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ABSTRACT: Imaging mass spectrometry (IMS) provides untargeted,
highly multiplexed maps of molecular distributions in tissue. Ion images are
routinely presented as heatmaps and can be overlaid onto complementary
microscopy images that provide greater context. However, heatmaps use
transparency blending to visualize both images, obscuring subtle
quantitative differences and distribution gradients. Here, we developed a
contour mapping approach that combines information from IMS ion
intensity distributions with that of stained microscopy. As a case study, we
applied this approach to imaging data from Staphylococcus aureus-infected
murine kidney. In a univariate, or single molecular species, use-case of the
contour map representation of IMS data, certain lipids colocalizing with
regions of infection were selected using Pearson’s correlation coeflicient. s b s Heatmap MALDI IMS-Derived Contour Map
Contour maps of these lipids overlaid with stained microscopy showed

enhanced visualization of lipid distributions and spatial gradients in and around the bacterial abscess as compared to traditional
heatmaps. The full IMS data set comprising hundreds of individual ion images was then grouped into a smaller subset of
representative patterns using non-negative matrix factorization (NMF). Contour maps of these multivariate NMF images revealed
distinct molecular profiles of the major abscesses and surrounding immune response. This contour mapping workflow also enabled a
molecular visualization of the transition zone at the host—pathogen interface, providing potential clues about the spatial molecular
dynamics beyond what histological staining alone provides. In summary, we developed a new IMS-based contour mapping approach
to augment classical stained microscopy images, providing an enhanced and more interpretable visualization of IMS-microscopy
multimodal molecular imaging data sets.

Bl INTRODUCTION domain experts, it is important to provide an easily understood
visual representation that does not compromise the interpret-
ability of either modality. This simplifies interpretation but still
allows the content of the source modalities to be viewed
separately. Viewing the original microscopy content, textures,
and coloring can be important for domain experts’
interpretation.

Ion images are often presented side-by-side or overlaid with
microscopy images by co-registering and adjusting the opacity
of each. Although using transparencies to visualize both images
offers qualitative insight, novel visualizations that make
molecular differences clearer or depictions tailored toward
particular applications can be valuable. In this work, we are

Matrix assisted laser desorption/ionization (MALDI) imaging
mass spectrometry (IMS)' enables label-free analysis of
hundreds to thousands of chemical species (proteins,
metabolites, lipids, and others) within a tissue section in a
single experiment.l_5 However, interpretation of the molecular
images can be challenging.6 Often, to aid human interpretation,
these molecular images must be contextualized by other well-
characterized and established microscopy modalities, such as
histological stains or immunohistochemistry.”

Experiments that combine MALDI IMS and microscopy
have become routine, and most IMS software, open-source or
commercial, have support for simultaneous visualization of
microscopy and IMS images. For multimodal molecular
imaging, the goal is both spatial co-registration and computa-
tional integration of the modalities. Advanced machine
learning (ML) methods have been developed to mathemati-
cally integrate the observations in IMS measurements with the
observations reported by microscopy into a combined form.>’
However, for studies including human interpretation by
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particularly interested in making high-dimensional multimodal
IMS and microscopy data easier to interpret and more clearly
delineating important spatial areas of molecular change,
making their correspondence to specific microscopic areas
more accessible for domain experts.

We address this by developing a contour mapping approach
that combines the untargeted molecular information from IMS
with biologically informative microscopy. Contour maps have
historically been used in geography to depict land structures
and elevations. In these maps, the proximity of the contour
lines represents the change in altitude, allowing the viewer to
visualize in a two-dimensional space the localized height of
geographical objects such as mountains, as well as the degree
of altitude change across space. Within the biomedical
community, contour maps have been used to visualize EEG
brain activity'® and to project computational Mueller matrix
mapping results onto histological samples.'' We introduce the
application of contour maps to depict changes in ion intensity.
As a case study, we highlight the molecular landscape of
Staphylococcus aureus-infected murine kidney tissue. A hallmark
of S. aureus infection is the formation of abscesses in soft
tissues, which are localized regions of bacterial communities
separated from surrounding host tissue containing layers of
necrotic and healthy innate immune cells.'” These abscesses
often look identical to one another under histopathological
stainin§, yet still exhibit heterogeneous molecular signa-
tures.'””"> Combining the spatially resolved molecular
information from IMS measurements with the pathology
information provided by stained microscopy has helped reveal
changes in molecular distributions across the abscess that
would otherwise remain difficult to discern.

B METHODS/EXPERIMENTAL SECTION

Ethics Statement. All animal experiments under protocol
M1900043 were reviewed and approved by the Institutional
Animal Care and Use Committee of Vanderbilt University.
Procedures were performed according to the institutional
policies, Animal Welfare Act, NIH guidelines, and American
Veterinary Medical Association guidelines on euthanasia.

Murine Model of Systemic S. aureus Infection. Six- to
eight-week-old female mice were anesthetized with tribromoe-
thanol (Avertin) and retro-orbitally infected with ~(1.5—-2) X
107 CFUs of S. aureus USA300 LAC constitutively expressing
sfGFP from the genome (PsarA-sfGFP integrated at the SaPI1
site). Infection was allowed to progress for 7 days, the animal
was humanely euthanized, and the kidney was removed for
molecular studies.

MALDI Imaging Mass Spectrometry Sample Prepara-
tion and Data Acquisition. A 10 um cryosection of the
frozen infected murine kidney was thaw-mounted on a
conductive indium-tin-oxide (ITO)-coated slide, and 1,5-
diaminonapthalene was sprayed using an automated pneumatic
TM sprayer from HTX Technologies.'® Images were acquired
in positive ionization mode at 10 ym raster size using a Bruker
Daltonics timsToF with beam-scanning mode turned off."”
After MALDI IMS was acquired, the tissue section was
scanned using autofluorescence (AF) microscopy with the
matrix present on the tissue section to reveal laser ablation
marks of the MALDI IMS to drive the IMS-microscopy image
registration.18

Microscopy Data Acquisition. AF microscopy was
performed before and after MALDI IMS. The AF images
were captured using DAPI (ex 335—383, em 420—470), GFP
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(ex 450—490, em 500—550), and DsRed (ex 538—562, em
570—640) filters on a Zeiss AxioScan.Z1 equipped with a Zeiss
HXP 120 V fluorescent metal halide lamp. A 10X Plan-
Apochromat (NA = 0.45) objective was used, resulting in a
pixel side size of 0.65 pm/px when combined with a
Hamamatsu ORCA flash monochromatic camera. Exposure
times were 180, 142, and 242 ms for the DAPI, GFP, and
DsRed filters, respectively. Following this image acquisition,
the slide was stained using a periodic acid-Schiff (PAS) stain
according to existing protocols for human kidney tissue.'”
PAS-stained tissue sections were scanned using the Zeiss
AxioScan.Z1 slide scanner using a Plan-Aprochomat 20X (NA
= 0.8) objective with a Hitachi HV-F202SCL RGB camera for
an effective pixel size of 0.22 ym/px.

Microscopy/MALDI IMS Image Registration. Micros-
copy and MALDI IMS data were registered in two steps. In the
first step, laser ablation marks captured by the post-IMS AF
image were registered to MALDI IMS pixels using IMS
MicroLink® by manually selecting corresponding pairs of laser
ablation marks and IMS pixels. After directly mapping pixels to
laser ablation marks in the microscopy pixel space, PAS and
pre-MALDI AF microscopy images were registered to the IMS
data via the previously registered post-IMS AF image in the
wsireg”' software.

Data Analysis. The registered PAS whole slide image
(WSI) was imported into QuPath,”* and the kidney and
infection regions were annotated by a board-certified
veterinary pathologist. The remainder of the analysis was
performed in Python version 3.7 and napari.”’ Pathology
annotations were exported from QuPath using the GeoJSON
standard and imported into Python, along with IMS data (TIC
normalized using a $5—95% normalization). Preliminary lipid
identifications (Table S1) were made on the basis of high mass
accuracy and matching to LIPIDMAPS lipidomics gateway
using a ppm threshold of <5 ppm (lipidmaps.org).”**> The
adrenal gland was excluded from the analysis because the
molecular species within this organ were vastly different from
that of the kidney, with the potential of introducing extensive
variation that could skew the analysis.

A pixelwise Pearson correlation analysis was performed on
the normalized intensity data and pathology annotations to
distinguish ions highly correlating with each region of interest
and to generate corresponding ion images. A Gaussian blur
from the scikit image26 library was applied (o = 2.0, truncate =
3.5) to the ion images to attenuate single-pixel variations and
to emphasize multipixel variational patterns. Contour maps
were generated from these smoothed images using the
Matplotlib*” library (levels = 10, all other hyper-parameters
were set to the default). Non-negative matrix factorization
(NMF) using scikit learn’s NMF implementation was applied
to the full IMS data set.”® To determine the optimal # number
of components, a range of # values from 1 to 100 were tested
using reconstruction error as a performance metric. The
reconstruction error within this implementation is the
Frobenius norm®” of the matrix difference between the
training data and reconstructed data from the fitted model.
Upon determining the optimal n value to be 13, where the
number of components and reconstruction error were both
minimized (Figure S3), the NMF algorithm was deployed onto
the full IMS data set and a result with 13 components was
generated. A similar Gaussian blur (¢ = 2.0, truncate = 3.5)
and contour map method (levels = 10) was applied to the
spatial signatures of these NMF components, generating

https://doi.org/10.1021/jasms.2c00370
J. Am. Soc. Mass Spectrom. 2023, 34, 905—912


https://pubs.acs.org/doi/suppl/10.1021/jasms.2c00370/suppl_file/js2c00370_si_002.pdf
http://lipidmaps.org
https://pubs.acs.org/doi/suppl/10.1021/jasms.2c00370/suppl_file/js2c00370_si_002.pdf
pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.2c00370?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Society for Mass Spectrometry

pubs.acs.org/jasms

Research Article

e

da|orn ab

Figure 1. Annotated murine kidney. (A) Autofluorescence microscopy image of a murine kidney. Fluorescently labeled S. aureus can be seen by the
green fluorescence. (B) QuPath software was used to perform threshold-based segmentation of fluorescently labeled S. aureus, shown in yellow. (C)
Pathologist-annotated regions of the kidney (renal pelvis, renal medulla, renal cortex, adrenal gland) and regions pertaining to infection

(inflammatory cell infiltrate, major abscess).

contour maps. Output images were exported in the pyramidal
OME-TIFF format for visualization in napari”’ alongside
MALDI IMS and contour maps.

B RESULTS

Elucidating the molecular changes in and around the
staphylococcal abscess is critical to understanding how S.
aureus proliferates and persists within host tissue and
withstanding both host defenses and antibiotic drug treat-
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ments. For this case study, a mouse was inoculated with a
fluorescently labeled strain of S. aureus, the animal was
euthanized, and its kidney was excised for analysis using the
histological stain PAS, MALDI IMS, and AF (in the order pre-
MALDI AF, MALDI IMS, post-MALDI AF, and PAS). We
identified one major abscess and smaller satellite infections
throughout the kidney (Figure 1AB). A board-certified
veterinary pathologist annotated regions of the kidney (renal
pelvis, medulla, and cortex) and the adrenal gland, as well as

https://doi.org/10.1021/jasms.2c00370
J. Am. Soc. Mass Spectrom. 2023, 34, 905—912
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Figure 2. Contour map of a single MALDI IMS ion image correlating to a staphylococcal abscess. (A) Periodic acid-Schiff (PAS) stain of an S.
aureus abscess within the renal cortex of a murine kidney. White areas in the tissue show freeze artifacts resulting from tears. (B) Image of [PC(O-
32:0) + Na]* (m/z 742.572, —0.09 ppm) that was found to colocalize with regions of staphylococcal infection based on a pixelwise Pearson
correlation analysis. (C) Contour map generated using the ion image for [PC(0-32:0) + Na]*, with contours labeled by m/z intensity values. (D)

Contour map overlaid with PAS.

the primary abscess and inflammatory cell infiltrate, noting that
there were freeze artifacts throughout the sections (Figures 1C
and 2A).

Univariate Contour Maps. We used the annotations
provided on PAS microscopy and the IMS-PAS co-registration
obtained through AF microscopy to transfer annotation labels
to the IMS data and calculated a pixelwise Pearson correlation
coeflicient between each discernible lipid in the IMS data and
each major annotated tissue structure. This allowed us to
recognize ions colocalizing to each of the annotated tissue
structure types (Figure S1). As an example to demonstrate the
contour mapping method, m/z 742.572 ([PC(O-32:0) + Na]*,
—0.09 ppm) was found to colocalize with bacterial colonies
and the major abscess (Figures 2B and S2).

We generated contour maps from the IMS ion images,
setting the contour levels manually at “10”, providing an
approximate value for the relative ion intensity at any given
location within the tissue (Figure 2C). The choice of contour
levels is a hyperparameter to be set by the user in this type of
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visualization, with an appropriate value largely dictated by the
localized density of isolines for a particular data set. These
contour lines were then overlaid with PAS (Figure 2D). Tissue
areas dense in contours exhibit rapid rates of ion intensity
change, and areas sparsely populated with contour lines report
little ion intensity change. In this example, the visualization
plot combining microscopy as a color image and IMS as an
overlaid contour plot reports the molecular changes for a
specific ion across the primary abscess, m/z 742.572 ([PC(O-
32:0) + Na]").

Multivariate Contour Maps. In cases without prior
information about important molecular species, manual
inspection of each ion image from an experiment is not
practical. It is usually more efficient to search for multivariate
trends that describe spatial and spectral variations from
multiple colocalized molecular species. Similar to how the
spatial distribution of a single ion (i.e,, an ion image) can be
represented as a contour plot, the spatial distribution of a

https://doi.org/10.1021/jasms.2c00370
J. Am. Soc. Mass Spectrom. 2023, 34, 905—912
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Figure 3. NMF components of IMS data. Non-negative matrix factorization (NMF) was performed on the IMS data, and each of the resultant
components were visualized as heat maps. (A) NMF component corresponding with the renal medulla. (B) NMF component corresponding to the
renal cortex. (C) NMF component corresponding to the inflammation surrounding the major abscess. (D) NMF component corresponding to the

inflammatory cell infiltrate.

multi-ion trend in the tissue (e.g., a component image, a cluster
image, etc.) can be depicted as a multivariate contour plot.

Computational approaches allow us to take the hundreds of
ion images and process them using unsupervised methods that
reduce the dimensionality of the IMS data, generating a subset
of images that summarize molecular trends and spatial and/or
spectral correlations.”™*” In this work, NMF was selected to
go beyond single molecular species (or single 71/z) images and
to expand toward multivariate (or molecular panel) views into
the molecular content of tissue.”**>** NMF is well-suited for
mass spectrometry data, as compared to other dimensionality
reduction methods such as PCA. Not only are the original
mass spectrometry measurements in the non-negative domain,
but NMF is also easier to interpret and more intuitive.*>*’
NMEF reveals a subset of underlying spatial and molecular
patterns in the IMS data such that the empirically measured
mass spectra and pixels are considered linear combinations of
those underlying patterns. Such patterns or “components”
consist of a pseudospectrum, showing which molecular species
along the m/z axis tend to appear in the same locations, and a
spatial distribution, which tells us where in the tissue those
molecular species appear.

We performed NMF on the MALDI IMS, first determining
the number of components within the data (Figure S3) and
then constructing contour maps of them to aid interpretation.
A few of the resultant components correlated with the renal
medulla (Figure 3A) and renal cortex (Figure 3B) as well as
regions of the infection (Figure 3C,D). Of the 13 total NMF
components (Figure S4), NMF component S was found to
correlate with the inflammation region surrounding the abscess
(Figure 4A,C), revealing key differences between the molecular
composition of the inflammation and abscess. Conversely,
NMF component 6 correlated with the major abscess (Figure
4B,D), revealing not only the spatially resolved molecular
morphology of the abscess but also the key areas of interest
within the abscess based on the IMS data. The top left region
of the infection had a stronger molecular signal than the rest of
the abscess, indicated by the red lines showing higher intensity.

909

We also observed two additional areas of high intensity, one
toward the center of the abscess and one toward the bottom.
Studying these two components in the form of contour maps
allowed for better visualization of the transition zone at the
interface between the abscess and normal tissue regions. The
transition zone was observed to be much narrower toward the
top and right sides of the abscess than the left, evidenced by
the increased proximity of contour lines toward the right. The
average spectra corresponding to each component further
revealed distinct molecular profiles for the surrounding
inflammation and bacterial abscess (Figure 4E).

Contour maps can also be represented in three dimensions
to further reveal the molecular topography observed in tissue
(Figure S). Contour map of NMF component 6, correlating
with the bacterial abscess, reveals the major abscess along with
some smaller satellite infections across the murine kidney
(Figure SA). Contour map of NMF component S, correlating
with the surrounding inflammatory region, reveals the
inflammation immediately surrounding the abscess along
with an elevated inflammatory response across the kidney
(Figure SB). In this visualization, regions of inflammation can
be seen surrounding the major abscess, providing more
information about the molecular differences between the
infection and surrounding inflammatory response.

B CONCLUSIONS

We have introduced an augmented visualization of digital
pathology whole-slide images, combining contour maps
reporting ion intensity acquired by mass spectrometry with
stained microscopy. Similar to how contour lines enable data
interpretation in geographical maps, we applied the same
concept to ion images to enable a multimodal IMS-microscopy
data visualization strategy that integrates spatially, yet still
yields easy interpretation by domain experts. We applied this
contour map approach to visualize spatially resolved molecular
changes within an S. aureus-infected murine kidney. Univariate
contour maps on the basis of single ion images revealed the

https://doi.org/10.1021/jasms.2c00370
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Figure 4. Contour maps built upon results of multivariate NMF analysis. Non-negative matrix factorization (NMF) was applied to the MALDI IMS
data, discerning 13 notable molecular patterns. (A) Contour map of NMF component S, which correlates to the lipids surrounding inflammatory
response. Contours are labeled by intensity values. (B) Contour map of an NMF component 6, which correlates to the lipids in the bacterial
abscess. Contours are labeled by intensity values. (C) Contour map of NMF component S overlaid with PAS. (D) Contour map of NMF
component 6 overlaid with PAS. (E) Average spectra corresponding to each of the NMF components, revealing distinct molecular profiles between

the surrounding inflammation (top) and bacterial abscess (bottom).

spatial differences of an individual ion intensity across the
whole slide image. Multivariate contour maps built upon
results of NMF reported the spatial distribution on microscopy
of a panel of correlating molecular species rather than the
distribution of a single molecular species. These maps overlaid
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onto high-resolution stained microscopy exposed staph-
ylococcal abscess morphology and the molecular transition
zone at the host—pathogen interface. These findings were not
easily discernible in the PAS nor IMS data alone,
demonstrating the effectiveness of an augmented visualization
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A

Figure S. Three-dimensional contour map based on results of multivariate NMF analysis. (A) 3D contour map of NMF component 6, correlating
with the bacterial abscess. (B) 3D contour map of NMF component S, correlating with the inflammatory response.

of multimodal IMS data that provided the molecular
composition of an S. aureus-infected murine kidney.
Augmented visualization strategies such as this contour
mapping approach are broadly applicable to multimodal IMS
and microscopy experiments and will become more critical
with the continued advancement of multimodal workflows.
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