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Table 1: Mass spectrometry imaging data sets. AP-
MALDI - Atmospheric Pressure Matrix Assisted Laser Des-
orption/Ionization, DESI - Desorption Electrospray Ioniza-
tion, LAESI - Laser Ablation Electrospray Ionization, LTP
- Low-temperature Plasma, Res. - lateral resolution, Tol.
- mass tolerance. References: 1 (Oetjen et al. 2015), 2

(Zheng et al. 2020), 3 (Maldonado-Torres et al. 2014, 2017).
4 (Römpp et al. 2010, 2014).

Organism, tissue Technique Res. [µm] Tol. [m/z] Dimensions Pixels
Human, colorectal cancer1 DESI (-) 100 ± 0.3 67 × 64 4,288
Arabidopsis thaliana, leaf2 LAESI (-) 200 ± 0.3 46 × 26 1,196
Chili, fruit3 LTP (+) 1000 ± 0.3 85 × 50 4,250
Mouse, urinary bladder4 AP-MALDI (+) 10 ± 0.1 260 × 134 34,860

The original DESI data set consists of four samples per image, which we separated for further
processing.
We used the ‘imzML’ community data format (Schramm, Hester, Klinkert, Both, Heeren,
Brunelle, Laprévote, Desbenoit, Robbe, Stoeckli, Spengler, and Römpp 2012; Römpp, Schramm,
Hester, Klinkert, Both, Heeren, Stöckli, and Spengler 2011), which is used in many proprietary
and open source programs for MSI data processing (Weiskirchen, Weiskirchen, Kim, and Win-
kler 2019). Several programs and workflows use the statistical language R, such as MSI.R
(Gamboa-Becerra et al. 2015), Cardinal (Bemis et al. 2015), and the Galaxy MSI module
(Föll, Moritz, Wollmann, Stillger, Vockert, Werner, Bronsert, Rohr, Grüning, and Schilling
2019). Recently, we published an R-based platform for MSI data processing with a graphical
user interface, RmsiGUI (Rosas-Román, Ovando-Vázquez, Moreno-Pedraza, Guillén-Alonso,
and Winkler 2020), which provides modules for the control of an open hardware imaging robot
(‘Open LabBot’), the processing of raw data, and the analysis of MSI data. We integrated
the TrIQ algorithm into the RmsiGUI, but also provide the R code snippets to facilitate its
adoption into other programs.

2.2. Threshold Intensity Quantization (TrIQ) Algorithm

An image is a function f(x, y) that assigns an intensity level for each point x, y in a two-
dimension space. In mass spectrometry imaging (MSI), f(x, y) is related to the intensity of a
single mass-to-charge (m/z) value; x and y depend on the lateral resolution of the instrument.
For visualizing f(x, y) on a computer screen or printer, the image must be digitized for both
intensity and spatial coordinates; this process is termed quantization.
Intensity quantization transform a range of intensity values to a single discrete value called
gray level. A common practice in intensity quantization is the use of equal spaced intensity
bins k of width w:

w =
[
H − L

k

]
(1)

H and L stand for the maximum and minimum intensity value of the image data, respectively.
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The intensity quantization bins permit the building of an histogram h(i), with i as the his-
togram bin index. The Cumulative Distributive Function (CDF) is defined as:

p(n) =

n∑
i=1

h(i)

N
, (2)

Where N represents the number of pixels within an image, and n any integer number between
1 to k.
The Threshold Intensity Quantization, or TrIQ, algorithm spots the upper limit T of the nth
bin with the CDF closest to a given target probability P. Pixel intensities above the threshold
T are grouped into the highest gray level. Remaining gray levels are quantized with the bin
width given by equation (1), substituting H by T .
Depending on the raw data quality, the target probability P , and the number of bins k for
computing T threshold and the final intensity quantification may be adjusted. From equation
(2) follows that an increased k gives a better approximation of P . The default values for k
and P in RmsiGUI are 100 and 98%, respectively.

2.3. Implementation

The algorithm was implemented in the programming language R (R Core Team 2018) and
integrated into the graphical user interface of RmsiGUI (https://bitbucket.org/lababi/
rmsigui/, Rosas-Román et al. (2020)).
Following, we explain an example R script for applying the TrIQ algorithm on an MSI data
set step-by-step. The R script and the data set are provided as supplemental material of this
article.
First, external R packages are loaded: The viridis color map, which is optimized for hu-
man perception and people with color vision deficiencies (Nuñez et al. 2018, Garnier, Ross,
Rudis, Sciaini, and Scherer (2018)), and MALDIquantForeign, a package which enables the
reading and processing of mass spectrometry imaging data (MSI) in imzML format (Gibb
and Strimmer 2012, Gibb and Franceschi (2019)):

# **********************************************************************
# Loading external libraries
# **********************************************************************
if( is.loaded( "viridis" ) == FALSE )

library( viridis )

if( is.loaded( "MALDIquantForeign" ) == FALSE )
library( MALDIquantForeign )

Next, the main three functions implementing the TrIQ algorithm are defined: GetOutlierThres,
SetPixelDepth, Triq and GlobalTriq.
The GetOutlierThres calculates an intensity range, which includes the majority of pixels.
Typically, a value of 95 to 98 percent of the pixel intensities is chosen. Extreme intensity
values are considered as outliers. When the image’s intensity range exceeds 100 units, the

https://bitbucket.org/lababi/rmsigui/
https://bitbucket.org/lababi/rmsigui/
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histogram is computed with 100 bins; otherwise, the number of bis is taken as the integer
part of the intensity range.

# **********************************************************************
# TIQ Functions
# **********************************************************************

# Find intensity threshold closer to cumulative probability
# source: Numeric matrix with image intensity
# prob: Probability, 0.95-0.99 recommended
GetOutlierThres <- function( pixMap, prob ) {

# Compute bins
lim <- range( pixMap )

if( lim[2] - lim[1] + 1 >= 100 ) {
bins <- 100
brk <- seq(

from = lim[1],
to = lim[2] + ( lim[2] - lim[1] ) / ( bins - 1 ),
length.out = bins+1 )

}

else {
brk <- floor( lim[1] ):( ceiling( lim[2] ) + 1 )

}

# Compute histogram
h <- hist( pixMap,

breaks = brk,
right = FALSE,
include.lowest = FALSE,
plot = FALSE )

# Get the bin closer to "prob"
top <- prob - cumsum( h$counts ) / sum( h$counts )
delta <- abs( top )
index <- 1 + which( min(delta) == delta )[1]

# return range
return( c( lim[1] , max( pixMap[ pixMap < h$breaks[index] ] ) ) )

}

SetPixelDepth performs the intensity quantization of the image. The intensity range is
divided into equal bins, specified by the depth parameter.

# Adjust intensity dynamic range
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# pixMap: Input image
# bounds: Intensity range on final image
# depth: Number of gray levels
SetPixelDepth <- function( pixMap, bounds, depth ) {

# Reserve memory for output matrix
size <- dim( pixMap )
digital <- matrix( 0, nrow=size[1], ncol=size[2] )

# Compute bin Width
binWidth <- ( depth - 1 ) / ( bounds[2] - bounds[1] )
value <- c( 0, 0, depth - 1 )

# Amplitude quantization
for( i in 1:length( pixMap ) ) {

numb <- ( pixMap[i] - bounds[1] ) * binWidth
whole <- trunc( numb )
value[2] <- whole - ( numb == whole )
digital[i] <- value[ ( numb > 1 ) + ( pixMap[i] > bounds[2] ) + 1 ]

}

return( digital )
}

The TrIQ function uses the intensity range computed with GetOutlierThres to adjust the
intensity range of an image.

# Remove pixel intensity outliers
# pixMap: Input image
# depth: Number of gray levels
TrIQ <- function( pixMap, depth, prob=0.98 ) {

# Compute new dinamic range
bounds <- GetOutlierThres( pixMap, prob )

# Set intensity dinamyc range
return( SetPixelDepth( pixMap, bounds, depth ) )

}

GlobalTrIQ applies the TrIQ procedure on a set of images for obtaining a comparable color
scale among all processed images (see section 3.3).

# Apply TrIQ to a group of slices
# slices: Slices list array
# depth: Grey levels
# prob: Target cumulative probability
GlobalTrIQ <- function( slices, depth, prob=0.98 ) {



Ignacio Rosas-Román, Robert Winkler 7

# Get intensity range
bounds <- range( sapply( slices, GetOutlierThres, prob ) )
normImg <- lapply( slices, SetPixelDepth, bounds, depth )
dim( normImg ) <- c( nrow( slices ), ncol( slices ) )

# Display bounds
print( bounds )

# return normalization range
return( normImg )

}

The auxiliary functions are necessary for data loading and visualization.
GetSlice extracts ion trace data, and PlotSlices is used for plotting ion images.

# **********************************************************************
# Auxiliary functions
# **********************************************************************

# Get slice from imzML object, set NAs to minimum value
# mass: m/z value
# imzML: Image object
# tol: peak tolerance
GetSlice <- function( mass, imzML, tol ) {

# Load Slice
slice <- MALDIquant::msiSlices( imzML, center=mass, tolerance=tol )[,,1]

# Set NA's
index <- is.na( slice )
if( length(index) ) {

slice[ index ] <- min( slice, na.rm=TRUE )
}

return( slice )
}

PlotSlices <- function( slices, bins ) {

# Set drawing options
nRows <- nrow( slices )
old <- par(

mfcol = c( nRows, ncol( slices ) ),
mar = c( 0.2,0.2,0.2,0.2 ) )

# Draw slices
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lapply( slices, function(x)
image( x, asp=ncol(x)/nrow(x), axes=FALSE,

col=viridis( bins ) ) )

# Restore options
par( old )

}

The MedianFilter function may be used to remove technical noise, such as random intensity
spikes.

# Median Filter with 3x3 mask
# pixMap: input image
MedianFilter <- function( pixMap ) {

width <- ncol(pixMap)
height <- nrow(pixMap)

target <- matrix( 0, nrow=height, ncol=width )

for( j in 2:(width-1) ) {
for( i in 2:(height-1) ) {

index <- (i-1):(i+1)
target[i,j] <- median( c(

pixMap[ index, j-1 ],
pixMap[ index, j ],
pixMap[ index, j+1 ] ) )

}
}

return( target )
}

The following code demonstrates the processing of an imzML dataset with the next steps:
loading the data, extracting ion traces of interest, TrIQ normalization, and median filtering.
Unprocessed images, the TrIQ normalized, and the median-filtered images are plotted, as
shown in Figure 5.

# **********************************************************************
# Processing of the dataset ltpmsi-chilli.imzML
# **********************************************************************
chili <- import( "./ltpmsi-chilli.imzML" )

# Get slices
imgList <- lapply( c(62.1, 84.1, 306.1 ), GetSlice, chili, 0.3 )
dim( imgList ) <- c(3, 1)
PlotSlices( imgList, 256 )
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Figure 1: Implementation of the Threshold Intensity Quantization (TrIQ) in the graphical
user interface RmsiGUI.

# Normalize with TrIQ
lev <- 5
norList <- GlobalTrIQ( imgList, lev, 0.98 )
PlotSlices( norList, lev )

# Median filter
medList <- lapply( norList, MedianFilter )
dim( medList ) <- dim( imgList )
PlotSlices( medList, lev )

Figure 1 shows the graphical user interface of RmsiGUI with the TrIQ option selector.

3. Results and discussion

For plotting data, R applies an intensity quantization by default. The image features can be
enhanced by additional operations, such as global or local histogram equalization algorithms;
however, such an image processing does not preserve the linearity of the original gray level
scale.
In contrast, our approach finds an intensity threshold of T for saturating the last gray level
of the image. Therefore the linearity of the experimentally determined intensity scale is
preserved. In the next sections, we demonstrate the application of the Threshold Intensity



10 Threshold Intensity Quantization for Mass Spectrometry Imaging Data

Figure 2: Contrast enhancement by Threshold Intensity Quantization (TrIQ). The mass trace
885.55 m/z of DESI MSI data of a human colorectal adenocarcinoma sample was visualized
with different quantization methods. a) Raw data, rendered with 256 gray levels. b) Plotting
with applying the natural logarithm to the intensity values. c) Image contrast improvement
after TrIQ with 95 percent and 32 gray levels. All the histograms were computed with 32
bins.

Quantization (TrIQ) for the processing of mass spectrometry imaging (MSI) datasets.

3.1. Contrast optimization

Figure 2 shows the mass spectrometry image of a human colorectal adenocarcinoma sample,
acquired with DESI and 100 µm spatial resolution (Oetjen et al. 2015). The imaged signal of
885.55 m/z, corresponds to de-protonated phosphatidylinositol (18:0/20:4), [C47H83O13P-H]−
(Tillner, Wu, Jones, Pringle, Karancsi, Dannhorn, Veselkov, McKenzie, and Takats 2017).
The direct plotting of the extracted m/z slice results in the image shown in Figure 2a). The
image contains pixels with intensity values up 70,280 arbitrary units. Such extreme and
infrequent intensity values are called outliers and drastically reduce image contrast. The
histogram below Figure 2a) reveals the reason for the low contrast of the image: Most of the
pixels fall into the first four bins after the standard intensity quantization.
A typical data transformation for imaging is the use of a logarithmic intensity scale. Figure
2b) shows the resulting image after applying the natural logarithm in Figure 2b). The contrast
is improved. However, further operations would be necessary, such as the subtraction of the
background level. Besides, the interpretation of the non-linear color scale less intuitive.
Applying the TrIQ algorithm with P = 0.95 results in Figure 2c). Pixels with intensities
above T = 4, 244 are binned within the highest gray level. The corresponding histogram
shows an almost flat frequency over a wide intensity range. Compared to the unprocessed
image, the contrast of the image is drastically improved, and the linear intensity scale of the
color representation is preserved.

3.2. Background optimization
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Figure 3: Background optimization with TrIQ. Three mass traces of LAESI MSI data from
Arabidopsis thaliana are plotted. a) Raw data plotting with 256 gray levels b) TrIQ with 32
gray applied, c) TrIQ with 9 gray levels. The background uniformity is improved by reducing
the intensity and gray levels.

The number of gray levels used for intensity quantization has an impact on the quality of
the processed image, for example, its background noise. Figure 3 shows the rendering of
signals from an Arabidopsis thaliana leaf, analyzed by LAESI MSI with a lateral resolution
of 200 µm (Zheng et al. 2020). The images correspond to the negative ions of the pu-
tative ions of 4-hydroxymethyl-3-methoxyphenoxyacetic acid ([C10H12O5-3H]−, 209.0 m/z),
4-methylsulfonylbutyl glucosinolate ([C12H23NO10S3-H]−, 436.0 m/z), and indol-3-ylmethyl
glucosinolate ([C16H20N2O9S2-H]−, 447.1 m/z)(Wu, Tohge, Cuadros-Inostroza, Tong, Tenen-
boim, Kooke, Méret, Keurentjes, Nikoloski, Fernie, Willmitzer, and Brotman 2018).
Comparing Figures 3a) and 3b) illustrates that removing outliers with TrIQ and reducing
gray levels lead to an improvement of the image brightness. Nevertheless, the background
still appears noisy, and the sample shape is not well defined yet. Reducing the gray levels
from 32 to 9 results in an almost perfectly uniform background and a well-defined sample
shape, as shown in Figure 3c).
Consequently, the TrIQ algorithm can be applied to detect a sample mask for background
subtraction, as demonstrated in section 3.4.

3.3. Normalization for comparable mass spectrometry images

Comparing mass spectrometry images (MSI) is a challenge because they usually display dis-
tinct intensity and color scales. TrIQ can be applied to a group of images and normalize their
intensity ranges.
Figure 4 shows human colorectal adenocarcinoma images. The samples come from the same
tissue, which was cut to slices with a thickness of 10 µm (Oetjen et al. 2015). All images visu-
alize the abundance of the ion 885.55 m/z. A maximum threshold T of 4,970 was calculated
and applied for all twelve images; the accumulated probability was set to 0.91. The resulting
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Figure 4: Global TrIQ applied to the ion 885.55 m/z of human colorectal adenocarcinoma
DESI MSI slices, with P = 0.91 and 32 gray levels. The normalization allows a direct com-
parison of the images.

Figure 5: LTP MSI of a chili Capsicum annuum fruit with 1 mm lateral resolution. TrIQ
with P = 0.98 and 5 gray levels improves the contrast; an additional median filter removes
technical noise.
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Figure 6: AP-MALDI MSI of a mouse urinary bladder imaged with a lateral resolution of 10
µm. TrIQ was applied with P = 0.95 and 25 gray levels. Binary images serve for defining
regions of interest (ROI) and segmentation: 741.53 m/z - muscle tissue, 743.54 m/z - lamina
propria structure, 798.54 m/z - urothelium.

color scale is the same for all images. Thus, the relative abundance and distribution of an ion
of multiple images can be evaluated at a single glance.
Figure 5 provides another example of global TrIQ. The image compares the 62.1, 84.1, and
306.1 m/z ions of chili (Capsicum annuum) slices sampled at 1 mm lateral resolution with
low-temperature plasma (LTP) MSI (Maldonado-Torres et al. 2014). LTP MSI detects small,
volatile compounds. Therefore, the images resulting from this ambient ionization method are
noisy. TrIQ with P = 0.98 and five gray levels improved the contrast. The remaining noise
is efficiently removed with a 3 × 3 median filter, as illustrated in Figure 5. The signals with
a mass-to-charge ratio of 62.1 and 84.1 display a defined localization at the seeds and in at
the center of the placenta, respectively. The signal with 306.1 m/z is enriched in placenta
tissue and corresponds to the [C18H27NO3+H]+ ion of capsaicin, the compound responsible
for the hot taste of chili peppers (Aza-González, Núñez-Palenius, and Ochoa-Alejo 2011;
Maldonado-Torres et al. 2014; Gamboa-Becerra et al. 2015; Cervantes-Hernández, Alcalá-
González, Martínez, and Ordaz-Ortiz 2019).
Both examples demonstrate the usefulness of TrIQ to normalize MSI data for comparing
images.

3.4. Image segmentation for visualizing regions of interest (ROI)

The combination of global TrIQ and median filtering can be expanded for image segmentation.
Figure 6 was obtained from a mouse urinary bladder, scanned using AP-MALDI MSI at a
lateral resolution of 10 µm (Römpp et al. 2010, 2014). The distribution of 741.53 m/z,
identified as a sphingomyelin [C39H79N2O6P + K]+ ion, is related to muscle tissue. 743.54
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Figure 7: Overlay image, representing the anatomical structures in mouse urinary bladder.
Blue: 741.53 m/z - muscle tissue, red: 743.54 m/z - lamina propria , yellow: 798.54 m/z -
urothelium.

m/z is associated with the lamina propria structure, while 798.54 m/z is mainly found in the
urothelium (Römpp et al. 2010). Global TrIQ was applied with P = 0.95 and 25 gray levels.
TrIQ and median filtering allow clear discrimination between muscle tissue and lamina propria
using the marker ions 741.53 and 743.54 m/z. For separating the urothelium structure from
the muscular tissue, the binary image for 798.54 m/z was calculated by zeroing gray levels
below 9.
Figure 7 shows an overlay of the resulting ion images, representing correctly the anatomical
structures of the mouse urinary bladder.

3.5. Computational performance of algorithm

For estimating the computational performance of the TrIQ algorithm, we reprocessed selected
ion traces presented in this paper (DESI 885.55 m/z, LAESI 209 m/z, LTP 62.1 m/z and
AP-MALDI 741.53 m/z) and measured the time for applying the TrIQ. The calculation was
executed for twenty-five times to account for variations in system processes of the operating
system. Figure 8 demonstrates the results from running the R script Timing.R (provided as
supplemental code) on a standard Linux laptop (Intel(R) Core(TM) i7-7700HQ CPU with
2.80GHz, 16 Gb RAM, Peppermint OS 10). On average, more than 1,000 pixels were processed
per millisecond. Thus, TrIQ is computationally efficient, and also exhibited comparable
performance with MSI datasets of different sizes, proving the scalability of the algorithm.

4. Conclusions
Threshold Intensity Optimization (TrIQ) improves the visualization of mass spectrometry
imaging (MSI) data by augmenting the contrast and homogenizing the background. Contrary
to histogram equalization algorithms, TrIQ preserves the linearity of measured ion intensities.
The processing with TrIQ facilitates the recognition of regions of interest (ROI) in MSI
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Figure 8: Execution speed of the TrIQ algorithm, implemented in R, using a standard laptop.
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data sets, either by visual inspection of by automated segmentation algorithms and therefore
supports the interpretation of MSI data in biology and medicine.
Applying TrIQ to a set of images equalizes their intensity scales, and makes them comparable.
We demonstrated the implementation of the TrIQ algorithms in R for the processing of MSI
data in the community format imzML. The algorithm is computationally fast and only requires
basic operations, and thus can be quickly adapted to any programming language.
TrIQ can be applied to improve the plotting of any scientific data with extreme values,
respecting the original intensity levels of raw data.

5. Code availability
The R code for reproducing the results of this article is provided as supplemental material.
RmsiGUI is freely available from https://bitbucket.org/lababi/rmsigui/. We released
TrIQ R scripts and the R package RmsiGUI under the terms of the GNU General Public
License, GPL V3 (http://gplv3.fsf.org/).
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