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Abstract:

Mass spectrometry imaging (MSl) is a powerful tool which reveals the contextual distribution of
biomolecules in tissues. Acquiring these images involves collecting an information-rich mass
spectrum for each pixel of the ion image, which results in large datasets typically exceeding 1 GB.
To streamline data processing and interpretation, various toolboxes have been developed for
image pre-processing, segmentation, statistical analysis, and visualization. These generally require
imaging data to be input in ‘imzML’ format, an Extensible Markup Language file with controlled
vocabulary for mass spectrometry and MSlI-specific parameters. While major/commercial MSI
modalities (e.g. MALDI) come with proprietary file converters, to our knowledge, no open-access
user-friendly converters exist for continuously acquired MSI data (e.g. nano-DESI, DESI). Here, we
present imzML Writer, an open-access python application which is easy to install and easy to use.
imzML Writer has a simple graphical user interface to convert data from MS vendor format into
pixel-aligned imzML files suitable for further analysis. We package this application with imzML
Scout, a tool to quickly visualize the resulting file(s) and batch export ion images across a range of
image/data formats (PNG, TIF, CSV). To demonstrate the utility of files generated by imzML Writer,
we processed a nano-DESI image using previously inaccessible toolboxes/data repositories such
as Cardinal MSl and METASPACE. Overall, this work provides a simple tool for emerging MSI
modality users to access the wealth of advanced MSI processing tools reliant on imzML format.
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Introduction:

Mass spectrometry imaging (MSl) is emerging as a powerful tool to study the contextual distribution
of metabolites, proteins, and drugs in biological tissues." In MSI, information-dense spatial ‘omics’
data is generated in a two dimensional grid, where pixels simultaneously report the identity and
abundance of hundreds to thousands of biomolecules.?® MSI has been applied across many
disciplines to help answer both fundamental and applied questions, including the dynamics of
host-microbe interactions,* drug distribution,® mycotoxin localization in food,® and intraoperative
discrimination of healthy/cancerous tissue.”® There are several MSl techniques available that
harness different ionization and sampling approaches to generate spatially resolved mass spectra.
Each modality has embedded strengths and limitations.® Consequently, there has been an ongoing
drive towards multimodal imaging workflows that allow co-registration of multi-omic data,
including the spatial metabolome and proteome.™

Matrix assisted laser-desorption/ionization (MALDI) is the most widely used MSI modality."""* By
rastering laser pulses over the target area, an image grid is constructed with pixel dimensions
defined by the focal point of the laser. Several commercial MALDI MSI platforms are available that
use vendor specific software to convert the spatially resolved mass spectra into ion images. This
data can also be converted to the vendor neutral imzML format, an Extensible Markup Language
(XML) format with controlled vocabulary for mass spectrometry and imaging." In the imzML file
format, large, GB-sized images are stored in two files: 1) the ‘.imzML’ containing metadata
including pixel dimensions, MS model, MS parameters, and scan pattern; and 2) an ‘“.ibd’ file
containing the MS spectral data in binary format. Powerful open access MSI toolboxes have been
developed that read in imzML files, allowing for image segmentation, visualization and co-
registration of multimodal images,' deep learning for per-pixel classification,' and advanced
smoothing and segmentation workflows."®

The imzML format has been used to a lesser extent in ambient MSI modalities, largely due to how
the data is acquired. For example, desorption electrospray ionization (DESI) and nanospray
desorption electrospray ionization (nano-DESI) generate MSI data by continuously rastering over
tissue surfaces.*'2* As a result, pixel dimensions are defined by the step size between strip lines
(y-direction) and the MS scan rate (x-direction). Further, mass analysers involving ion trapping (e.g.
Orbitrap) use automatic gain control (AGC), which creates dynamic pixel widths and variable
numbers of MS scans across each line — features not compatible with the imzML format. It is
possible to experimentally fix the AGC target time,* but this can compromise the quality of the
data, as AGC is needed to provide optimum mass resolution and sensitivity by minimizing space-
charge effects.?® While several custom software tools have been developed by the ambient MSI
community to generate publication quality ion images by aligning pixels based on scan time,
including ion2image (i2i),*® msiGen,? and MSIQuickview,? these platforms do not currently output
imzML files. The lack of open access tools to convert ambient MSI data to imzML files restricts
ambient MSI users from harnessing many of the open access image processing toolboxes and MSI
data repositories that rely on the imzML format (e.g. Cardinal MSI,'® MSIQuant,* MSIReader®, and
METASPACE?®"). To our knowledge, there is no open-source, user-friendly program available to
convert raw ambient MSI data into the pixel-aligned imzML format.
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Here, we present imzML Writer, a cross-platform (Mac, PC) open-access python program to
convert continuously acquired ambient MSI data into standardized imzML format via a user-friendly
GUI. This software starts with raw vendor format data or mzML files and aligns pixels based on scan
time, then writes the aligned MSI data to an imzML file. The software can handle multiple scan
filters (including stacked MS/MS experiments) and writes each unique scan filter to a separate
imzML and ibd file. Alongside imzML Writer, the toolbox includes imzML Scout, a simple imzML file
explorer to inspect, visualize, normalize, and batch export publication quality ion images via a
graphical user interface. Overall, imzML Writer allows ambient MS| users access to many of the
powerful tools developed for interrogating MSI data that rely on imzML format.

Materials & Methods:
Programming and Testing

All software development was performed on a personal laptop (Apple Macbook Pro 2023, 8 GB
RAM, M3 Chip). Programs were developed in Python 3.12.4 using open-source libraries (numpy,
matplotlib, tkinter, pymzML,* pyimzML, beautifulsoup4, docker). Additional testing for cross-
platform compatibility was performed on a PC workstation (64-bit, 28-core Intel-i7, 32 GB RAM,
Windows 11 Pro). All code for imzML Writer and imzML Scout is publicly available on Github
https://github.com/VIU-Metabolomics/imzML_Writer.

imzML Writer/Scout have been tested with different vendor formats, instrument types, and
interlaced scan functions (Fullscan + MS/MS + tSIM, etc.). Thermo ‘.raw’ datafiles have been most
thoroughly vetted, with successful image generation from multiple systems including Orbitrap
(Exploris 120, Velos, Q-Exactive; Thermo Scientific, San Jose, CA, USA), FT-ICR (LTQ FT Ultra), and
targeted SRM images from a triple quadrupole MS (Fortis). No imaging data was available to us
from Waters or Agilent systems. However, pseudo-images were generated from a series of LC-MS
and GC-MS runs collected on a Waters Acquity TQD (Missassauga, ON, Canada) and Agilent 7010
system (Agilent Technologies, Santa Clara, CA, USA), respectively.

Samples & Standards

LC-MS Optima grade solvents were purchased from Fisher scientific (Mississauga, ON, Canada)
including methanol, acetonitrile, water, and formic acid. Example images are generated from
purchased rat brain tissue (Sprague-Dawley; Charles River Labs, Winchester, VA, USA). To prepare
samples for nano-DESI imaging, tissues were sliced into 12 pm sections using a cryotome (Leica
CM 1850 cryomicrotome, Wetzlar, Germany) and thaw-mounted onto regular glass microscope
slides (SuperFrost, Fisher Scientific). After sectioning, tissues were stored at -80 °C until imaging.

nano-DESI imaging

nanoDESI images were collected on a custom-fabricated source.®**3* For the nanoDESI capillaries,
polyimide-coated fused-silica capillaries were used (ID: 50 um; OD: 150 pum; Molex, Lisle, IL, USA).
The primary and secondary capillaries were first aligned using micromanipulators to provide stable
flow and minimal droplet size at 0.5 pL/min delivered via syringe pump (KD LEGATO 180, kd
Scientific, Holliston, MA, USA) and 500 pL syringe (Hamilton 1750 Series). To collect images, these
capillaries were held fixed and a Zaber XYZ stage (Vancouver, BC, Canada) was used to move the
tissue below the capillaries. The stage was controlled using custom LabView software described
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previously.?® Images were collected as horizontal line scans at a scan speed between 40 - 60
pm/sec with a 150 um step between lines. The carrier/spray solvent consisted of 9:1 MeOH:Water
spiked with 0.1% formic acid. Data was collected on an Orbitrap Exploris 120 (Thermo Scientific,
San Jose, CA) operated in positive ion mode (spray voltage: +3400 V applied to syringe needle, ion
transfer tube temperature: 250 °C, RF lens: 70%). Fullscan data was collected in profile mode at
120 000 resolution (m/z 200), resulting in scan frequencies of 4 — 22 Hz. Additional selected ion
monitoring experiments or product ion scans were also included, as indicated. Depending on MS
resolution/scan rate and the number of distinct scan functions, pixel sizes were between 2.2 -120
pm along the x-dimension and 150 pm along the y-dimension.
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Results & Discussion:

imzML Writer and imzML Scout are simple, easy-to-install and easy-to-use packages to write and
explore standardized imzML files from ambient mass spectrometry imaging techniques. We focus
on techniques that collect continuous data along line scans such as nano-DESI and DESIL.*>""% The
pipeline is designed to take raw MSI data in proprietary vendor formats and convert them to
standardized imzML files by aligning pixels based on scan speed and time (Figure 1).The
application builds on several excellent open-source software packages from the MS community,
including pymzml,*? pyimzml, and MSConvert.* imzML Writer was written in Python with cross-
platform operation in mind, allowing users to directly convert raw instrument files from several
major vendors including Thermofisher Scientific, Waters, and Agilent, on both Mac and PC. The
user-interface is a simple GUI written in TKinter, requiring minimal programming knowledge to
install or operate.
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Figure 1. Workflow for conversion of nanoDESI-MSI data into standard imzML format. Raw imaging
data in vendor format is converted to mzML files using MSConvert, the pixel grid is then aligned
based on scan time, duplicating pixels in sparsely sampled areas as needed. The resulting imzML
file is then annotated with additional metadata provided by the user or extracted from the mzML,
which is compatible with standard toolboxes and data repositories.

To convert an image using the imzML Writer, users navigate to a folder containing data in either raw
vendor format or vendor-neutral mzML format (Figure 2A). By clicking ‘Full Conversion’ or ‘mzML to
imzML’ respectively, the program will begin writing imzML image files (one for each scan type).
Optionally, users can include a lock mass for coarse m/z recalibration in the resulting imzML file.
Progress for each step is reported in the GUI. After writing the imzML file, metadata is populated
from the user-input fields (i.e., pixel dimensions) and the source mzML file (MS
model/configuration, scan filter).

In the resulting imzML file, ion images can be visualized by selecting a file and clicking the ‘view
imzML’ button. This launches a separate GUI, imzML Scout, to explore the data and batch export
ion images (Figure 2B). By clicking a pixel, the corresponding mass spectrum is shown on the right
of the screen. Clicking on a m/z peak refreshes the ion image to show that m/z.
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Figure 2. GUI for imzML Writer (A) and Scout (B). imzML Writer takes line-scan data from vendor-file
(.raw, .D) or mzML format and writes image data into an aligned pixel grid in imzML format.
Preliminary exploration and export of raw image data (.csv) or high-quality ion images (.tif) can then
be performed from the accompanying imzML Scout accessible from the ‘view imzML’ button or
command line.

Data conversion from vendor-file format to imzML

Before pixel alignment, data is converted from the vendor file format to mzML using MSConvert
(Proteowizard).® On PC, MSConvert can be installed natively and is called by imzML Writer directly.
However, MSConvert is not supported on Mac/Linux and is instead accessed through a docker
container. After initial setup (detailed instructions in the README on GitHub), the docker image is
called directly and does not need to be manipulated by the user. To ensure compatibility with
downstream processing, several keyword arguments are passed to MSConvert, such as ‘no
compression’ and ‘SIM/SRM as spectra.’ Typically, the data is centroided at this stage for improved
processing speed and reduced file sizes. However, both MSConvert and downstream processingin
imzML Writer can accommodate profile-mode data. Processing profile data is more
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computationally taxing, as demonstrated by the same 862MB raw imaging dataset taking imzML
Writer 87.3 s to process in centroid mode (final imzML size: 259.2 MB) and 180.8 s to process in
profile mode (final imzML size: 2.37 GB).

To convert from mzML to imzML, a consistent pixel grid is generated for each scan filter. The
number of pixels in the Y-direction is defined by the number of line scans collected. However, in
the X-direction, variations in ion accumulation time to meet the AGC target can lead to differing
numbers of scans across a line and dynamic pixel width.?*® To resolve this, each mzML line scan is
surveyed to identify the maximum number of pixels needed in the X-direction. The overall time for a
line-scan is then split into max x target scan times for each pixel. Pixels are then assighed a mass
spectrum across each line scan based on the closest (in time) spectrum to that target time (Figure
1). This approach results in some duplicated spectra in adjacent pixels for sparsely sampled
regions of the image, providing pseudo-dynamic pixel widths (quantized to pixel dimensions).
Overlays of the optical image and ion images generated show no signs of distortion (Figure S1). As
spectra are written to the growing imzML file, an optional m/z recalibration is performed wherein
the lock mass is identified as the highest intensity m/z within +20 ppm of the specified lock mass.
Once identified, the ppm offset is calculated, and the entire spectrum is shifted to correct for this
offset. In spectra where the lock mass can’t be identified, the shift of the last spectrum where the
lock mass was found is applied.

One imzML and one ibd file are created for each included scan filter, containing all the mass
spectral data but no corresponding metadata. To populate these fields, metadata is retrieved from
both the mzML source files (instrument model, scan filter, etc.) and user-input fields in the GUI for
imaging-specific details (scan speed, spacing between y lines). These details can then be retrieved
by imzML processing tools to calculate the aspect ratio of ion images, allowing them to be
automatically presented with physically meaningful dimensions which overlay with optical images
(Figure S1).

Because imzML Writer goes through an intermediate step of standard mzML files, it is expected to
be vendor-agnostic. We have thoroughly evaluated the pipeline with Thermo ‘.raw’ files, generating
ion images for Orbitrap Exploris, Q-Exactive, and Velos models across multiple and stacked scan
filters. The pipeline can also be used to process data acquired on with triple quadrupole MS (TSQ
Fortis; Figure S2). Raw imaging data for Agilent ‘.D’ and Waters ‘.raw’ images were unavailable to
us, but the imzML writer generated pseudo images from GC-MS and LC-MS runs collected on an
Agilent 7010 and Waters Acquity TQD, respectively (Figure S3). Note that for Waters data,
MSConvert can ignore the ‘-simAsSpectra’ and ‘-srmAsSpectra’ flags, which results in mzML files
organized by chromatogram, rather than by spectra. This format cannot be processed by imzML
Writer.

The speed of imzML Writer was tested with a series of images ranging from 0.18 - 12.6 GB (Table
S1). Overall processing time for the images took 12 s (0.18 GB image), 70 s (1.23 GB), 96 s (1.54
GB), 135s(3.93 GB), 160 s (5.41 GB), and 970 s (12.6 GB), with an average of 54.6 + 18.8 s per GB of
data. Of the processing time, an average of 51% was spent on writing the mzML files, with 25% and
23% spent on writing and annotating the resulting imzML files, respectively. While reasonable for
most image processing workflows, further optimization of the pipeline presented including
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parallelization and faster libraries for writing metadata to imzML files will be applied in future
versions for larger-scale projects and/or high-resolution images.

imzML Scout

imzML writer was paired with a simple GUI viewing tool, imzML Scout, to explore the data and
export high-quality ion images (Figure 2B). This allows users to quickly assess the quality of the
generated imzML files. In imzML Scout, users select their target ion and tolerance window using the
input fields. Alternatively, by clicking on a pixel in the ion image, the mass spectrum for that pixel is
called and users can select a m/z peak by clicking on it to update the ion image. Simple
normalization to total ion count or custom m/z can be performed, as well as contrast adjustment
using the sliders.

imzML Scout also provides a batch export tool for both images and raw data as a CSV file. By
clicking batch export, users are prompted to select a spreadsheet containing their target analyte
list with columns for analyte name and m/z. imzML Scout then generates and saves ion images for
each target in a new ‘images’ folder where the imzML file is stored. These images can be written
under common file formats (.jpg, .png, .tif) and configured for standard colormaps (e.g., Viridis,
Hot, Jet) and custom normalization limits. The batch export feature retains settings from the
current viewing window, including file format, normalization settings, and intensity limits. Similarly,
the underlying data for these images can be written as CSV files, which are readily imported into
Matlab or Python for custom data manipulation or visualization such as cross-scan filter
normalization. The intention for imzML Scout is to enable users to quickly assess the integrity of
generated imzML files, and to cover the basic functionality needed for targeted MSI workflows. For
more advanced processing (segmentation, co-registration), a number of existing tools are available
(e.g. Cardinal, M2aia)."®3®

Downstream data processing of ambient MSIimzML files

While writing ambient MSI data to the common imzML format carries many advantages, such as
reduced computational time with pre-aligned pixel grids, a driving motivator for the creation of
imzML Writer was to access the wealth of tools written to process imzML files, including toolboxes
for image interpretation such as Cardinal or M2aia or data repositories such as METASPACE."*'®

Fundamental to open science is open data. METASPACE provides an excellent platform to house
and annotate spatial metabolomics data.®*” However, it requires images to be uploaded as imzML
files, making it inaccessible to many ambient MSI techniques. By passing data through imzML
Writer, data can be shared publicly via METASPACE, and users can benefit from the resources
provided by the platform including automated metabolite annotation and multi-ion visualization.
An example nano-DESI image from Figure 2 is available on METASPACE at
https://metaspace2020.eu/annotations?ds=2024-10-01_19h14m04s (Figure S4). For this image,
METASPACE identified 753 metabolites at a false discovery rate (FDR) of 10% from the HMDB
endogenous database including both small metabolites such as m/z 104.1070 (putative ID:
choline), m/z170.0326 (putative ID: creatine), and m/z 307.0437 (putative ID: inosine) and larger
lipid species at m/z 768.5878 (putatively [C4.HssNO;P+Na]’), m/z 854.5670 (putatively
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[CisHe2NOgP+Na]’), and m/z 872.5566 (putatively [CssHsaNOsP+K]"). Overall, providing ambient MSI
users a means to upload imzML files to METASPACE facilitates easy data sharing, exploration, and
interpretation with non-specialized collaborators, and provides an additional layer of backup for
these valuable datasets.

Beyond data sharing/storage, the R package Cardinal provides powerful tools for all stages of
processing MSI data, including spectral alignment, feature identification, visualization, statistical
analysis, and image segmentation.'® To demonstrate compatibility, an imzML file generated from
imzML Writer was loaded into Cardinal to align and segment the example rat brain image using the
spatial shrunken centroids tool in a two-stage process.® First, the whole image was pre-processed
including normalization (root mean square method), peak alignment (10 ppm tolerance), and
feature filtration (>10% frequency), resulting in 1408 identified features. An initial segmentation
was performed using the whole image to identify tissue and glass slide background (Figure S5),
which was used as a mask to crop the image to include only tissue-associated pixels. This cropped
image was then further splitinto 3 - 9 segments (Figure S6), with 7 segments providing the best
map to expected anatomical features from the optical image (Figure 3). For example, the corpus
callosum (purple) and caudate putamen (green) are readily apparent. The primary and secondary
somatosensory regions are visible in the blue and yellow groupings, respectively. The basal
forebrain and several central substructures are grouped in red. The remaining groups (dark blue
and orange) appear to be artifacts from the nano-DESI experiment. Overall, converting nano-DESI
MSI data with imzML Writer provided a simple way to utilize the Cardinal data processing workflows
and enabled successful image segmentation based on tissue morphology.

u D) Primary
1 Somatosensory

102|0

E) Corpus
| Callosum

- - T T 1
2000 400 600 800

F) Basal

| Forebrain

- 1 1 1 1T
200 400 600 800

10 20
111

1

0
]

Shrunken Centroids
0
A

Q- G) Caudate

o | Putamen
o A o

- I T T 1
2000 400 600 800

m/z

Figure 3. Spatial Shrunken Centroid Segmentation using Cardinal on a nano-DESI rat brain image.
A) Optical Image before nano-DESI analysis. B) Segmented image (r =1, k = 7, s=0) showing distinct
brain regions. C) Overlay of A & B illustrating mapping of anatomical features to distinct regions of
the brain. D-G) Shrunken centroids for each segment.
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Conclusion:

An open-source program was developed to convert continuously acquired ambient MSI data into
standard imzML files. A cross-platform, simple GUI interface converts raw MSI data into pixel-
aligned imzML files suitable for use with existing open-source toolboxes and data repositories. The
GUI provides a simple controlinterface to the user, allowing input of imaging-specific details
(spacing between strip lines, scan speed), m/z recalibration based on a lock mass, and progress
updates on the conversion. The resulting imzML file is annotated with these details and additional
metadata retrieved from the source file (e.g. scan type, MS model). This pipeline can process data
across various vendor formats (.raw, .D) and data types (e.g. multiple scan filters), and runs on
both Mac and PC. The co-packaged imzML Scout provides basic visualization needs, allowing
users to specify/select a m/z to visualize, or view the individual mass spectrum of a particular pixel.
Batch export of images/datasets is possible from a user-specified spreadsheet of metabolites and
m/z. Generated imzML files are compatible with existing MSI toolboxes and data repositories,
including Cardinal and METASPACE - allowing these robust toolboxes and data sharing platforms
to be readily accessed by emerging MSI modalities.
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