML): metadata
XML (mzML based)

imaging MS controlled vocabulary

binary file (*.ibd): mass spectral data

continuous mode processed mode

m/z array m/z array,

intensity array, intensity array,

intensity array, m/z array,

intensity array, intensity array,
intensity array, ,
intensity array,_ intensity array,_

T. Schramm et al, J. of Proteomics, 2012, 75, 5106-5110.




DATA PROCESSING: RAW TO IMzZML CONVERTER

Xi+@ & STEF

[20230614_171x153_25um_Tumes 201#67_0. 061473161231
RY. 000-12319 = .
. 745 s 3 10014 1o e
100- 3404 . 329 6995 eags 1282 1382 8174 8560 9289 9853 [ 10800 10298 "“‘” 2082 1 s 22%0814 171x153_250m _Tumewr
| 3 6006 1 1
- 1571 1730 2293 470 N T7 3415 (496 3817 77 9049 4 roomrm f " I
e Loy S o Sarss B&! RAW-+UDP to IMZML Converter V1.1r58 = %
< ey W ases i
sag0 110 y15e2 1Tase81TS00 5 File Tools GUI Help
- ”
: 22 4178 020 280 clasn .
B e umesuw n M S SR S 800 0K Lasers TSR3 @ 2o
P 25 6481 6128 gagy TS 0 a2 <
“n 0 0188 { . .
s 3490 2858 2977 054 213 General Data Contact information
3 1731 @ 279 213 M1 wun
F 1 sare a0 e i aahah ik AR AANRMAS ....-...uuuu.u.uﬂ
P 7500 ey N 9 14ES .
2w Heo %,ﬂ_ w, ICT s 790 7687.190 7767 WS Selected input file: Mame
o 1821 g0 0973 w215 M m‘,wm.n 74153 25um Tumaus 207067 DAN
s 6316 639 7115 . H20.70_250_cassic_Pos_mode .
237 s 925 w2 189 211208 200 UM ey M0 e s O s ©2n ““"“’A“u‘ 1T Tvev o P TN m“[ “[ ”h Ll S300me 0K, Ty 350 Gneso0 20230614 _171x153_25um_Tumeur 20T#67_DAMN H20-70_250ul_dassic_Pos_mode_120-1800m |7§ Open RAW or UDP file ‘Your name here!
E : 24 Bage =
100
Peron | 1ise 5 . 210 ;
o 2R 735 1915 8236 #5841 g5 % w4 10274 40426 10650 441711153, 25am,_Tume e Found 26163 spectra in RAW file. Address
s P wssic 3
3 1568 1049 zosz 2% 2452 3351 3685 4095 4336 4648 4951 5210 632 11328 13 me 70K X "
o sz ew e tom R Y ’?” 3513885 404 " ! .“..u“n e '
s 0 1% 2 » »n 35 40 45 £ b i m
o pe Show TIC image Export as IMZML
= E-Mail
T80 5852 N 3835
. 20230614_171x153_250m Yumuzmml _DAN
X e Y. sontecdd Imaging data/UDP data
1636 RT 76751701 AY 2056 12 T iomce T ) ) ; } )
H " 7825677 TMS + ¢ MALDI Fullock s [120,0000-1800 0000) Pixel countX  Pixel Count Technical Info from RAW file Skip # spectra at begin o
H mase|  [reesans . . Organisation
rs 171 153 Instrument SHNO :Exactive Series slot #6871 0
: o -
-] Sifaond —_— Creation date :14/06/2023 15:12:31
- e R aPen magrss TEHEE Pixel size X (um) Pixel size Y (um) Filter string :FIMS + c MALDI Full lock 1 | Expect 26163 Spectra:
| 4501715 ‘7 L ol o STI31% eaasass Coeriisd SASOTS8 eraour 9100 ou4s6919 o7ymmi0  roz0ster 10747365 11007523 1739278 11989119 12559182
NL 1 31ES .
100 mesr 25 25 [:] omit spare spectra at end
20250814 171053 25, Tumes 201861 O
7825670 DD S0 chic Pt e . Reset to default Set as default. ..
©
1Soma AT 11O 7107 AV 75D 12 10900 1005 T
8105096 FTMS » ¢ MALD! Fufllock s 120.0000- 1800, 000)
0 7345604 5
© Toass | v JUSTUS-LIEBIG-
i ) ( S @ File End | UNIVERSITAT
a4 | 850 432 |
24512 84903 " T MIT
a3 ) | 1 Lok di h{ 9170616 0436774 6715638 10158423 10747368 11007526 11345625 11739299 12085033 12526228 rans GIESSEN
o %00 w0 700 750 ) % ) 100 1050 1100 [T 20 120
was
B v
B e e - "
i ] AR
RS S WP (PXPISLFFHEAXIFBECTEF SO0 Y E
[20230514 17 1+153 250, Turwie 2078570 01423 15 1231 .
RT 71007377 -
5 s 1202
Wi Jun 7120 7124 1126 7 J1a4 7203 7208 7211 1213 7 Teis 7298 e MS 20230614 _171153_25um_Tumews
7 204 7083 TVOT ) 22 1)20 1263 7268 7343 7 2
0l 4 ms 7180, i 2R 0.5 y (20.70_250u_cassic_Pos
7158 7162 4 31 T 0 [1800mz_T0K_Laser37_SKV_350C_Sienst0
o 2 = Nl SB!LI
160, 128 7205 7211 7216
12 3y Ty el T2
P b bt 11 1o L . 5 {[I5720.70. 320 consic o oo,
il U[ il #1510 LN 210 123 2% 20 ‘ 7340 P8 om0 S
o ] AT il ) "
§.°, n2 13 T T e ra0s 7207 B21215 1224 gy 7284 7287 7303 7310
7110 TLid fe T RTT 723 & 7211 272 1282 ? Timn nw 201867_DAN
£ winm %0 . 182 n® 7263 1312 7316 743 7348 2
H 7% 1z 18 231 gy 1281 7319 s
& 100, 738
i 7360
. 115 1928 e r2n R nssl 3
"3 "2 113 s 7181 ”52 7194 7196 7200 7215 5 7286 71292 1297 17 75 ner «mm TOK_L
a2 .,y‘lmm. M e 2T TS TS e TIAL Ll ir e 20 23,7237 1241 1202 7283 ) 12608 s oo, b T30, TILISNE 7324 ny IIL..L‘...Y...,
100-
794 2 nw B e
714 7140 7142 7195 215 1218 299 7358 0614 5 r
115 n» 72 7300 7312 7356 1350 B
- nan T NR T ms ne& nglilirier 7208 7222 2R 1263 7208 P L T280 290 S o o BN car
7177 7180 2% 7285 1259 B 7y B4 K_Laserd?_5K e
Nz NS m4 78 76 N7 T8 N9 720 121 12 13 124 125 136 721 7128 7129 130 11 12 73 74 ns @ 17
Time imi)
-
Te0 5852 NL 383
e 20230614_1713153_2%um_Tumexs 20T667_OAN
H20.70 2304 casic_Pos mode 1
5 1600ms T0K_Laseed7 5KV 340 Sis00816207
§ 16368 RT 767517 07 AV 805817 1090010605 T
25877 FTMS + CMALDI Flock ms {120 00001609 00004
§ o Toaswa|  |To8san
iv 8105009
3
2 lww:u‘mq 7035753 1925542 .&
4501715 "’f"”L S STI5196 0035353 oonde S456735 gryyoar 917916 0450919 g710819 10206167 10747365 11007523 11739278 11069119 12559182

E N 13IES
b 20230814 171x153_250m_Tumens 207467_DAN
42070 2504 chassic Pos. mode.

. 1800m2” 70K Lacerd7” SKV._3S0C Sesa0a15278.
15284 AT 71957197 AV.7 S8 12 10900-10905 T
FTMS « ¢ MALDI Fulock s 120 0000.1800 000§
@ 734 5694
s 7035748
4963400
2 ATB304 | s243715 S 6504392 g 4o \
sy ) | i ol SM AT 2 6035340 [ v \ DITO618 SU3BTTA 9715830 10158423 10747368 11007628 11345626 11739290 12085033 12626228
450 50 550 ) 0 100 50 %00 950 1000 1050 1100 1150 1200 1250




DATA PROCESSING: IMZML CONVERTER

» RAW (ThermoFischer): “Raw to imzML” (JLU)

» GRD (lonTOF), Analyse (AB Sciex, Shimadzu), FID (Bruker): “ToimzML ModuleCea” (CEA)

» RAW (Waters) : “High Definition Imaging” (Waters Corporation)

» mzML: “imzML Converter” (Birmingham) and “mzml_to_imzml” (J.T. Prince)

» FID (Bruker): “Bruker to imzML” (FlexImaging)

» WIFF, FID, BAF, RAW...: “MSconverter” (ProteoWizard), conversion in an intermediary format: mzML

» ASCII.... “ASCII to imzML” (Bayreuth)

For more information: https://www.ms-imaging.org/imzml/

Py



DATA PROCESSING: IMZML SOFTWARE PACKAGE

COMMERCIAL

» MSIReader v2 : Statistical analysis, Classification, Quantification, etc. (David C Mudiman, Meredith C Muddiman,

NC State University, MSI Software Solutions)
MSHatiions

» Quantinetix (Multilmaging): Quantification, etc. (J. Stauber, ImaBiotech/Aliri) 0 | I Il
ImaBiotech

Revealing Biological Secrets

» MALDIVision: ROI, Overlay of several masses up to 10, Co-registration, 3-D, etc. (PREMIER Biosoft)

b

» SCILS: statistical analysis, overlay, co-registration, etc. (D. Trede, Bruker)

» LipoSTAR : Annotation, statistical analysis, overlay (Molecular discovery)
®

% Lipostar2




DATA PROCESSING: IMZML SOFTWARE PACKAGE

FREE
https://www.ms-imaging.org/imzml/software-tools/

» SpectViewer: Comparison between images, Clustering, etc. (J.P. Both, CEA)

» DataCube Explorer: ROI (I. Klinkert, AMOLF)

» Mass Image Viewer: Read large data 100GB (K. Takahashi, AIST)

» mslQuant: Quantification, Co-registration, etc. (P. Kéllback, P. Andrén, Uppsala University)
» BioMap: Overlay of different masses, ROIs, etc. (M. Stoekli, Novartis)

» OpenMSI: Statistical analysis, etc. (B. Bowen, O. Ribel, Lawrence Berkeley National Lab)

» Mirion: Overlay of different masses, Fast images generation, Normalization of images, etc. (A. Hester, JLU)

P



DATA PROCESSING: IMZML SOFTWARE PACKAGE

OPEN - SOURCE
https://www.ms-imaging.org/imzml/software-tools/

» Cardinal: 3D images, Statistical tools, etc. (K. Bemis, O. Vitek, Purdue University) - R
» omniSpect: Multivariate analysis, etc. (M. Parry, Georgia Institute of Technonolgy) - Matlab
» MSI.R: Overlay of different masses, Co-registration, etc. (R. Winkler, CINVESTAV) -R

> METASPACE: Database annotation, Statistical tools, etc. (T. Alexandrov, EMBL Heidelberqg) - python

» MSiReader v1: Overlay of different masses, Classification, Quantification, etc. (W.M. Keck, NC State University) - Matlab

» SpectralAnalysis: ROI, Statistical tools, etc. (A. Race, J. Bunch, National Physical Laboratory and University of Bayreuth) - Matlab

> Esmraldi: Co-registration, statistical tools, multimodal imaging, etc. (F. Grélard, CBMN) - Python

» Napari (MSI package) : imaging software (similar to ImageJ) with a MSI package for ,imzML - Python

-



DATA PROCESSING: METASPACE
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DATA PROCESSING: MSIREADER
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DATA PROCESSING: ESMRALDI
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MALDI MASS SPECTROMETRY IMAGING: TOWARD MULTIMODAL IMAGING — WHY?

» Spectral discrimination effects (ionization yields in complex mixture).

» Lack of (i) molecular information for some compound classes (proteins, polysaccharides, nucleic acids, etc.),
< Specific sample preparation
» (i1) correlation with anatomical structures or cellular types,
< Spatial resolution
» (iii) correlation with morphological nature of tissue,
< 3-Dimension imaging
technique provides optimal

answer to all question, it is » (iv) computational strategy for multimodal imaging

highly attractive to combine < _
information from two or more Dedicated software?

measurement platforms.

Because no individual

Multimodal Multimodal

Immunofluorescence Magnetic Resonance Imaging

Bioinformatics

< Multimodal Imaging




MALDI MASS SPECTROMETRY IMAGING: TOWARD MULTIMODAL IMAGING — BENEFITS

» Multimodal imaging is becoming a grand challenge in chemical analysis.
» To compensate for the limitation of individual imaging techniques,
» To obtain more complementary chemical information,
» To elucidate the biochemistry (multi-omics investigation) of tissue samples,

» For a better understanding of pathologies.

< Which combinations




MuLTiMODAL MALDI-MSI: CHOICE OF THE MODALITIES

TABLE 1| Caollection of publications that combine MALDI-MSI with ancther modality. It attempts to dassify each paper by its multimodal strategy and scientific goals. The list
is separated in vivo/ex vivo and grouped by the spectral nature of its complementary modality, i.e., whether it is mono-, multi-channel, i.e., spectrawith discrete bands, or
hyperspectral, i.e., spectra with continuous bands.

Maodalitylies)

vivo

MR

MR

MR

MR

MR

M. Tuck, L. et al, Multimodal Imaging Based on
Vibrational Spectroscopies and Mass
Spectrometry Imaging Applied to Biological
Tissue: A Multiscale and Multiomics Review.
Analytical Chemistry 2021 93 (1), 445-477. DOI:
10.1021/acs.analchem.0c04595

Multimodal strategy Scientific goal
Acquisition(s) and Data analysis Result{s) Omics Biological background
';9;:1"::[':]" Strategy(ies) Methodis)
Adjacent sections, &  Class discovery  HSME, & Pearson Colocalizing Proteins Murine kidney and
iconic: lingar & non- correlation signal (30) pancreas, human
linear colorectal cancer,
microbial colonies, &
human oral carcinoma
Adjacent sections, &  Class Automated anatomical Brain atlas, &region-  Proteins Human brain
iconic: linear prediction, & interpretation & speciic ions
class Wilcoxon rank test
comparisan
Adjacent sections, &  Class prediction  NMF & inverse NMF, &  Colocalizing signal Polysaccharides Plant: wheat grain
iconic: linear & non- distance in reduced
inear space
Adjacent sections, &  Class discovery  Bisecting k-means, & Colocalizing Protsins Murine kidney
iconic: linear & non- Pearson correlation signal (30)
linsar
Adjacent sections Class Unpaired t-test Region-specific Protsins Murine brain
lconic: linear comparison ions (309
Adjacent sections, &  Overlay MNia Integrated Protzins Murine
iconic: linear visualization dataset (30)

References

Abdelmoula et al.
(2019)

Verbeeck et al.,
(2017)

Grélard et al., (2021)

Cetien et al., (2013)

Sinha et al. (2008)

Aftia et al., (2012)




MuLTiMODAL MALDI-MSI: CHOICE OF THE MODALITIES

vivo

H&E

H&E

Autcfluorescence
Microscopy

Autcfluorescence
Microscopy

IF

M. Tuck, L. et al, Multimodal Imaging Based on
Vibrational Spectroscopies and Mass
Spectrometry Imaging Applied to Biological
Tissue: A Multiscale and Multiomics Review.
Analytical Chemistry 2021 93 (1), 445-477. DOI:
10.1021/acs.analchem.0c04595

Adjacent and same
sections, &
landmarks: linsar
Adjacent sections, &
registration not
explained

Same section, &
landmark

Same and adjacent
section, landmark, &
iconic: Linear &
nonlinear

Same & adjacent
section, Landmark, &
iconic: Linsar and
nonlinsar

Same section, &
registration not
axplained

Same section, &
landmark

Same section, &
landmark

Same sections, &
landmark

Same calls
Registration not
explained

Same section, &
landmark: linsar

Class prediction

Class
comparison, &
class prediction
Class prediction

Class
comparison

Class discovery

Class
comparison

Class
comparison
N/a

Class
comparison, &
class discovery
Class discovery

Class
comparison, &
class discovery

PLS

Various multivariate

analysis, ROC curve, &

Kruskal-Wallis test
PLS regression

Histogram of average
intensities in multiple
ROls

Weighted cormrelations

ROC curves, & Mann
Whitney U test

Overlay visualization, &
2D corrdation
Overlay visualization

k-means clustering, &
f-test

Spatial correlation:
Euclidean distance,
Pearson correlation, &
multivariate anabysis:
K-means clustering
Caorrelation Metwaork,
Spearman rank order
cormelation, & Mann
Whitney U test

Pansharpening, &
out-of-sample
prediction
Biomarker discovery

Out-of-sample
prediction
Guided-acquisition.
Region-specific ions

Colocalzing signal

Biomarker discovery

Integrated datasst
Region-specific ions

Integrated dataset

Colocalzing signal

Region-specific ions

Lipids, proteins,
metabolites, &

drugs
Metabolites

Proteins

Lipids

Lipids, metabolites

Proteines

Lipids
Lipids

Lipids

Lipids

Metabolites, lipids

Murine brain

Human Urachal Cancer

Murine brain, & kidney

Murine brain, kidney,
spleen & P. yodi-
infected livers, human
kidney

Murine kidney, & brain

Human breast cancer &
lver

Murine brain — Hunter's
disease

Murine brain —
Alzheimer's disease
Murine brain —
Alzheimer's disease

Single cdlls

Murine pancreas cancer

Wan De Plas et al.
(2015)

Meumann &t al.,
(2021)

Prentice et al., (2018)
Patterson et al.,

(2018a)

Patterson et al..
(201 8h0)

Rujchanarong et al.,
(2021)

Dufresne et al.,
(2017)

Kaya et al., (2017b)

Kaya et al., (2017a)

Mikitina et al., (2020)

Prade =t al., (2020)




MuLTiMODAL MALDI-MSI: CHOICE OF THE MODALITIES

Ex- Irmaging Mass
vivo  Cytometry

FT-1R

FT-IR

FT-IR

M. Tuck, L. et al, Multimodal Imaging Based on
Vibrational Spectroscopies and Mass
Spectrometry Imaging Applied to Biological
Tissue: A Multiscale and Multiomics Review.
Analytical Chemistry 2021 93 (1), 445-477. DOI:
10.1021/acs.analchem.0c04595

Same section, &
registration not
eplained

Same section, &
registration not
eplained

Same section, &
loonic: linsar

Same section, iconic

MN/a

Class discovery

Class
comparison, &
Class discovery
Class
comparison, &
class prediction

Owverlay visualization

Random forest classifisr

k-means clustering, &

t-test

PCA Data Integration/

Laplacian Pyramid

Sharpening, & ANOVA

Integrated dataset

Integrated dataset,
& oolocalizing signal

Integrated dataset,
& guided acquisition

Pansharpening,
image fusion, &
region-specific ions

Lipids

Lipids,
carbohydrates, &
nucleic acids
Metabolites, &

lipids

Lipids, & peptides/
proteins

Murine Brain, Human
tonsil & breast cancer

Eiseania fetida

Murine brain, & human
gastrointestinal stroma
tumors

Murine brain

Yagnik et al., (2021)

Ritschar et al., (2022)

Rabe =t al. (2018)

Meurmann &t al.,
(2018)

(Continued on following page)




MuLTiMODAL MALDI-MSI: CHOICE OF THE MODALITIES

TABLE 1 | (Continued) Collection of publications that combine MALDI-MSI with another modality. It attempts to classify each paper by its multimodal strategy and
scientific goals. The listis separated in vivo/ex vivo and grouped by the spectral nature of its complementary modality, i.e., whether it is mono-, mutti-channel, i.e., spectra
with discrete bands, or hyperspectral, i.e., spectra with continuous bands.

M. Tuck, L. et al, Multimodal Imaging Based on
Vibrational Spectroscopies and Mass
Spectrometry Imaging Applied to Biological
Tissue: A Multiscale and Multiomics Review.
Analytical Chemistry 2021 93 (1), 445-477. DOI:
10.1021/acs.analchem.0c04595

Modality(ies)

Raman
Spactroscopy

Rarnan
Spectroscopy

Raman
Spectroscopy TOF-
SIMS

LA-ICP

TOF-SIMS

TOF-SIMS

TOF-SIMS
Microscopy

TOF-SIMS

DESI IMC H&E - IF

DESI

MALDI-MSI

MALDI H&E

Lol

Multimodal strategy Scientific goal
Acquisition(s) and Data analysis Result(s) Omics Biological background
registration .
method(s) Strategy(ies) Methodis)
Same saction, Class discovery  PCA-PCA correlation Integrated dataset, Lipids, & peptides/  Cdll Spheroids
landmark, & fiducial & colocalizing signal proteins
aided
Same section, & Class prediction  PCA on combined Colocalizing signal Lipids, & peptides/  Murine brain
landmark: linsar dataset, & 2D proteins
correlation
Same section, & Class prediction  NMF Data fusion Pansharpening Metabaolites, & Murine brain
landmark: linsar lipids
Same & adjacent Class discovery,  Pearson correlation Colocalizing signal, Metals, lipids, Muring spleen, & liver
sections, & iconic: class k-rneans, Student’s region-specific ions proteins
Linear and nonlinear  comparison t-test
Same saction, & Class discovery  Visual comparison Guided acquisition, Lipids Human colon cancer
landmark & colocalizing signal
Same saction, & N/a RO selection Guided acquisition Metabolites Biofilms
inherently registered
Same section, & Class discovery  Thresholding, Guided acquisition, Lipids Cells
landmark granulometry, & visual & colocalizing
assessment signals
Same sactions, Class prediction  CCA, & NMF Pansharpening Lipids Muring brain
landmark: linear
Same & adjacent Class discovery 2D correlation Colocalizing signal Drugs Murine Pancreatic
sections, & landrmark: CANCEr
linear
Same saction, Class discovery  Visual comparison Colocalizing signal Lipids, & proteins Murine brain, human
Registration not glioma
explained
Adjacent sections, &  Class Multiblock OPLS Pansharpening, Lipids, & proteins Muring hippocampus &
iconic: linear prediction, class region-specific ions Rat prostate
comparison
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MuLTiMODAL MALDI-MSI: HOW TO CONSIDER IMPACT OF MULTIMODAL IMAGING?

» Multimodal imaging to guide acquisition

1) FTIR segmentation to guide
MALDI MSI acquisition
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MuLTiMODAL MALDI-MSI: HOW TO CONSIDER IMPACT OF MULTIMODAL IMAGING?

» Multimodal imaging to guide acquisition

1) FTIR segmentation to guide
MALDI MSI acquisition
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» Multimodal imaging to guide data processing

2) FTIR segmentation to guide
MALDI MSI processing
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MuLTIMODAL MALDI-MSI: ANALYTICAL & COMPUTATIONAL STRATEGIES
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MuLTiIMODAL MALDI-MSI / IF: APPLICATION ON MOUSE SPLEEN

> Objectif: Corréler images ioniques avec les types cellulaires
» Preserver lintégrité du tissu entre les deux acquisitions (rendre MSI compatible avec IF)
> Aligner précisément les jeux de donnees (marques fiduciaires gravées au laser)
> Analyser les données fusionnées (stratégie computationnelle)

I , Spectre
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Gravage laser Résolution latérale 5pm

Immunomarquage Datasets
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matrice R A

Cartographies moléculaires

Alignement des jeux de
données
Marques fiduciaires

Changer de paradigme en MSI :
Ne plus raisonner en termes de pixels mais de cellules




Thank you for your attention
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