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ARTICLE INFO ABSTRACT

Keywords: Quantitative elemental bioimaging workflows are well established and typically rely on matrix-matched stan-
L{\-'ICP'MS dards for comparable and repeatable calibration. However, variations in tissue thickness, microtome cutting
Blmfnagmg . artefacts, and cell density are usually assumed to have negligible impact on method uncertainties. Common
gfct:;;;lcgmﬁlometry mitigation strategies include endogenous signal normalization with 12C or 3'P, complete ablation of thin sections,
Quantification or analysis of thicker specimens under stable laser fluences. While effective for homogeneous specimens, these

approaches may fail in heterogeneous tissues with disparate anatomical structures, variable cell populations, or
inconsistencies in sectioning, leading to uncontrolled anomalies and potentially misleading interpretation of
elemental distributions. To overcome these limitations, here we incorporate optical profilometry into quanti-
tative bioimaging workflows to directly measure tissue surface topographies and correct for thickness variations.
Topographic maps were acquired for gelatin standards and representative tissues, including murine kidney,
multi-organ arrays, human meningioma, and emphysematous lung, revealing substantial deviations from nom-
inal thicknesses and heterogeneous surface roughness. These data were registered against LA-ICP-MS elemental
images and applied for volume normalization. Volume correction significantly altered elemental quantification.
In kidney, Cu, Fe, and Zn increased 4-5 fold, whereas in meningioma, Cu and Fe increased 8-10 fold, with Zn
similarly elevated. Correlations of endogenous signals with thickness were tissue-dependent: in the kidney, '2C
strongly correlated (R = 0.66) and s3lp moderately (R = 0.44), while in the meningioma, both were weak (12C R
=0.21; 3P R = 0.09), though 3lp moderately tracked cell density (R = 0.51). These results demonstrate that
profilometry-based volume correction improves accuracy, reproducibility, and interpretability of elemental
bioimaging, particularly in heterogeneous tissues.

1. Introduction

Elemental bioimaging by laser ablation-inductively coupled plas-
ma-mass spectrometry (LA-ICP-MS) for quantification of distributions
of elements in biological specimens is of increasing utility in diverse
fields of inquiry in medical, biological, clinical, forensic, and environ-
mental sciences [1,2]. Modern LA-ICP-MS instruments and validated
analytical workflows have vastly improved acquisition times and
sensitivity at cellular and subcellular resolutions [3,4] revealing novel
discoveries of the role of elements in biological pathways such as innate
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host immune responses, intracellular signaling, cancer pathogenesis [5]
and human tumor radioresistance [6].

The main challenges for precise and accurate quantification of ele-
ments in heterogeneous biological tissues have been largely overcome
by preparation of matrix-matched standards that replicate biological
tissues’ physical and chemical properties, or gelatin-based standards [7,
8]. However, variations of specimen thickness, cutting artefacts, dispa-
rate tissue domains and density, are either ignored, presumed to be
non-significant contributors to method statistical uncertainties, or
partially mitigated using several approaches. For example, total
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consumption of thin precisely cut biological specimens assume thickness
and ablation volume uniformity. However, this method is not viable for
routine analyses of tissues where sectioning is not controlled, or when
samples are obtained from different sources.

Alternatively, analyses of thicker sections require stable and
consistent laser power for the duration of a single analysis, and for
longitudinal or extended studies. This requirement is not practicable as
power variability cannot be adequately controlled due to inherent lim-
itations of laser technology. In such cases, internal standard normali-
zation of signals against endogenous homogeneously distributed
elements has some utility. For example, carbon and phosphorus are
abundant in biological tissues and often proportional to sample thick-
ness for similar cell populations [9-13]. Carbon normalization was first
proposed by Feldmann, Kindness and Ek [14] to correct variations of
ablation efficiencies, absorption coefficients, and signal intensities, and
has been shown to improve precision of elemental measurements across
heterogeneous samples within constrained criteria [13,15]. However,
later studies demonstrated that carbon produced matrix dependent re-
action products upon ablation and was not viable for effective universal
normalization [16,17]. Similarly, phosphorus may track cell tissue
density under limited circumstances, and as with carbon, is not suitable
as an internal standard across heterogeneous tissue sections where
variations in elemental distributions do not correlate with structure or
thickness.

Other internal standardization methods employ fabricated thin
polymer films, placed under or on top of tissue sections, improving
precision and accuracy by compensation of laser power variability and
instrumental drift [7,12,18]. However, these approaches are not prac-
ticable for incorporation into routine analytical workflows due to
increased sample preparation complexity, costs and time.

Regardless of the chosen quantification method, complete mitigation
of tissue heterogeneity, differential shrinkage, cutting artefacts, and
laser power variability remain unresolved. Recent advances and capital
cost reductions of optical profilometry technologies provide a simple
robust solution. Here, the specimen may be scanned to obtain detailed
surface topography and tissue thickness maps prior to ablation, allowing
volume normalization per voxel across the entire sample. The viability
of volume normalization was recently demonstrated for selected regions
of reference glass substrates of varying density [7].

Accordingly, we present the incorporation of optical profilometry
into elemental bioimaging analytical workflows for concomitant mea-
surements of specimen surface topography and thickness, and subse-
quent volume normalization for improved precision, accuracy and
repeatable quantification of elemental distributions in a variety of tis-
sues. We further evaluated the effectiveness of endogenous carbon and
phosphorus for normalization of various tissue structures and cell
populations.

2. Materials and methods
2.1. Chemicals and reagents

High-purity single-element standard calibration solutions of 1000
mg L' (Fe, Cu, and Zn) were purchased from Choice Analytical
(Thornleigh, NSW, Australia). Ultrapure water (18.2 MQ cm) was ob-
tained from a Sartorius 611 Arium® Pro water generation system and
used for all standard preparations. Ultrapure Nitric acid was supplied by
Choice Analytical (Thornleigh, New South Wales, Australia). Xylene and
ethanol were obtained from ChemSupply (Gillman, SA, Australia).
HybriWell™ molds (9.8 mm x 20 mm x 0.16 mm) and high-purity
porcine gelatin were obtained from Sigma-Aldrich.

2.2. Preparation of gelatin-based standards

Gelatin standards were prepared following protocols by Lockwood,
Westerhausen and Doble [19]. Briefly, 83.3 mg of high-purity porcine
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Table 1
Operating conditions for the LA-ICP-MS.

Instrument Parameter Setting

Laser MFC 1 and 2 0.5, 0.2 ml min~! He

RF Power 1350 W

Plasma gas flow rate (L min~') 15

Nebulizer Gas 0.45 L min !

Sample depth 5 mm

Extract lens 1 and 2 -2V, -240V

Omega bias and lens -115V,7.5V
Octopole bias and RF —20V, 200V

Deflect 5V

He Collision gas 3.0 min~!

Isotopes 56Fe,"’3Cu,6‘"Zn,12C,31P

gelatin was mixed with 917 pL Tris-HCl buffer (pH 7.4), 10 mM EDTA
and 1 % w/w polyethylene glycol (M, 400). UV absorbent additive gallic
acid was added to the buffer at a concentration of 5 g L™! before the
addition of the buffer to the gelatin, corresponding to 1-5 % dry weight.
This solution was spiked with various levels of Fe, Cu, and Zn, heated to
55 °C, and pipetted into HybriWell™ molds. The molds were frozen for
10 min at —80 °C, and dried at room temperature, producing uniform
and smooth standards with expected thicknesses of 15 pm. The con-
centrations of each element in the gelatin standards were cross validated
by acid digestion of dried gelatin, followed by triplicate measurements
using solution nebulization ICP-MS [8].

2.3. Microarrays and biological tissue sections

A formalin-fixed, paraffin-embedded (FFPE) multi-organ adjacent
tissue microarray (BC0O01130s, Tissue Array, USA) containing carci-
noma, normal, and adjacent normal tissues, was used for method
development. Archived murine samples were obtained from the Garvan
Institute of Medical Research-St Vincent’s Hospital Ethics Committee
(Ethical Approval No. 22.04). All tissue collections adhered to the
Australian Code of Practice for the Care and Use of Animals for Scientific
Purposes. Murine tissues were formalin-fixed in 4 % formaldehyde for
24 h before paraffin embedding using a Leica Peloris II tissue processor.
Sections were cut at 5 pm, mounted on glass slides, and prepared for
histological evaluation. Additional formalin-fixed, paraffin-embedded
human tissue samples were also retrieved from the anonymized archives
of the Institute of Neuropathology at University Hospital Miinster,
Germany (Ethical Approval 1IIIPau). Sections were cut at 30 pm,
mounted on glass slides, and evaluated histologically by a certified
neuropathologist. Prior to optical profilometry and LA-ICP-MS analyses,
the microarrays and tissue sections were deparaffinized using xylene
and ethanol, following previously established protocols [8]. Histological
image processing was performed using QuPath software.

2.4. LA-ICP-MS measurements

Elemental images were acquired using an ESL imageBI0266 (Kene-
lec Scientific, Mitcham, Australia) equipped with a TwoVol3 ablation
chamber, coupled to an Agilent 7900 ICP-MS (Agilent Technologies,
Santa Clara, CA, USA). Helium (He) was used as carrier gas (99.999 %
purity, BOC, North Ryde, NSW, Australia).

Elemental images and corresponding calibration standards were
acquired using a 30 pm (laser spot size at 200 Hz and a scan speed of 300
pm s~! for the meningioma, and a 20 pm laser spot size at 200 Hz with a
scan speed of 200 ym s~! for the kidney. The ICP-MS instrument was
tuned for maximum sensitivity before each measurement using NIST
612 glass CRM. Isotope ratios Ce/CeO were monitored to confirm the
absence of interfering polyatomic species. The total integration time of
all elements for each quadrupole sweep was 0.1 s to produce square
image voxels that maintained relative specimen image dimensions.
Pew2 v 1.7.0 was used for image reconstruction.?® Typical instrument
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Fig. 1. Calibration of the 3D Optical Profiler using the 4 pm NIST "Multi-Step: Step-Height Standard" reference substrate. (A) 3D view and (B) top view of post-
calibration scanning of the NIST reference substrate demonstrating suitability of the optical profilometer for measurements of surface topography and thickness

of typical biological specimens in routine analytical imaging workflows.

Table 2
Hardware and software operating conditions for the Filmetrics Profilm 3D Op-
tical Profilometer.

Instrument Parameter Setting
Piezoelectric Voltages 1; 2 and 3 29; 30; 29 V
Vibration Amplitude Less than 0.01 nm
Original Intensity Slice (Horizontal and 200 pixels
Vertical)
Magnification lens and zoom 20x; 2x
Tilt (number of fringes) 2
Measurement Green Light Interferometry (GLI)
Light Source Intensity 70 mW. cm-2
GLI settings Envelop peak; top layer; 1.5 %
threshold
Back Scan; Scan Length 0.01; 0.04 mm (variable)
Scan Speed Normal
Pixel Area 1

parameters are outlined in Table 1.

2.4.1. LA-ICP-MS calibration

Calibration curves were constructed by plotting average signal in-
tensities of each element against concentration (ug g~) from 5 indi-
vidual ablation lines of each standard. Conversions to mass/volume
concentrations (ug cm ) were performed by consideration of reported
nominal thickness and profile normalization of each voxel [5,18]
(Supplementary Note S1). The entire tissue was completely removed in
all samples for direct comparisons between nominal and volume cor-
rected distributions.

2.5. Calibration and 3D optical profilometer measurement

A Filmetrics Profilm 3D (Warsash Scientific; Redfern, Australia) was
used to acquire detailed surface topography and thickness character-
izations of representative tissue specimens on glass slides and gelatin-
based standards. The 3D Optical Profiler was calibrated according to
the manufacturer’s specifications via scanning a Multi-Step: Step-Height
Standard reference substrate (Reference number SHS-16205). The cali-
bration produced step heights that were within 0.08 % (1 nm) of the
certified reference values, well within the manufacturer’s tolerance
specification (Fig. 1).

Greenlight interferometry was chosen for profiling, as it allowed
sufficient penetration of photons to reduce unwanted light scattering
and minimization of chromatic aberrations, resulting in clearer inter-
ference patterns and optimal measurements for both the tissues and
gelatin standards [20]. Typical instrument parameters are outlined in
Table 2.

Surface topography and thickness were measured with 20 x

magnification, representing an x, y image resolution of 3.48 pm? per
voxel. Ten consecutive measurements were taken across each tissue in
increments of 2.0 x 2.0 mm? producing valid voxels for 98 % of each
specimen, and surface topography measurements with a maximum of
0.5 nm variability (RSD). Once the scan was completed, the Filmetrics
Profilm 3D software was used to integrate the images. The remaining 4
% of invalid pixels were interpolated using the Clough-Tocher cubic
algorithm.

2.6. Data acquisition and processing

Surface profiles and topographies were processed using Profilm
Optical Profiler software (version 4.3.8.0). The proprietary Filmetrics
Binary (.fibps) files were exported as comma separated values (.csv) and
imported into Pew? v1.7.0 and Paraview (5.13.3), open-source imaging
software, to reconstruct high-resolution topographic maps [19]. The
topography data was down-sampled using averaging to match the voxel
size of the LA-ICP-MS elemental images and both sets of data were
registered via Fourier transform domains and cross correlations for both
translational and rotational offsets. Asymptotic two-sided Man-
n-Whitney U tests with tie correction were applied to evaluate signifi-
cant differences in ablation volume [18]. Volumetric measurements of
ablated craters were cross-validated in our previous study by comparing
profilometer outputs with non-contact atomic force microscopy
(NC-AFM) across different spot sizes and laser fluences, confirming no
significant differences in crater volumes (Mann-Whitney U, p = 0.62).
These results support the robustness of the profilometry-based volu-
metric approach applied in this work [29].

2.7. Measurements of cell density

Cell density maps were constructed from a hematoxylin and eosin
(H&E) consecutive stained section of a human meningioma, digitized
using a Zeiss Axioscan7 slide scanner (20 x magnification, 0.22 pm pixel
size; Macquarie Park, Australia). After loading the image into QuPath
0.6.0-rc3, cells were detected using the native QuPath algorithm with
default parameters [21]. Cell density maps were then produced using a
density radius of 30 pm, exported, down sampled and registered with
the LA-ICP-MS images, as described above.

2.8. Image construction

All processed data were formatted as Visualization Toolkit files (.vtk
and.vti) and images generated in Paraview (5.13.3). The Visualization
Toolkit data files are available for download in Supplementary
Materials.
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Table 3
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Comparison of nominal microtome cutting nominal thickness, actual thickness, surface roughness and profilometric characterization of tissue surfaces.

Measured Thickness (ym)

Sample Nominal thickness Maximum  Minimum  Mean  Arithmetic mean Root mean square Skewness Kurtosis
(hm) (Sa)* (So)* (Ssk)* (Skwy*
Gelatin standards 15 13.2 11.8 12.5 0.09 0.12 —-0.05 3.4
Multi-organ Microarrays 5 9.4 2.3 2.8 0.3 0.5 2.8 15.0
Murine Kidney tissue 5 7.0 1.7 2.5 0.6 0.6 0.7 3.4
Human meningioma tissue 10 38.2 0.6 3.80 2.0 1.6 1.4 8.2
Emphysematous Murine Lung 60 65.0 15.0 19.0 6.8 8.1 1.3 4.2

tissue

2 Profilometric parameters that measure surface roughness include arithmetic mean height (Sa), root mean square height (Sq), skewness (Ssk), and kurtosis (Sku). Sa
provides the average deviation of surface heights from a reference plane, representing overall surface roughness. Sq measures the root mean square of these deviations,
offering a more sensitive indication of surface variation compared to Sa. Ssk describes asymmetry of height distributions, while Sku assesses sharpness or flatness of the

surface.

Table 4

Comparison of elemental concentrations in murine kidney and human meningioma tissue samples using three quantification approaches: (1) standard quantification
(non-normalized, pg g’l), (2) ablation-volume correction based on nominal tissue thickness, and (3) ablation-volume correction using profile-derived data with

volume normalization (ug cm™>). Concentrations are presented based on tissue and gelatin density of 1.35 g cm

-3

Element  Tissue Type/ Maximum Mean
Area
Non-normalized Nominal Ablation- Profile Ablation- Non-normalized Nominal Ablation- Profile Ablation-
(ngg™ volume corrected (ug volume corrected (pg (ugg™ volume corrected (ug volume corrected (ug
cm ™) cm™%) cm™%) cm™®)

S6Fe Murine 660.03 1242.01 8325.83 44,02 153.13 700.03

%3Cu Kidney 40.62 83.97 544.26 3.04 9.20 52.06

66Zn 593.14 885.42 4863.56 30.03 66.01 282.13

S6Fe Meningioma 4131.05 15128.05 14642.10 81.43 106.86 377.36

%3Cu Whole tissue 239.02 390.03 1355.02 1.96 2.59 10.07

66Zn 179.87 222.14 1714.04 5.80 6.16 64.11

S6Fe Tumor area 774.01 2574.85 11051.33 130.21 159.05 718.57

%3Cu 8.98 18.04 79.42 1.35 1.62 8.85

667n 84.62 98.82 512.88 12.23 13.05 108.58

S6Fe Stroma area 4131.04 15127.07 10268.81 42.52 53.93 127.32

%3Cu 238.96 389.34 585.07 1.21 1.45 6.03

66Zn 171.03 201.96 526.23 0.02 1.77 30.61

3. Results and discussion

3.1. Surface topography

Gelatin standards, as well as selected representative tissue sections
comprising of multi-tissue microarrays, murine kidneys, and human
meningioma were obtained from commercial and research sources, cut
at various nominal thicknesses, and were scanned by optical profilom-
etry. The surface topography was characterized by measurement of
minimum, maximum and mean thickness and surface roughness de-
scriptors as detailed by ISO 25178 [22,23]. These parameters were
arithmetic mean height (Sa), root mean square height (Sq), skewness
(Ssk), and kurtosis (Sku), and are presented in Table 3.

The gelatin standards expected nominal thickness of 15 pm mean
value was measured at 12.5 + 0.7 pm, with surface roughness de-
scriptors indicating near-symmetric height distributions and moderately
peaked profiles at the peripheries (see Table 4). These data describe a
smooth and consistent surface with high uniformity, demonstrating
preparation of precise and repeatable standards suitable for calibration
and quantification of bioimaging workflows.

All representative tissue sections had intra-tissue surface topography
variability and discordance of expected nominal thicknesses. The multi-
organ microarrays used in this study included tissues from the eye,
esophagus, lung, and brain (Figure S2 A-D), with nominal section
thicknesses of 5 pm, according to the supplier’s specifications. However,
our measurements of mean thicknesses of 2.8 + 0.5 pm deviated by
approximately 45 %. High values of Ssk (2.8) and Sku (15.0) indicated
significant surface asymmetry and large surface roughness variations.

These irregularities were likely due to variations of cell populations,
non-uniform sectioning, mechanical sheer or sectioning artefacts, and
were unavoidable due to physical properties of disparate tissue struc-
tures [23].

The healthy murine kidney presented mean thickness of 2.5 pm +
0.5 pm (nominally 5 pm). Surface roughness parameters of Sa = 0.6, Sq
= 0.7, Ssk = 0.7, and Sku 3.4 indicated a moderately smooth surface
with mild asymmetry, likely due to natural biological homogeneity [24].

The most pronounced discrepancies were observed in human me-
ningiomas and emphysematous murine lung tissue. Despite an expected
nominal cutting thickness of 10 pm, the meningioma’s mean thickness
was 3.80 pm, over 60 % less than expected. Surface roughness metrics
(Sa 2.0; Sq 1.6) and elevated Ssk (1.4) and Sku (8.2) highlight significant
irregularity. These findings were consistent with the known cellular
compositions of varying densities, and tightly packed spindle-shaped
cells within collagen-rich extracellular matrices. These features
contribute to tissue rigidity and anisotropic deformation during
embedding and sectioning, particularly for fibrous and transitional tis-
sue structures, likely amplifying average thickness variance due to
resistance to compression, and interactions with the microtome blade
[25].

The emphysematous murine lung tissue section (Fig. S2E) exhibited
the greatest variability, with average thicknesses of 19.0 pm (nominal:
60 pm), ranging from 15.0 to 65.0 pm. This sample had the highest
roughness values (Sa 6.8; Sq 8.1), indicating significant surface irregu-
larities. Skewness (Ssk = 1.3) and kurtosis (Sku = 4.2) indicated asym-
metric height distribution with moderately sharp tissue peaks, likely
attributable to the fragile and porous nature of emphysematous tissue,
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Fig. 2. Correlations of profile, >C and ®'P in a healthy murine kidney. A) Hematoxylin and eosin staining; B) Tissue topography measured by optical profilometry
(nominal thickness 5 pm); C) 12¢ (CPS); D) Whole tissue correlation of '2C and profile, E) 31p (CPS); and F) Whole tissue correlation of 3!P and profile.

with greater surface irregularity and heterogeneity compared to other
tissue types [26].

These results demonstrate that surface topology and sample thick-
nesses were dependent upon tissue composition, sample processing
methods and/or physical forces during sectioning. Shrinkage, aniso-
tropic deformation, variations induced by embedding media, microtome
blade mechanics, and tissue hydration may also contribute to these in-
consistencies. For example, tissue shrinkage, often driven by dehydra-
tion and fixation, may lead to a 50 % volumetric reduction, with more
pronounced deformation along the z-axis due to compression during
sectioning [27]. These results challenge the assumption of flat and ho-
mogeneous tissue sections, necessitating considerations of surface
topography for all imaging workflows to ensure correct interpretation of
elemental distributions. For example, non-uniform thickness and surface
roughness may disrupt laser-tissue coupling, adversely affecting abla-
tion and detector responses that may introduce bias, potentially
compromising accuracy and reproducibility of analyses. It is also
important to note that sample preparation procedures, such as depar-
affinization, could alter tissue composition by extracting or redis-
tributing soluble species, meaning absolute concentrations may differ
from untreated (fresh-frozen) samples [28]. Nevertheless, the optical
profilometry-based correction introduced here addresses volumetric
artefacts rather than analyte recovery and is therefore applicable to both
paraffin-embedded and fresh-frozen tissues. Integration of profilometric
measurements and volume-corrected signal normalization is therefore

necessary for accurate quantification, particularly in longitudinal
studies [29].

3.2. Correlations of carbon and phosphorus with tissue thickness and cell
density

We assessed the correlation of '2C and 3'P signal intensities and
tissue surface topography of two morphologically distinct tissue types, i.
e., the homogenous murine kidney and the heterogeneous human me-
ningioma, using integrated surface profilometry and elemental bio-
imaging (Figs. 2 and 3). The murine kidney tissue section had a strong
positive correlation (R = 0.66) between '2C and surface topography
(Fig. 2D), demonstrating that 12C closely tracked tissue thickness. In
contrast, the correlation between 3!P and surface topography (R = 0.44)
was moderate (Fig. 2F), indicating that phosphorus was not related to
the physical thickness of the tissue section despite its uniform structure.
This moderate correlation implied that the 3'P distribution was likely
governed by biological variability such as localized cell density or
organelle content.

The correlation between '2C and surface topography (R = 0.21) of
the heterogenous meningioma was tenuous (Fig. 3E). This poor corre-
lation was consistent with literature reports that carbon distributions are
dependent upon specimen hydration, background atmospheric carbon,
argon carrier gas impurities and matrix-dependent partitioning of
gaseous and particulate phases during ablation. These aspects were not
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CPS Whole tissue correlation, R =0.21  Whole tissue correlation, R = -0.08
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Fig. 3. Correlations of profile and '2C and *!P in a human meningioma. A) Hematoxylin and eosin staining, tumorous regions outlined in red and stroma in blue; B)
Tissue topography measured by optical profilometry (nominal thickness 10 pm); C) Cell density (cells pm’z, D) 2C (CPS); E) Whole tissue correlation of 12¢ and
profile, F) Whole tissue correlation of 12¢C and cell density; G) 3lp (CPS); H) Whole tissue correlation of 31p and profile; and I) Whole tissue correlation of 31p and cell
density. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Volume correction of murine kidney with optical profilometry. A) Cu volume concentration (g cm~>) based on nominal thickness (5 pm); B) Cu profile
volume correction (g cm ) by optical profilometry); C) Cu % change of nominal thickness/profile corrected; D) Fe volume concentration (ug cm ) based on
nominal thickness (5 pm); E) Fe profile volume correction (ug cm ™) by optical profilometry); F) Fe % change of nominal thickness/profile corrected; G) Zn volume
concentration (ug cm ) based on nominal thickness (5 pm) H) Zn profile volume correction (pg cm ™) by optical profilometry); I) Zn % change of nominal thickness/
profile corrected.

apparent with the uniform kidney section; however, our results confirm
that carbon normalization has limited utility as a universal internal
standard across structurally diverse biological specimens. There was no
correlation between 3'P and surface topography (R = 0.09) (Fig. 3H).
While phosphorus is a major constituent of nucleic acids and phospho-
lipid membranes, its spatial distribution is strongly influenced by

ng cm?

H) Zn Profile

100 200 300 400

(- %

0 20 40 60 80 100

1) Zn Nominal/Profile

&3
wgoms - -
0 20 40 60 80 100

cellular composition, metabolic activity, and tissue architecture. Addi-
tionally, phosphate-binding proteins and compartmentalization of
phosphorus-rich organelles likely contribute to signal variability inde-
pendent of thickness [30].

We also compared correlations of cell density and profile with 12C
and 3P in the meningioma section. The correlation between *2C and cell
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Fig. 5. Volume correction of meningioma with optical profilometry. A) Cu volume concentration (g cm>) based on nominal thickness (10 pm); B) Cu profile
volume correction (g cm™>) by optical profilometry); C) Cu % change of nominal thickness/profile corrected; D) Fe volume concentration (ug cm~>) based on
nominal thickness (5 pm); E) Fe profile volume correction (ug cm~%) by optical profilometry); F) Fe % change of nominal thickness/profile corrected; G) Zn volume
concentration (ug cm~>) based on nominal thickness (5 pm) H) Zn profile volume correction (ug cm~>) by optical profilometry); I) Zn % change of nominal thickness/
profile corrected.
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density was negligible (R = —0.08) (Fig. 3F), demonstrating that carbon
was not associated with cellular architecture. In contrast, >'P showed
moderate correlation (R = 0.51) with cellular density (Fig. 3I).
Regardless, the disparate distributions of both '2C and 3'P between
tumourous areas (marked in red) and stroma (blue) tissue (Fig. 3 A) may
have some utility for examination of cancers, for example, identification
of tumor boundaries and precancerous cell populations that are not
visible with H&E staining [31].

3.3. Volume-corrected surface quantification of essential elements in
tissues

These profilometry analyses have major implications when
elemental bioimaging quantification relies solely upon reported nominal
microtome thickness, particularly for heterogeneous tissues such as
meningiomas and emphysematous lungs. Accordingly, we applied vol-
ume correction to two representative tissue sections (murine kidney and
human meningioma), using surface topography measurements and
nominal tissue thickness. This required surface characterization by op-
tical profilometry of the gelatin calibration standards pre- and post-
ablation (Fig. S1). Visual inspection of the samples post-ablation
revealed complete removal of tissues from the glass substrate after
analysis.

The murine kidney had relatively smooth surface topography, uni-
form sample thickness and homogeneous cell populations. Profile-
volume correction resulted in a 4-to-5-fold increase of measured
elemental concentrations, as illustrated in Fig. 4. Scaled quantified im-
ages of Cu, Fe and Zn appear near identical with the same structural
features of all elements across the tissue. However, each element’s
concentration distributions changed differently, illustrated by nominal
thickness/profile percent ratios. Cu was consistently 15 to 20 % of
volume corrected concentrations across the tissue (Fig. 4C), and Zn was
consistently 20 to 30 % across the tissue (Fig. 4I). These data indicated
that the uniform surface topography and sample thickness provided
reliable relative quantification with or without volume correction for Cu
and Zn, albeit with marked changes of absolute values. However, this
example was a rare exception as most tissues have considerable thick-
ness and surface profile irregularities [27]. In contrast, Fe ranged from
approximately 20 to 100 %, with the higher values tracking the pro-
nounced vascular structural features within the kidney (Fig. 4F), high-
lighting potential misleading interpretations of standard quantification
approaches.

The relative differences of elemental distributions obtained by
nominal and profile volume corrections in the human meningioma
specimen were significant (Fig. 5). Volume correction uniformly
increased the concentration of Cu (Fig. 5C) and Fe (Fig. 5F) by
approximately 8 to 10 times in both the stroma and tumourous areas
when viewed as nominal thickness/profile percent ratios. Similar in-
creases of Zn (Fig. 5I) were observed in areas within the stroma; how-
ever, the distribution of these changes were more frequent when
compared to Cu and Fe. The significant changes of volume normalized
concentrations of all elements indicate that distributions were depen-
dent upon tissue type, densities, laser coupling efficiencies, and other
factors.

These data clearly show that characterization of specimen thickness
is necessary for reliable quantification as all evaluated tissues were not
concordant with expected nominal thickness. Although relative quan-
tification trends were similar for healthy tissues with uniformly cut
sections and similar cell populations, dramatic changes were observed
when the specimen consisted of domains of disparate cell populations
with various regions of interest increasing or decreasing by at least an
order of magnitude.Therefore, volume normalization is an essential
requirement for comparative longitudinal studies to ensure appropriate
interpretation and valid conclusions of elemental changes in biological
studies.
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4. Conclusion

Incorporation of optical profilometry into quantitative elemental
bioimaging workflows is required to correct tissue thickness variations,
cryotome cutting artefacts, and matrix-dependent ablation anomalies.
Consistent trends of relative elemental distributions of nominal and
profile volume corrected measurements were observed in murine kidney
with similar cell populations, where Cu and Zn measured values uni-
formly increased by approximately 4 to 5-fold, however Fe concentra-
tions were more variable. Profile correction of Cu, Fe and Zn in the
heterogeneous meningioma increased by up to 10-fold and were not
uniformly observed across the tissue.

Our results confirm that endogenous internal standards, such as
carbon and phosphorus, were inadequate for correction of thickness
variability for heterogeneous tissues and offer limited utility for uni-
formly sectioned tissues with similar cell populations and densities.

Incorporation of surface topography metrics is essential to improve
precision, accuracy, and reproducibility of elemental bioimaging. Op-
tical profilometry overcomes the final limitation of quantification
workflows associated with variable tissue thicknesses that have
obscured observation and understanding of subtle changes of elemental
interactions by effectively mitigating inter- and intra-sample variabil-
ities and measurement biases in healthy and diseased tissues. While the
correction process improved data quality, whole tissue topographic
measurements increased total analysis time. This may limit scalability
for studies involving large cohorts; however, automation or selection of
smaller regions of interest will facilitate integration of surface topog-
raphy correction into routine analytical workflows, allowing trans-
formative applications of imaging mass spectrometry.
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