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Abstract

Imaging mass cytometry (IMC) is a technique allowing visual-
ization and quantification of over 40 biological parameters in a
single experiment with subcellular spatial resolution, however
most IMC experiments are limited to endpoint analysis with an-
tibodies and DNA stains. Small molecules containing tellurium
are promising probes for IMC due to their cell permeability,
synthetic versatility, and most importantly their application to
sequential labelling with isotopologous probes (SLIP) experi-
ments. SLIP experiments with tellurium-containing probes al-
low quantification of intracellular biology at multiple timepoints
with IMC. Despite the promise of tellurium in IMC, there are
unique challenges in image processing associated with tellurium
IMC data. Here, we address some of these issues by demon-
strating the removal of xenon background signal, combining
channels to improve signal-to-noise ratio, and calculating iso-
tope transmission efficiency biases. These developments add ac-
curacy to the unique temporal resolution afforded by tellurium
IMC probes.
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Introduction

The emerging technology of imaging mass cytometry (IMC)
has delivered insight into many aspects of biology includ-
ing the heterogeneity of breast cancer tumours and the tissue
distribution of cisplatin (1, 2). Tissue sections are stained
with more than 40 different antibodies, each of which is
conjugated to a polymer that chelates a distinct elemental
isotope, typically from the lanthanide series. The section
is then ablated pixelwise by a rastering, pulsed ultraviolet
laser. The ablated material from each pixel passes into an
inductively-coupled plasma mass spectrometer and each iso-
tope, which corresponds to a specific antibody, is quantified.
A multi-channel image is thereby created with many more
channels accessible than traditional immunohistochemical or
immunofluorescent optical imaging.

This technique has been limited to the imaging of static
biological markers (i.e. proteins), DNA, or certain small
molecule probes against which custom antibodies have been
raised (e.g. EF5) (1, 3). With tellurium as an IMC-visible
element, we have developed tellurophenes as biologically-
compatible mass tags whose imaging requires no antibody
staining (4). Probes for specific biological processes can
be synthesized by linking tellurophenes, which are aromatic,
stable, and non-toxic, to activity-based functional groups that

covalently bind cells of a certain phenotype. In this way,
IMC can be used to visualize processes or microenviron-
ments including protein synthesis and cellular hypoxia (5, 6).
Imaging of these compounds is not dependent on antibody-
epitope binding and as such represents direct visualization of
the probe itself.

Tellurium exists naturally as a mixture of eight stable
isotopes, of which six are commerically available in an
isotopically-enriched form. By synthesizing isotopically-
pure probes, any given process can be investigated with spa-
tial and temporal resolution with IMC. For example, changes
in hypoxia over time were quantified by dosing one isotope of
a tellurophene probe conjugated to a 2-nitroimidazole group,
followed by waiting or an intervention, followed by a dose
of the same molecule with a different isotope (6). The sin-
gle mass unit resolution of IMC then allows quantification of
the differences in labelling of the probes. We term this ap-
proach sequential labelling of isotopologous probes (SLIP).
SLIP experiments with tellurium add temporal resolution to
the IMC toolbox, which is crucial in understanding the deep
biological profile imaged by IMC.

While software for analyzing IMC data exist (7, 8), they do
not deal explicitly with tellurium as an analyte. Given the
specific benefits of tellurophene probes, we sought to design
data processing strategies that would improve the accuracy
of research in this field and allow SLIP experiments to be
included as robust methods in the IMC community.

Experimental Methods

All appropriate ethical guidelines were followed for animal
experiments. Full experimental details describing the prepa-
ration of the tissue samples will be described elsewhere.
Briefly, mice were injected intravenously with a tellurium-
containing probe. After 1-3 hours, animals were sacrificed.
The tissues of interest were excised, fixed in formalin, em-
bedded in paraffin, and 5um sections were obtained. The
formalin-fixed paraffin-embedded tissue sections were pre-
pared for IMC as per Fluidigm’s suggested protocols (Proto-
col ID PN 400322 A3). Stained tissue sections were imaged
on the Hyperion™ Imaging System at 200 Hz. The software
controlling the instrument outputs a .txt file which was then
processed as described in this manuscript.
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Results and Discussion

Removing xenon background

Xenon has several naturally-ocurring isotopes which over-
lap in mass with the heavier tellurium isotopes (Figure 1a).
The argon used in IMC can be contaminated with xenon
and as a result some mass channels used to monitor tel-
lurium contain signal from xenon. The amount of xenon in
the argon flow varies over time, presumably due to a non-
heterogeneous mixture of the gases in the storage vessel. In
a phenomenon that is especially disruptive to imaging, large
‘spikes’ of xenon are drawn into the mass cytometer and re-
sult in streaks of background signal across a tellurium image
(Figure 1b).

To solve this issue, we recorded the 134 AMU image, X,
which contains xenon but no tellurium, to quantify the xenon
in each pixel (Figure 1c). Next we used the known isotopic
ratios of '**Xe to the xenon contaminating isotope of interest
(in this case '?8Xe) to estimate an image corresponding to the
xenon component of the 128 AMU channel, Y. By consid-
ering that the observed image from the 128 AMU channel, I,
is a sum of the xenon component Y and the tellurium com-
ponent T (i.e. the true '?8Te image), T can be calculated by
subtracting Y from I.

I = T+Y @
abundance(1?®Xe)
Y = X ii
8 abundance(134Xe) (i)
abundance(*?%Xe)
T - 1-
abundance(134Xe) (i)

Xenon background subtraction returns an image that repre-
sents the corrected tellurium image (Figure 1d). In addition
to allowing more accurate visual inspection of images, xenon
background subtraction is critical in SLIP experiments where
the accurate quantification of each tellurium isotope is impor-
tant to downstream data analysis.

Calculating bias in isotope transmission efficiency
Although IMC is a quantitative technique, systematic error
exists in the sensitivity of the detector to ions of different
mass (9). As a result, the instrument is more sensitive to, for
example, '*0Te ions than '**Te ions. While this is of little
consequence in natural abundance experiments, SLIP exper-
iments rely on quantifying differences between mass chan-
nels and therefore require correction of this transmission ef-
ficiency bias (TEB).

We took advantage of data from natural abundance tellurium
to calculate the TEB. If the instrument is equally sensitive to
all isotopes, the relative intensity of the pixel at location ij
from the “Te image A to the pixel at the same location from
the ®Te image B would depend only on the relative isotopic
abundance:

A;;  abundance(“Te)
B;;  abundance("Te)

(iv)
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The amount of deviation from Equation iv represents the
TEB. We used IMC data from a natural abundance tellurium
experiment to calculate the TEB between two isotopes of in-
terest, “Te and *Te. A ratio image R is calculated, in which
pixel R;; is the ratio of the corresponding pixels in the two
isotope images of interest, A;; and B;;:

Al
R, =%
i =B, )
The median of the ratio image R is compared to the theoret-
ical ratio of isotope a to isotope b to give the TEB:

abundance(*Te)

TEB = median(R) x (vi)

abundance("Te)
We chose to use a ratio-based approach as opposed to linear
regression to avoid the designation of one isotope as the de-
pendent variable and the other as the independent variable.
Pixels with a value of O in either image must be excluded
from analysis to avoid division by 0. Non-zero but low pixel
values, while mathematically sound in TEB calculation, skew
results by creating unreasonably high or low values in R. We
found a threshold of 1 count per pixel to allow robust quan-
tification of the TEB. In addition, a moderate Gaussian blur
(0 = 1um) aids in removing outlier pixels from the analysis.
As anticipated, removal of xenon background is necessary
before calculation of TEB values.

We observed that heavier tellurium isotopes are overdetected
by the mass cytometer (Figure 2). This effect has two con-
tributing causes. First, ions with lower mass have lower ki-
netic energy in the ion beam that travels from the plasma
torch to the time-of-flight measurement chamber and have
a higher chance of being ejected from the ion beam before
detection (10). Second, the mass cytometer is equipped with
a quadrupole mass filter that removes ions with m/z < 80 Da
and is tuned to transmit ions with m/z =~ 160 Da most effi-
ciently (9). Therefore the lower mass Te ions, being further
from the target of the mass filter, are transmitted less effi-
ciently.

Given that the TEB is a property of the instrument, it is im-
portant that users calculate their own values for the TEB be-
tween two isotopes, preferably shortly before and after the
experiment whose data is to be corrected, since the mass cy-
tometer is known to ‘drift’ over time (11), and individual
mass cytometers have different patterns of sensitivity (9).
We applied this approach to data from a published SLIP ex-
periment investigating changes in tumour hypoxia over time
(Figure 3) (6). In the experiment, mice bearing PANC-1
xenografts were dosed with two isotopologues of a com-
pound that labels hypoxia 24 hours apart. A difference im-
age is then created, highlighting increasing hypoxia in red
and attenuating hypoxia in green. After TEB correction, the
overall conclusion of the experiment that cycling hypoxia in
tumours occurs without intervention and can be studied with
SLIP experiments does not change. However, some regions
of the image change colour with TEB correction, indicating

Bassan & Nitz | Tellurium IMC Data Analysis


https://doi.org/10.1101/567685
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/567685; this version posted May 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

354

Element
. Xe
- Te

Natural abundance / %

120 122 123 124 125 126 128 129 130 131 132 134 136
Isotope / AMU

Fig. 1. Xenon interference can be removed from tellurium images. (a) Xenon has several isotopes whose masses overlap with tellurium. 128 and 130 are the most
obfuscated channels, but '2*Xe (0.095 % abundant) and '?®Xe (0.089 % abundant) also contaminate tellurium significantly. (b) The 128 mass channel image, comprising
28Te and '?®Xe. (c) The 134 mass channel image, representing '*Xe. This image can be used to estimate the amount of '2Xe present. (d) The background subtracted 128
mass channel image, now representing only 128Te. Colour bars represent IMC counts in arbitrary units.
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Fig. 2. Transmission efficiency bias can be quantified using data from natural abundance tellurium probes (a) The '**Te and '?*Te channels of the same image are
compared to quantify the transmission efficiency bias (TEB). The left panel shows a histogram of the values obtained by dividing the **Te image by the '2*Te image. The
right panel shows the same data as a bivariate histogram. Both panels show the theoretical ratio (based on isotopic abundances) as a dashed line and the calculated ratio as
a solid line. (b) Heatmaps displaying the TEB for different pairs of isotopes. TEB values were calculated with or without xenon removal, and with or without Gaussian blurring
of the images.
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Fig. 3. TEB correction is important for accurate SLIP experiments. TEB calcu-
lation determined that the instrument is approximately 1.15 more sensitive to 1257
than '22Te. Using data from a SLIP experiment measuring changes in hypoxia over
time, we show the effect of TEB correction on the output image. Column (a) shows
the same experiment with or without TEB correction, and the boxed region is ex-
panded in (b). Scale bars are 200 pm.

a change in the interpretation of their hypoxic shifts. There-
fore, TEB correction is an important step in the analysis of
data from SLIP experiments.

Combining tellurium channels for improved signal-to-
noise ratio

While SLIP experiments add temporal resolution to IMC,
single-timepoint experiments or validation of new probes are
carried out with natural abundance tellurium, which has six
isotopes with abundances above 1 %. Experiments with nat-
ural abundance tellurium may combine images of several
tellurium isotopes together to improve signal-to-noise ratio
(SNR) and reduce artefacts in the image. There are sev-
eral possible approaches to combining the tellurium chan-
nels. The simplest and most intuitive approach is to sum the
channels arithmetically. While this approach is minimally-
manipulative, it does not effectively remove background
noise. This is because noise in IMC is not distributed around
0, and can only have positive values. Therefore when adding
channels together, the noise accrues and does not cancel. An
alternative method is taking the product of n tellurium chan-
nels, then normalizing by taking the n'”* root of the product
array (i.e. the geometric mean). The geometric approach is
more effective at removing background noise from the im-
age because a pixel value of 0 in any channel with result in
a pixel value of 0 in the output image. However, if a very
low signal image is included in the geometric mean, then the
output will be unnecessarily skewed and contain many pix-
els with a value of 0. Typically, '3°Te, ?8Te, and '?°Te can
all be included without skewing the image to 0, since they
are the highest abundance isotopes, but users should decide
empirically which isotopes to include.

A further option is to stack each image to be combined into
a 3-dimensional array and perform a 3-dimensional Gaussian
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blur. Then the blurred 3-dimensional array can be collapsed
into a 2-dimensional image in either an arithmetic or geomet-
ric fashion.

We compared the SNRs of an image processed arithmetically
against one processed geometrically, both with and without
3-dimensional Gaussian blue (Figure 4). We define SNR as:

SNR = 2= (vii)
On

where 15 is the mean intensity in an arbitrarily-defined signal
region of the image, and o, is the standard deviation of the
intensity in an arbitrarily-defined noise region of the image.
The signal region was defined as the region containing tissue
mounted on the microscope slide and the noise region as the
region containing only the microscope slide.
We found that three-dimensional Gaussian blur provides a
strong improvement on the SNR in both arithmetic and geo-
metric modes, but geometric combination improves the SNR
more substantially than arithmetic combination. Blurring
may improve SNR but will also reduce resolution; we expect
that each experiment will have an optimal balance between
SNR and resolution that depends on the specific biology be-
ing interrogated. Improvement of the SNR with natural abun-
dance probes with this technique will be useful for any exper-
iment involving natural abundance tellurium probes.

Conclusions

We have described strategies that enhance the analysis of
IMC experiments with tellurium probes. We took advantage
of the single-mass-unit resolution of IMC and the known iso-
topic distributions of tellurium and xenon to remove back-
ground signal from channels of interest. The polyisotopic
nature of tellurium enabled both quantification of instrument
biases and enhancement of signal-to-noise ratio of natural
abundance tellurium probes.

We expect that the techniques described in this manuscript
will become part of the routine IMC workflow when tel-
lurium probes have been used. Coupled with the expanding
toolkit of tellurium probes, we hope to progress the study of
dynamic biology in vivo.

We have implemented the strategies described here, as well
as other general IMC processing methods, in a Python pack-
age available at https://github.com/jaybassan/teimc and PyPI
(teimc). The package is concise, readable, and amenable to
customization; it is open source and based on other open
sourced libraries.

We intend to continue the development of software as a com-
plement to laboratory advances, and especially hope to de-
velop cell segmentation solutions coupled with automated
SLIP analysis.
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Fig. 4. Combination of '*°Te, '%Te, '2Te, and '**Te images. The signal and noise regions are defined arbitrarily based on knowledge of the tissue of interest. Single
isotope images may have either low signal (e.g. '®>Te) or high noise (e.g. '*°Te). The effect of combining the images in a arithmetic or geometric fashion, with or without
3-dimensional Gaussian blurring (o = 1) is shown. SNR denotes signal-to-noise ration. Scale is the same in all images and depicted in the left panel.
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