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ABSTRACT: Open-sourced software is a key component of the mass-spectrometry imaging field, where transparency in data pro-
cessing is vital. Imaging of trace elements and immunohistochemically labelled biomolecules in tissue sections is typically performed
using laser ablation inductively-coupled plasma mass-spectrometry (LA-ICP-MS). However, efficient and facile processing of images
is hampered by a lack of verifiable and user-friendly software that supports multiple LA-ICP-MS platforms. In this paper we introduce
Pew?, an LA-ICP-MS specific and feature-rich open-source image processing software that is compatible with common ICP-MS
vendors. Pew? is designed to be fast, easy to use and adheres to modern visualisation philosophies to maximise productivity and to

minimise data interpretation errors and image anomalies.

The high sensitivity of laser-ablation inductively-coupled
plasma mass-spectrometry (LA-ICP-MS) makes it the preferred
technique for imaging trace elements in biological tissues.
Since the seminal paper of Gray' there has been significant im-
provements in the speed, sensitivity and resolution of LA-ICP-
MS imaging with growing utility for medical,” life science,’ en-
vironmental,* geoscience® and food safety applications.® How-
ever, there has been sporadic development of data reduction
software with no preferred open-source option available. While
a large library of software does exist for the conversion and
analysis of MS-imaging (MSI) data,” very few of these pro-
grams focus on LA-ICP-MS data specifically (Table 1). These
are confined to specific vendor file formats,® require purchase
of an expensive commercial license’ or are closed-source.'
This is partially driven by a lack of vendor support for LA-ICP-
MS imaging.

Table 1. Published software for LA-ICP-MS data pro-
cessing. Most software no longer available and has poor ven-
dor support.

Program Import Formats Availability
ELAI VBA script!! | Pre-formatted Unavailable
HDIP? Multiple Commercial
IMAGENA 2 Pre-formatted Unavailable
iQuant2'° Pre-formatted Unavailable
LA-ICP-MS Pre-formatted Open-source
Image Tool'?

LA-iMageS? PerkinElemer Open-source
Tolite 44 Multiple Commercial
Iolite 2 (add ref) Multiple Freeware
MaplT! Pre-formatted Open-source
MATLAB script!?

RecSeglmage-LA'® | Pre-formatted Open-source

Initially LA-ICP-MS data was collected in a spot-wise man-
ner, similar to other MSI techniques, where images were con-
structed via integration of signal peaks produced by ablation of
a grid of individual spots.'” In contrast, most LA-ICP-MS meth-
ods today use continuous collection of individual lines. The la-
ser is usually configured to continuously ablate a line such that
each MS acquisition window forms a single pixel of an image.
Typically, the laser scan speed, spot diameter and MS acquisi-
tion time are set for equal aspect pixels.'® The separate spots or
lines must then be combined to form a complete image. Quan-
titative imaging is possible by simultaneously or consecutively
sampling material of a known concentration. A calibration
curve is constructed by plotting signal intensities against con-
centrations and samples quantified by comparison to a line of
best fit. This combination of spatially resolved and quantified
elemental imaging provides in depth analysis of biological sys-
tems normally only possible by multiple techniques.

Each ICP-MS vendor and instrument stores and exports data
in different formats, usually with little consideration for imag-
ing applications. Consequently, vendor exports require pre-pro-
cessing prior to examination of data using external imaging
software.® Time spent manually pre-processing data files is of-
ten longer than analysis time, a problem that increases exponen-
tially with data size and is further multiplied when each instru-
ment requires a separate process. Most available software does
little to assist users in importing data, mainly due to the com-
plexities to support a large variety of file formats. Only closed-
source commercial product software platforms natively sup-
ports more than one vendor format.>!#

Open sourcing software provides many benefits and enables
users to collaborate and build upon existing software. In the
field of bioimaging one such example is FIJI, an image pro-
cessing package based on ImagelJ. FIJI has a fully open devel-
opment stream and ubiquitous usage in literature.'® Public visi-
bility of code allows users to verify implemented algorithms
that ensures confidence in performance and outputs. This code



visibility allows users to contribute features such as support for
new vendors and instruments. Open sourcing also provides op-
portunities for other developers to maintain the software if the
original designer abandons the project. This is seen extensively
with published LA-ICP-MS software where many programs fail
to receive meaningful updates a year after publication and lack
support for newly released instruments or formats.

The usual scientific publication model relies on peer review
to ensure quality, robust interpretation, and appropriate report-
ing of results and conclusions. However, this is not true of un-
reviewable closed commercial software. Open-source software
usage is the future of research with large entities such as CERN
moving to a totally open-source framework in order to improve
collaborative efficiency.?® This model would be particularly val-
uable for the growing field of LA-ICP-MS imaging, which is
finding ever increasing applications in many diverse areas of
endeavour.

User experience and documentation of features contribute to
software's ease of use and facilitates widespread adoption. This
is true for software in all fields and is an educational pillar for
computer science and software engineering courses.?! Docu-
mentation accelerates acceptance of new features and tech-
niques as software development progresses with research. Doc-
umentation is not common in LA-ICP-MS imaging software,
inhibiting widespread implementation, and preventing use of
full feature sets. Current LA-ICP-MS programs also fail to ad-
here to unbiased visualisation philosophies, potentially leading
to misidentification and obfuscation of data.”> Despite a large
amount of research into visualisation methods, the majority of
published ICP-MS imaging software default to misleading rain-
bow colour-maps.?* The non-uniformity in perceptual contrast
of these colour-maps can introduce apparent artifacts and lead
to incorrect interpretations.”* These issues can be completely
negated by using a perceptually uniform colour-map.

Image processing is often used to improve the clarity of ex-
perimental data to better communicate results. Displaying re-
gions of interest (ROIs), signal overlaps and the removal of in-
strumental anomalies all simplify the interpretation of data.
Segmentation® and ratiometric analysis®® of LA-ICP-MS im-
ages have been used to identify structural features and filters
such as numerical inversion of blur?’ and Richardson-Lucy de-
convolution? have been used to remove system artefacts. These
tools are quickly becoming essential for LA-ICP-MS imaging
applications.

We developed a novel LA-ICP-MS imaging program, Pew?,
to address the shortcomings of current software and to simplify
the import and conversion of spot-wise and line-by-line ac-
quired quantitative data. This new software is an open-source,
python-based implementation using ‘NumPy’,?”’ with a cross-
platform Qt5 graphical user interface (GUI) implemented using
‘PySide2’. A python library ‘pewlib’ has been made available
for creation of python scripts for batch conversion of data and
processing. Drag-and-drop import of Agilent, PerkinElmer and
Thermo instrument data removes any need for pre-processing,
greatly reducing user workload. Support for other vendors is
maintained with a flexible text-image (2D delimited text files)
and file-per-line importer.

EXPERIMENTAL
LA-ICP-MS Analysis

To demonstrate the use of Pew? a 1.5 mm human pancreatic
adenocarcinoma tissue micro-array core (US Biomax; Rock-
ville, MD) was imaged using a NWR193 laser ablation system
(Kenelec Scientific; Frenchs Forest, Australia) coupled to an
Agilent Technologies 8900 ICP-MS (Mulgrave, Australia). The
laser was operated at 40 Hz with a 10 pm beam diameter and
scan speed of 40 pm s1. Laser fluence was 0.4 J cm™. A total
acquisition time of 0.25 s was used to produce square image
pixels. Quantification of the tissue was performed using gela-
tine calibration standards prepared as per Westerhausen et al.*

Software Design

Pew? was written in python using the ‘NumPy’ and ‘PySide2’
libraries and is available on github
(https://github.com/djdt/pewpew). NumPy is a powerful array
programming library that efficiently accesses and computes
multidimensional data.’ Image processing operations in Pew?
take advantage of NumPy’s vectorisation to ensure performant
code. A modern, cross-platform Qt5 based GUI was imple-
mented using PySide2, the official python bindings for Qt. The
wide availability of both these libraries means that Pew? can be
compiled on modern operating systems, maximising its availa-
bility. A python library ‘pewlib’
(https://github.com/djdt/pewlib) that implements the import and
export of data as well as basic data processing, is also available.
This library can be used to easily load data for use into python
scripts, allowing further processing and batch operations.

RESULTS AND DISCUSSION

Visualisation

Figure 1. Comparison of colour-maps Viridis (left) and Jet
(right) and their Lab colour lightness channels (bottom row). The
sharp changes in contrast of Jet can introduce perceptual artefacts
when interpreting images.

The primary focus of any LA-ICP-MS imaging program is
the visualisation of data. Trends and features in images are de-
termined from false-colour representations of MS signals and
the interpretation of this colouring should therefore be clear.*
Commonly used rainbow colour maps have non-uniform colour
gradients and low contrast features that occupy a small region
of the colour-map increasing the possibility of misinterpretation
due to sharp transitions in contrast and improper grouping, ap-
parent in Figure 1. Pew? implements a range of colour-maps
where the change in perceived colour is uniform across the en-
tire map. These colour maps alleviate any risk of misinterpreta-
tion allowing for transparent depictions of MS signals.

Data Import

Pew? is suitable for direct import of a variety of vendor formats
of both sample and calibration data according to the workflow
shown in Figure 2, avoiding the need for data pre-processing for
the most common instruments. Drag-and-drop importation of
raw Agilent batches (MassHunter G7200B or later), Perki-
nElmer Elan ‘XL’, Thermo Fischer Qtegra exports, as well as
both text-image and file-per-line exports for easy loading of



data. Importing files also reads any available instrument param-
eters such as the MS acquisition time and applies them to the
image configuration. Non-natively supported instruments can
still be imported, however they require preformatting prior to
import.

Supported:
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Figure 2. Typical workflows for import and analysis of LA-ICP-
MS data using Pew?.

While the primary focus of Pew? is line-by-line collected data,
importation of spot-wise data is also implemented. A variety of
peak detection techniques such as simple or windowed thresh-
olding and continuous wavelet transforms (Figure 3) have been
incorporate for accurate peak detection even in situations where
background signal is not uniform.>! A single ‘marker’ element
is used to guide the integration of peaks and an image for each
element is constructed using the peak height or area. However,
this requires at least one element to be present across the en-
tirety of the sample and for the positions of peaks for each ele-
ment to be similar.
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Figure 3. Integration of peaks following detection using continuous
wavelet transformation. The red area of each peak may be used to
produce pixels in the LA-ICP-MS image.

As Agilent MassHunter is directly supported by Pew? the data
for both the sample and standard may be imported by drag-and-
drop of the batch folders into the main window. Data is read
directly from the MassHunter binary files created on collection
of each line. The correct acquisition time is automatically ap-
plied to the image using average difference of recorded acqui-
sition event times (to the nearest um). Following import, the la-
ser spot-size and speed are entered manually to ensure the cor-
rect image aspect and correct sizing of the scale-bar (Figure 4).
The calibration standards may be imported in a similar fashion
before being loaded into the built-in standardisation tool.

Zn66->66

Figure 4. Image of ®Zn imported into Pew?. The scale and colour
bars depict accurate input of laser and calibration parameters.

Calibration

Like most MS based techniques, LA-ICP-MS data uses cali-
bration factors for quantification. These factors are collected by
ablating materials of known concentrations before, after or dur-
ing the sampling of a specimen. Calibration factors are then cal-
culated from a linear fit of the known concentrations to MS re-
sponses. Pew? allows direct input of externally calculated fac-
tors and provides an area-based standardisation tool, where the



user can assign rectangular areas of an image to specific cali-
bration values (Figure S1). Values are then used to calculate a
line of best fit and relevant coefficients for assessing validity
(Table 2). Weighting of the linear regression may also be used
to increase accuracy in the lower end of the calibration range as
signal deviations are typically non-uniform across a calibrated
range.’? These calibrations can then be saved and applied to
other open images or exported for external use.

Table 2. Calibration coefficients calculated by the software.

Element Intercept Gradient r? Sy, x
Mn 7.06 29.20 0.9931 4.7
SFe 11.41 18.71 0.9959 24.6
0Cu 4.01 2.04 0.9940 0.6
Zn 8.48 4.12 0.9915 4.5

Data Processing

Image processing is essential for researchers to better com-
municate their results. Removal of instrument noise and selec-
tion of ROIs often clarify and focus an image’s meaning for eas-
ier interpretation by readers. Drift correction, filtering and cal-
culator tools built into Pew? enable removal of instrument arte-
facts and improved image interpretability. Changes in laser,
plasma or MS conditions may cause signal drift and result in a
distorted image. While drift should be minimised by using
shorter runs and correctly ‘warming up’ the instruments, it can
be mitigated when quantification is not required. The drift tool
calculates a polynomial fit in the direction of acquisition in a
user-defined slice of the background, which is then used to re-
normalise the image (Figures S2 and S3). Spikes in data, and
regions of extremely low or high signal resulting from instru-
ment noise may be removed by applying a local (mean or me-
dian) filter at the position of each spike. Spikes are identified by
comparing pixel values to the mean or median of its surround-
ing values, if the value is above a user defined threshold, such
as 3 times the standard deviation then it is replaced with the lo-
cal mean or median value (Figure S4). The filtering threshold
must be carefully selected to prevent alteration of valid signal.
These features correct variation in raw signal, resulting in pro-
duction of consistent and easily interpretable images.

Segmentation is a fundamental imaging analysis tool used to
isolate ROIs from the background. This can be performed either
manually or automatically using image thresholding, as in Fig-
ure 5. Automatic, or unsupervised, methods have the advantage
of removing biases than a user can introduce when manually
selecting ROIs. Pew? has multiple image thresholding methods
built in including manual selections, binary filters such as me-
dian and Otsu’s method, as well as multiple level k-means

thresholding (Figure 5). Binary filters are typically used to sep-
arate signal from the

Figure 5. Unsupervised segmentation of *°Fe (a) using three-level
k-means (b), mean thresholding (c) and Otsu's method (d). The
masks produced by each algorithm can be used for removal of
background and image feature selection.

background, while multiple level filters allow specific area
quantification in systems where the sample consists of multiple
structural features, not all of which should be included in quan-
tified data.'®

Construction of images as ratios of two or more elements is a
useful analysis technique for normalisation and feature con-
trast.?® Normalisation allows samples and ROIs where a non-
uniform amount of material is ablated, such as those with dif-
ferent thickness, to be compared. Ratiometric analysis has also
been used to perform internal standardisation of LA-ICP-MS
data and analysis of isotopic ratios. Pew? greatly simplifies the
way these types of images can be constructed; given an image
with elements 4 and B a user only is required to enter 4 / B into
the formula to produce an image of the ratio. The calculator also
implements several useful functions and can parse if-then-else
statements, enabling thresholding of both images and calcula-
tions. By combining functions and operations a user can per-
form isotopic analysis, ratiometric quantification, background
removal and other Boolean operations.

Elemental Overlays



Figure 6. RGB overlay of >*Mn (red), °Fe (green) and %Zn (blue).
The colocalization of Mn and Zn is clearly visible as magenta re-
gions within the image.

It is often desirable to be able to view multiple elemental im-
ages at once, for visual assessment of the spatial relationship of
elements. The image overlay tool in Pew? allows viewing of up
to three elements simultaneously using RGB or CMYK colour-
ing. The spatial overlap of Mn (red) and Zn (blue) and spatial
difference of Fe (green) were able to be visualised using this
tool (Figure 6). A numerical representation of this overlap was
then calculated in Pew? using Pearson's R correlation coeffi-
cients (Equation 1) using the pixel values of two images. Both
the image and the values in Table 3 show a correlative spatial
relationship between Mn and Zn. Other colocalisation coeffi-
cients may be calculated using the approach developed by
Costes et al.*
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Table 3. Pearson's R correlation coefficients for the elements
measured in the TMA core.

SSMn 56Fe
Zn 0.80 0.26
Fe 0.37 -

Data Export

While Pew? has some built in image processing capability, a
large selection of field specific image analysis software is al-
ready available.'®3* Image exports in ‘.csv’ (text image), ‘.png’
and ‘.vti’ (VTK ImageData) formats maximise compatibility
with these programs. However, these formats fail to store the
laser configuration and calibration data of images which leads
to unnecessary work in future reanalysis. To address this, a cus-
tom export using NumPy archives is used to compactly store
the image data, configuration and calibrations, so they may be
reapplied on load. Despite storing additional parameters these
files are far smaller than comparable ‘.csv’ text-images and
maintain accessibility by only requiring the NumPy library for
access.

CONCLUSION

Pew? is the first open-source, multiple-vendor compatible,
imaging and analysis software specifically designed for LA-
ICP-MS research. It was written with several design philoso-
phies to minimise data bias, maximise analytical rigour and al-
low verification by third parties. The open nature of the program
assists in ensuring its longevity and adoption. Features included
in this software follow fast and simple workflows for the pro-
duction of publication-ready, quantified, and processed images
from raw instrument data.
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