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ABSTRACT Advances in laboratory-based X-ray computed tomography (CT) have enabled X-ray 3D virtual
histology. This method shows a great potential as a complementary technique to conventional 2D histology
where extensive volumetric sampling is necessary. While formalin-fixed paraffin-embedded (FFPE) tissue
blocks are the backbone of clinical histology, there exists no generic optimization, and technical study of
the X-ray 3D virtual histology of FFPE blocks. X-ray micro-CT of FFPE blocks is studied and optimized in
their native state within the cassette to minimize the interference of X-ray 3D virtual histology with clinical
workflows and standards, hence facilitating the technology transfer to the clinics. The optimization is carried
on the sample positioning, tungsten tubes acceleration voltage, and artifact reduction. Then propagation-
based imaging of FFPE blocks is extensively discussed. Hierarchical (local) tomography and laminography
are presented as viable approaches for achieving higher spatial resolutions. In the end, future perspectives are
given by considering state-of-the-art micro-CT scanners using liquid-metal-jet sources, large-area detectors,
and photon counting detectors. The results achieved here are generic and can be applicable to any laboratory-
based scanner with a tungsten target source and cone-beam geometry. This article provides a starting point
for anyone new to X-ray 3D virtual histology on FFPE blocks, but also serves as a useful source for more
experienced users.

INDEX TERMS 3D virtual histology, computed tomography, formalin-fixed paraffin-embedded blocks,

phase-contrast imaging, propagation-based imaging, transport of intensity equation, X-ray imaging.

I. INTRODUCTION
3D imaging of soft tissues is a topic of interest and the aim

purposes [4]. Various methods are used, such as destruc-
tive 3D reconstruction of serial wholes slide images [5],

is to provide new insights into diseases phenotypes either
for our fundamental understanding [1], [2], [3], or diagnostic
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or chemically intrusive techniques like light sheet, confocal,
or two photon microscopy [6]. Recently, X-ray micro-CT
is receiving attention for histological applications [7]. It is
non-destructive, and requires minimal sample preparation.
While clinical CT has traditionally been used to scan dense

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.

78304

For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 12, 2024


https://orcid.org/0000-0002-0081-8908
https://orcid.org/0000-0001-5752-2852
https://orcid.org/0009-0002-0891-6083
https://orcid.org/0000-0002-9637-970X
https://orcid.org/0000-0001-8014-882X
https://orcid.org/0000-0002-6819-6092
https://orcid.org/0000-0003-0811-7396
https://orcid.org/0000-0003-1074-8170

K. Tajbakhsh et al.: Comprehensive Study of Laboratory-Based Micro-CT

IEEE Access

specimens with macroscopic features of interest (>0.5mm),
recent advances in X-ray technology have allowed for
sub-micron spatial resolution and improved soft-tissue con-
trast [7], [8], [9], [10], [11]. All these methods provide 3D
images of the specimen with their own characteristics, and
none is overall superior to the others.

Attenuation based X-ray imaging has a limited ability
to distinguish between materials with a little difference in
electron densities or low X-ray attenuation such as soft
tissues. X-ray phase-contrast imaging (XPCI), on the other
hand, uses phase-shift of the X-ray wavefront imposed by
the specimen, resulting in up to 1000 times improvement in
contrast-to-noise ratio (CNR). This allows feature visibility
in the images of internal structures that are otherwise
difficult to distinguish. Propagation-based imaging (PBI)
is the most commonly used XPCI technique. Initially PBI
was believed to be limited to synchrotron facilities [12].
Although synchrotron-based PBI can greatly increase our
fundamental understanding of biological systems [13], [14],
due to its limited accessibility it cannot be used as daily
diagnosis tool in the clinics. Fortunately, PBI was made
possible in laboratories because of advances in microfocus
X-ray sources [15]. A comparison between latest generation
of X-ray scanners devices, and 3" generation beamlines
shows that laboratory settings are coming closer to the image
quality provided by synchrotron imaging beamlines [16].
Of course the scanning times on the laboratory-based devices
are significantly longer. Nonetheless, due to accessibility and
commercial availability of laboratory-based scanners, soft-
tissue X-ray imaging for every-day clinical use is now a
possibility [17], [18], [19], [20].

In this context, the importance of formalin-fixed paraffin-
embedded (FFPE) blocks 3D imaging techniques has been
pointed out previously [6]. FFPE blocks allow for large
scale studies on preserved tissues spanning back over a
century, providing novel insights on improved diagnostics
and diseases understanding and could be especially beneficial
in the context of precision oncology. Clinical applications
of X-ray 3D virtual histology and its correlation with
conventional histology has been already demonstrated [21],
[22]. Tt is advantageous in a broad range of applications
from larger volumes with morphological features of interest,
such as follicular thyroid carcinoma [21], [4], as well as
cellular resolution, e. g. brain tissue [23]. Diagnostic values of
micro-CT for tissues with good absorption contrast are well
known, e. g. lung [24], [25], and micro calcification in breast
tissue [26]. XPCI is expanding the area of applicability of X-
ray virtual histology beyond the tissues with good attenuation
contrast [27]. For examples, XPCI has been used for 3D
imaging of mouse heart [28], articular cartilage [29], blood
clots [30], and neurodegenerative diseases [31].

FFPE blocks represent an important pillar and object for
the further development of 3D X-ray virtual histology and
potential clinical transfer. As the embedding protocol and
storage standards are not likely to change in the clinical
practice, in order to facilitate a seamless integration of
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X-ray 3D virtual histology at the clinics X-ray virtual
histology studies should be carried on FFPE blocks within the
embedding cassette. The presence of cassette and wax around
the tissue is unavoidable on standard FFPE block used in the
pathology and they can contribute to artifacts and suboptimal
conditions for the imaging. First, the slit-like cassette grid
structure, gives rise to pronounced cone-beam artifacts [32],
[33], and second, the wax around the tissue reduces contrast
of the soft tissue compared to air-tissue interface and the non-
negligible amount of wax around the tissue in an FFPE blocks
results in parasitic X-ray absorption decreasing image quality,
signal-to-noise-ratio and CNR [34]. Also, removing the tissue
and re-embedding is a destructive and cumbersome step that
optimally should be avoided.

There exists a basic user guide for soft-tissue X-ray imag-
ing [35], as well as a coarse preliminary study on standard
operating procedure for using micro-CT in a broader context
in pathology [36]. A comprehensive optimization study and
an overview of the technical possibilities that could serve as
a technical guide, with an eye on more advanced methods
and future developments while considering the above aspects
is still missing. For full exploitation of X-ray based virtual
histology, here we address the technical possibilities and
issues, relevant artifacts as well as, their mitigation. Initially,
micro-CT for FFPE blocks is optimized with respect to X-ray
tube acceleration voltage and CNR for a variety of tissues.
Namely, follicular thyroid carcinoma, Bladder, Pancreas, and
lung cancerous tissues FFPE blocks where a global optimum
value for tungsten target tubes voltage is established. Then
optimal geometry for propagation-based imaging (PBI), and
its range of validity based on estimated visibility by the
transport-of-intensity equation (TIE) is given. Afterwards,
Paganin phase-retrieval and Bronnikov-aided correction
(BAC) algorithms are discussed and demonstrated for FFPE
blocks. Then, possibilities for high-resolution imaging such
as hierarchical (local) tomography, and laminography of
FFPE blocks are presented. Finally, future perspectives and
outlooks for further developments of 3D X-ray based virtual
histopathology on FFPE blocks regarding recent advances in
laboratory X-ray scanner hardware are given.

We note explicitly that our goal here is to focus on the
technical details and optimization of the method. Therefore
refer the reader for a detailed elaboration on the clinical
aspects and benefits of our approach, also in the context
of precision medicine, for the case of follicular thyroid
carcinomas to our previous publication [4].

Il. MATERIALS AND METHODS

A. FFPE BLOCKS

Throughout the manuscript follicular thyroid carcinoma
FFPE blocks are used as a representative example unless
stated otherwise. Tissue Biobank Bern (TBB) manages tissue
samples and patient information according to respective
regulations and fulfills the Swiss Biobanking Platform
requirements. The Institute of Tissue Medicine and Pathology
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(ITMP) of the University of Bern provided the samples
and pseudonymized patient data from the TBB according
to the protocol approved by the cantonal ethics commission
(KEKBE 2018-01657).

B. X-RAY MICRO-CT

The main body of the study was carried out using a
commercial micro/nano-CT device, EasyTom XL Ultra
(RxSolutions SAS, Chavanod, France). The scanner features
a Hamamatsu reflection target microfocus X-ray source
L10801 hereinafter referred to as reflection target tube. The
bremsstrahlung emission spectrum of this tube as a function
of the tube acceleration voltage was simulated using [37], and
the result is provided in the supplementary materials Fig. S1.
The scanner also features a Hamamatsu transmission nano
focus X-ray tube L10712-02 that is suitable for submicron
resolution scans and is not used within this study.

The detectors available are a flat panel (FP) detector
with a thick, high-efficiency CslI scintillator, 127um pixel
size with an 1880 x 1494 pixels configuration and 16-
bit dynamic range. The other detector is a 14-bit charged
coupled device (CCD) fiber optically coupled to a 20um
Gadox scintillator. The native pixel size is 9um with 4008 x
2672 pixels, but it is used in 2 x 2 binning (18um) as the
best physical resolution attainable is limited by 20um thick
Gadox scintillator. Furthermore, the spatial resolution of the
detector throughout the manuscript is defined by the width
of its point spread function (PSF) being ca. 2.4 times the
physical pixel size, which is determined experimentally both
for the FP and the CCD. Normalized spectral sensitivity of
the detectors were simulated using XCOM NIST dataset [38],
and are available in the supplementary materials Fig. S1. For
simplicity, from now on these detectors are referred to as FP
and CCD, respectively.

A commercial Feldkamp-Kress-Davis implementation for
cone-beam CT [39], in the software Xact by Rx-Solutions
(Chavanod, France) was used for reconstruction. This results
in isotropic voxels and we use hereafter voxel size for
designating the edge length of such isotropic voxel.

ill. WHOLE BLOCK SCAN

A. POSITIONING

Proper sample positioning during tomography is critical to
maximize image quality. There are two potential mounting
modes for the FFPE block, namely ‘““vertical” and ‘hori-
zontal” presented in Fig. 1. In the vertical configuration,
the surface normal vector of the wax is perpendicular to the
rotation axis y, and in the horizontal configuration, surface
normal vector is parallel to the rotation axis y. In this section,
we cover the advantages and disadvantages of both FFPE
block positioning.

B. TUBE VOLTAGE AND CNR
The tube voltage determines the emitted photon energies and
thus the probability of their interaction with the specimen.

78306

(b) Vertical

(a) Horizontal

FIGURE 1. Two FFPE tissue blo ck orientations possible for scanning.
Rotations and optical axis are y, and z, respectively. In yellow the cassette
of the block, and in gray the wax are shown.

Therefore, it is an essential parameter to optimize for
obtaining, high-contrast, low noise images.

On one hand, one can expect higher contrast at lower
photon energies due to the larger differences in the attenuation
coefficients. On the other hand, one can expect less noise as
a result of higher photon flux at higher X-ray tube voltages.
Therefore, we use CNR as a comprehensive figure of merit
to consider. CNR at variable tube voltages is investigated for
two mounting modes presented in Fig. 1. Standard definition

isused, CNR = ]fz —1 ’ \/ 022+cr2, where subscripts refer

to the selected regions of interests (ROIs) in a homogenous
region of soft-tissue, and the ambient paraffin wax with equal
areas. I, and o denote the ROIs” mean gray value and standard
deviation, respectively.

Here the optimal positioning for maximizing CNR with
respect to tube voltage is investigated. We maintained
consistent scan geometry, imaging resolution, and detector
parameters throughout the investigation. The tube power is
kept constant at 20W by changing tube current according
to the varying tube voltage. The tube voltage ranged from
40kVp to 90kVp in 10kV increments, and the CNR was
assessed at each step. According to the manufacturer, these
settings provide a constant tube spot size of 15um across
the measurements. Detailed scan parameters are available in
Table S1 and Table S2 in the supplementary materials.

According to the Kramer’s rule the effective photon energy
for a Bremsstrahlung spectrum is at ca. 1/3 of the kVp
and the majority of the photons are around and below this
energy. Within the above photon energy range we get a
sufficient penetration of the FFPE blocks in both positioning,
to enable good photon statistics on the detector. As for
the upper tube voltage limit, it is well-known that for
increasing photon energy the attenuation contrast, especially
for soft tissues, drastically diminish as the dominant photon-
matter interaction process is the photoelectric effect, whose
probability goes inversely by the cube of photon energy
(E~3). On the other hand, bremsstrahlung radiation brilliance
drops considerably below 40kV tube voltage resulting in
poor photon economy. Besides, experience shows and vendor
information confirms that the X-ray tubes spot becomes
less focused and unstable at low (<40kV) tube voltages.
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Therefore, no optimal tube voltage beyond the above values
is anticipated.

According to Fig. 1 horizontal, and vertical position
contrast are maximal at 40kVp (11277420, and 1302317,
respectively) and decreases with increasing voltage as
expected. Fig. 1(a) shows CNR peaks between 50kVp
to 60kVp for the horizontal position due to the trade-
off between attenuation-contrast and photon flux. Overall,
vertical positioning results in higher CNRs. As illustrated in
Fig. 2(b), the highest CNR is achieved at 40kV for vertical
sample setting. On the other hand, the horizontal position
generally yields lower CNR values due to lower mean photon
flux for most of the projections as the X-ray beam have to
penetrate more wax and tissue.

(a) Horizontal

(b) Vertical
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FIGURE 2. CNR versus tube voltage in (a) horizontal and (b) vertical
mounting modes. Left y-axis is gray level and shows the contrast (solid
line), and noise level (gray area with dashed border). Blue y-axis in the
right is the CNR. Black, red, and blue stars in (a) are contrast, noise, and
CNR for 60kVp double-time scan, respectively. The error is calculated as
the mean of standard deviation and in the both plots, the error of the
contrast, noise, and CNR remain below 0.2%, 0.7%, and 1.0%,
respectively.

Note pairing two blocks, i. e. with their respective
wax surfaces facing each other enables higher throughput
scanning, which can be a significant benefit for scanning
larger sample cohorts. Or alternatively higher quality scans
as one can double the scanning time when pairing two
FFPE blocks without increasing the overall cohort scan time.
This results in the CNR improvement of ca. 1.42 times,
as demonstrated by star points in Fig. 2(a). Considering
the above improvement in CNR and the data in Fig 2,
we can conclude that scanning in the 50kVp to 60k Vp range,
paired in horizontal positioning is the optimal setting for
scanning a large FFPE sample cohort, whereas individual
vertical positioning of the blocks result in a slightly better
CNR. Therefore, placing the FFPE block vertically should be
preferred when an individual block is being scanned. Paring
in vertical position significantly increases the parasitic photon
attenuation in the two relatively attenuating cassettes dimin-
ishing the CNR (whereas in horizontal paired configuration
one has to penetrate the same amount of wax and tissue as for
single blocks), thus representing a clearly suboptimal option.
Furthermore, it would also accentuate certain artifacts only
attributed to vertical positioning, like e.g. the Defrise artefacts
discussed below.

As FFPE blocks are well standardized in size shape and
embedding materials, we expect our results to hold and be
applicable for a broad range of different tissues. To investigate
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this, we ran the same analysis for lung, bladder, and pancreas
cancerous tissue FFPE blocks in horizontal mounting mode,
and the same CNR peak in the range of 50 to 60kVp was
observed. These results and some illustrative images showing
ROIs used for the CNR calculation are provided in the
supplementary materials Fig. S2 and Fig. S3.

C. DEFRISE ARTIFACT

Defrise artifact is inherent to the cone-beam tomography,
resulting from a missing cone of information in the frequency
domain [33]. In case of FFPE blocks, the slits in cassette grid
structure give rise to pronounced Defrise artifact manifesting
itself in horizontal stripes. This artifact is specific to vertical
sample positioning, presented in Fig. 3(a), whereas, it does
not appear for horizontal sample positioning.

FIGURE 3. (a) Circular trajectory cone-beam CT where Defrise artifacts
are most pronounced. (b) Pseudohelical CT reconstruction produces a
uniform Defrise artifact across the vertical span. (c) Tilted FFPE block,
rotating the FFPE block around its wax surface normal vector in circular
trajectory CT efficiently damps Defrise artifact. In white the profile along
the straight white lines is shown to illustrate the strength and profile of
Defrise artefacts.

There exist both numerical and experimental methods in
the literature for reducing cone-beam artefacts. Numerically,
iterative reconstruction methods have been reported to reduce
Defrise artifact [29]. We opted for experimental approaches
for Defrise artifact correction. First approach is helical
tomography. It is known if the pitch is selected carefully,
it is supposed to provide a fully sampled Fourier space that
eliminates the Defrise artifact [30]. In Fig. 3(b) a two turn
(2x 1440 projections) pseudohelical tomography is presented
with similar scanning parameters as Fig. 3(a). EasyTom
XL ultra scanner doesn’t feature a helical tomography
reconstruction using the Katsevitch method [30], rather
it uses a proprietary modified FDK algorithm. In our
pseudohelical tomography, Defrise artifacts still exist but they
are evenly distributed compared to the cone-beam case.

The second approach, well-known from literature for
Defrise phantoms is to tilt the FFPE block around the
surface normal vector of the FFPE block [31]. In Fig. 3(c)
the block was rotated at an angle of 39 degrees, which
causes the spatial frequency representation of the cassette
grid structure to lie outside of the missing information cone
of cone-beam tomography. Although there are still some
Defrise artifacts present, the amplitude is negligible. Tilting
is an optimal approach for minimizing the Defrise artifact
while maintaining faster acquisition of the circular trajectory
compared to helical trajectory tomography.
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FIGURE 4. Vertical sample positioning is prone to streak artifact.

(a) Vertical positioning. White arrows show streak artifact around regions
with abruptly changing material properties. (b) Horizontal positioning
shows no streak artifacts. Note that the circular, dark, air-filled areas are
either air bubbles due to imperfect casting process of the FFPE block or
core-out areas used for creating tissue micro arrays.

D. STREAK ARTIFACT

The vertical positioning can produce streaks around edges
of regions with abruptly changing materials properties like
at air bubbles/cored-out sections interfaces with the wax.
White arrows in Fig. 4(a) indicate streak artifacts. The streaks
essentially originate from the Gibbs phenomenon triggered
by a sudden change in the material properties. These sudden
changes are pronounced in most of the projection images
for a vertical sample positioning. In contrast, this effect is
suppressed for horizontal sample position by more uniform
and higher thickness of the sample across projections,
effectively damping the sudden step changes in the specimen
attenuation, as shown in Fig. 4(b).

E. SCATTERING ARTEFACT

Horizontal pairing of two FFPE blocks results in strong
bright-dark streak (fringe) for each block close to their
top surfaces (the ones facing each other) as is shown in
Fig. 5(a) by white arrows on the YZ, and XY isoslices
and illustrated by the white dashed area on the XZ slice.
This is a combination of the edge-enhancement (refraction)
and small angle scatter effects originating from the slightly
oblique top surface of the opposite block. Practically, this
can be eliminated by placing an X-ray transparent spacer,
e.g. Styrofoam, between the blocks. This introduces a spacing
between the blocks so these artefacts are not appearing in the
CT slices of the individual blocks. Note that white spots/lines
in between the samples indicated by white arrows on Fig. 5(b)
are small contribution from the not fully transparent.

Styrofoam and they do not influence the individual images
of the blocks. The slight quality difference between Fig. 5(a),
and (b) is due to difference in scan times. Detailed scan
parameters are available in Table S3.

In summary, optimal settings for the scanning FFPE
block for 3D virtual histology depends on the individual
application, sample cohort size and time available. While,
vertical positioning produces better CNR, horizontal posi-
tioning produces less artifacts and allows for paring two
blocks for faster and more efficient scanning. Therefore, for
high-throughput applications horizontal pairing should be
preferred. In such cases, the application of a thin Styrofoam
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spacer helps to eliminate scattering artifacts. If one selects
vertical mode, Defrise artifact can be effectively eliminated
by rotating the block around its surface normal vector.
Meanwhile streak artifact around air bubbles will still be
present.

IV. PROPAGATION-BASED IMAGING ON FFPE BLOCKS
In XPCI, one exploits the phase-shift in the X-ray wavefront
(p = 2m/A6t) upon propagating through a material of
thickness t with a refractive index n(A) = 1-§(A)+iB(X),
where A is the wavelength. The ratio of the decrement of
the real to the imaginary part of the refractive index (8/8) is
typically up to 1000 at hard X-ray wavelengths, making the
phase-shift a significantly more sensitive contrast modality
than the attenuation-contrast. However, measuring wavefront
phase-shift is not straight forward, particularly at hard X-
ray energies since optical elements are much more difficult
to realize than for the visible regime. As well as limited
brilliance and coherence of laboratory-based X-ray sources.

There exist several XPCI methods, namely, Talbot
interferometry or so called grating-based [40], [41],
edge-illumination [42], and speckle-based imaging [43].
Propagation-based imaging (PBI) is the most commonly
used XPCI technique due to its simplicity, and compatibility
with a range of facilities [44]. PBI highlights refractive
index gradients (edges) through Fresnel-diffraction effects
and this phenomenon is commonly referred to as edge-
enhancement. A prerequisite of all XPCI techniques is some
degree of radiation coherence and PBI is no exception.
Temporal coherence (monochromacity) requirements of PBI
are relaxed, facilitating use of broad-spectrum laboratory
sources, but a source with a certain degree of spatial
coherence is required which can be typically met with
micro/nano focus X-ray tubes [44].

A. GEOMETRICAL OPTIMIZATION OF PBI FOR FFPE
BLOCKS

PBI can be mathematically described by transport of
intensity equation (TIE), indicating that by propagating
the wavefront, the intensity distribution is modulated by
gradient and Laplacian of the wavefront phase delays [45].
TIE also implies that, this intensity modulation scales
linearly with effective propagation distance. For cone-
beam geometry imaging, Fresnel scaling theorem implies
that the effective propagation distance is nonlinear with
respect to source detector distance (SDD), and source object
distance (SOD), and is defined as Z.g = (SDD-SOD)/M,
where M = SDD/SOD is the geometrical magnification.
As a result, the edge-enhancement is maximal at SOD =
SDD/2 for cone-beam micro-CT. This theoretical optimum
for an ideal imaging system is not always applicable in
practical situations. It has been shown if one takes into
account imperfections of the imaging system [46], [47],
there exist an optimal SOD for maximal edge-enhancement
as a function of SDD, and imaging system point spread
functions (PSF). This can be approximated for a near perfect
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(a) Without Styrofoam

(b) 2.5mm Styrofoam

FIGURE 5. Scattering artifact corrupts the first few top slices of each block in horizontal positioning of blocks scanned in pairing mode.
(a) Shows isoslices when the two blocks placed directly on top of each other. White arrows indicate the fringe in YZ and XY slices, and
white dashed area shows the fringe in XZ slice. (b) The same specimen scanned with a 2.5mm thick Styrofoam spacer between the FFPE
blocks. The scattering artifact is eliminated but there are small contributions from Styrofoam pointed out by white arrows. However,
these contributions do not affect the CT images of the individual blocks. The specimen presented here is lung cancer tissue.
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edge Oedge K (05+0y) ) as
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SODgpt. = SDD(ﬁ) (1)
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where o4, o5 are standard deviation of the Gaussian functions
describing detector and source PSFs, respectively. Eq. (1)
implies that for oy = \/§ch, SODp. reduces to SDD/2 which
is the maximal Z.gr. Therefore, most optimal imaging device
for PBI must satisfy this condition. This more realistically
achievable for laboratory micro-CT scanners applying two-
stage magnification (the second one is optical and realized
on the detector) but less for larger- pixel FP detectors with no
optical magnification. The latter, however, typically having
significantly higher detection efficiency.

To evaluate the dependence of the edge-enhancement on
geometrical parameters for our experimental setups in our
EasyTom XL Ultra we follow the methodology in [46]. The
TIE for a near perfect edge was simulated and the MATLAB
script can be found in [48]. We assumed a near perfect edge,
and monochromatic radiation at 15 keV as is the mean energy
of our X-ray tube at 40kV. Tube focal spot is assumed to
be Sum as provided by manufacturer. As a simplification, a
2.5mm thick pure phase specimen (i.e. n =1-§ with § =1 x
10.6) was considered. Furthermore, we assume o4 = 2.4x
pixel size as it was experimentally measured for our detectors.
Our running parameters are SDD and SOD to investigate the
optimal geometries for PBI, and its region of validity for
FFPE blocks for our two different detectors: the CCD with
its small and the FP with its large physical pixel size.
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FIGURE 6. Contour plots of the edge-enhancement visibility vs
geometrical settings of the scanner. We assume visibility level above
0.15 is detectable. (a) FP with 127 xm, and (b) CCD with 18..m physical
pixel size. Gray area indicates achievable geometrical parameters on our
scanner limited by the 30mm minimum SOD imposed by the FFPE block
dimensions.

Fig. 6(a) shows the edge-enhancement visibility map for
the FP, and that of CCD is shown in Fig. 6(b). It is clear
from the maps that the CCD enables higher visibility of edge-
enhancement for similar SDD and image voxel sizes due it its
smaller physical pixel size. The smaller pixel size allows for
larger Zsr, hence the edge-enhancement visibility is greater.
For the CCD edge-enhancement visibility peaks at about
2.00pum voxel size, not far from 2.06um following from the
SODyy. given by Eq. (1). The gray area highlights achievable
voxel sizes with respect to minimum SOD possible (ca.
30mm) imposed by the sheer size of an FFPE block at a given
SDD.

For the FP, the visibility of the edge-enhancement is gen-
erally lower than our imposed limit. However, at sufficiently
long SDD, i. e. SDD >= 1000mm, and optimal magnification
the edge-enhancement is visible at the 0.15 threshold as
is shown by the contour plot in Fig. 6(a) and supported
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experimentally by Fig. 7(e). This also indicates that PBI is
pronounced enough only at sufficiently small voxel size for
a 127um FP detector. To get such voxel size is not possible
for the whole FFPE block due to the limited field of view
(FoV) of our FP. However, edge-enhancement on whole block
level is possible with a larger detectors with large pixel sizes
(ca. 100p4m) as will be demonstrated in the future perspective
section.

x10* 5 x10°

o 4 ,m ol ﬂ . ’—phasmmms( .‘; ()
3 Edge-enhanced / 34} Edge-enhanced | ]
S35- s . i) AN AN
§ al ) - ,\_.’ N @3 ”’, J/\,f,‘_.u,' 1
o \/‘ O -
25 = 2 \\”\ /
0 50 100 150 0 50 100 150 200

Distance (um) Distance (1:m)

FIGURE 7. PC imaging on a FFPE block (a) edge-enhanced attenuation
image by FP, and (c) its corresponding PC image obtained by the Paganin
phase retrieval. (b) CCD edge-enhanced image, and (d) its corresponding
PC. (e) and (f) are the edge profile comparison between edge-enhanced
images in (a), and (b), and their counterparts in the phase retrieved
images, (c), and (d). The respective edge is indicated by a white line of
25 pixels thickness in (a) and (b). Selected edge is a transition from
cancerous tissue to tumor capsule of follicular thyroid carcinoma.

In conclusion, it is not possible to perform PBI on the
whole block level using a small detector with large pixel
size similar to the presented FP. However, a possible strategy
would be to first perform a scan at the whole block scale (ROI
~ 30 x 20mm?) choosing a minimal SDD that prioritizes
photon statistics and absorption contrast. Then a local scan
can be performed on the ROI at smaller voxel sizes that allow
utilization of edge-enhancement and phase-contrast as well
as resolving the feature of interest with greater details. On the
other hand, the most optimal approach where the tissue under
examination does not poses a sufficient absorption contrast,
could be to employ a small pixel size detector such as the
CCD presented in the current study. As demonstrated in
Fig. 6(b) such a detector is much more suitable for having
a well pronounced edge-enhancement. This could unravel
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structures that are otherwise difficult to appreciate using only
attenuation contrast.

B. PHASE-RETRIEVAL ALGORITHMS

The edge-enhanced image strongly highlights interfaces, and
abrupt changes in the specimen but its is not a phase-
contrast (PC) image. One can construct the PC image based
on edge-enhanced image using phase-rertieval methods. The
only practical method in laboratory setup is the single-
distance phase retrieval, which leads to the inverse problem
of phase-retrieval with insufficient information [49], [50].
This is resolved by applying simplifying assumptions of
which the most widely used method is the Paganin phase-
retrieval, assuming single material object (/8 = Constant),
but allowing for varying material density [50]. Only under
these conditions quantitative phase retrieval is possible,
otherwise PC images provide contrast-enhanced qualitative
images, which prove to be also very useful in many practical
applications. Although the underlying assumption is rarely
met in reality, Paganin retrieval is widely and successfully
used for a broad range of samples [51], [52], [53].

We use an implementation of the Paganin phase-retrieval in
the X Act software by Rx-Solutions (Chavond, France), where
the phase-retrieval parameters are lumped and expressed in
terms of Paganin filter cut-off frequency at —6dB. As a
common practice for broad-spectrum laboratory sources, the
cut-off frequency is tuned manually by visual inspection of
the image [19]. Fig. 7 shows two edge-enhanced images
acquired with the reflection tube. Fig. 7(a) is captured with
the FP, and Fig. 7(c) is its corresponding PC image. Fig. 7(b)
is captured with CCD, and its PC image is shown in Fig 6(d).
Fig. 7(e) and (f) show the line profile along the white line
in Fig. 7(b) being averaged over its 25 neighbouring pixels.
CNR of the images in Fig. 7 were calculated between a region
of soft tissue, shown by dashed rectangle in Fig. 7(a), and a
same sized area of the paraffin wax selected deeper in the
FFPE blocks. CNR values prior and after to phase-retrieval
are presented in Table 1. There is a 14 fold improvement in
CNR in Fig. 7(d) while it’s a 6 fold improvement for that of
Fig. 7(c). Showing the significance of smaller pixel sizes for
FFPE block PBI. Detailed scan parameters are available in
Table S4.

The modified Bronikov algorithm, (MBA) is another
phase retrieval algorithm that assumes low absorption as
the basis for its derivation [54]. Ultimately, MBA and
Paganin formulations have a similar mathematical structure.
Therefore, we deemed it unnecessary to present results
using the MBA here. However, there exists Bronikov aided
correction (BAC) that treats edge-enhancement as an artifact
and eliminates it by utilizing retrieved PC image by MBA.
It does so by reconstructing a contact image (Zegs = 0) [55].
Although BAC is not producing a PC image, it has been
observed that BAC enhances CNR, and performs surprisingly
well on biological specimen [56]. For BAC method one has
to optimize two parameters one is related to MBA step («)
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FIGURE 8. Comparison of (a) edge-enhanced image, and (b) BAC with o =
0.07, and y = 4. The scan is the same as the one presented in Fig. 6(a).
(c) shows line profiles along the white line presented in (a).

TABLE 1. CNR values of Fig. 6 and 7.

Paganin CNR
Detector cut-off CNR4¢. | CNRpe CNR pe CNRgac
frequency Att
FP 0.16fyy 0.33 2.13 6.45 0.52
CCD 0.10fxy 0.10 1.43 14.30 -

and the other to the subsequent contact image calculation
(y). These are also determined with visual inspection of
the images and elimination of the edge-enhancement [56].
Fig. 8(a) presents edge-enhanced image and Fig. 8(b) a BAC
(¢ = 0.07, and y = 4). The BAC is performed using an
in-house developed package [57]. As shown by Fig. 8(b)
BAC benefits from slightly better CNR than that of edge-
enhanced image (Fig. 8(a)), and successfully eliminates the
edge-enhancement (Fig. 8(c)). But it’s evident from CNR
values in Table 1 and image appearance in Fig. 7(b), a Paganin
retrieval should be the preferred method in case of FFPE
tissue blocks.

V. HIGH-RESOLUTION APPROACHES

One disadvantage of X-ray micro-CT compared to con-
ventional histology is the lower spatial resolution and the
non-existing cell specific contrast. To the author’s knowledge
cellular resolution (depending on the cell types it can vary
from few microns down to sub-micron range) has not been
reported to date for X-ray micro-CT on standard FFPE
blocks using laboratory-based setups. This is a consequence
of sheer size of specimen and the amount of material that
needs to be penetrated. The former limits the accessible
geometrical magnification in cone-beam scanning geometry,
while the latter affects the contrast. These together with the
limited native X-ray contrast for many cell types, prohibit
sufficient cellular resolution and contrast. For a projection
image the SNR = Av,/Nt, where Av is the pixel size,
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N is the number of photons, and 7 is the acquisition time.
This fundamental trade-off between resolution, acquisition
time, and SNR implies that with the current micro-focus
tubes brilliance, sufficient SNR at cellular resolution cannot
be achieved. This is as of FFPE blocks dimensions limit
our SOD to 15-30mm, resulting in large SDD for sufficient
magnification, which comes with SDD~2 reduction in photon
flux. Furthermore, for the cellular resolution, the tube spot
size must be small (<2um) that further decreases the photon
flux. As a result, for sufficient SNR at cellular resolution,
acquisition time becomes impractically long. Nonetheless
cellular resolution is not always necessary to find many
clinically relevant features for e.g. tumor grading and patient
stratification in follicular thyroid carcinomas as shown in our
earlier publication [4].

At the whole block scale, resolution will be limited by the
sample size to around 15um for a 2k x 2k pixels detector.
Fig. 9(a) is a whole block scan, a ROI indicated by white
rectangle is digitally magnified and presented in Fig. 9(c).
One can utilize classical laminography (CL) to achieve better
transverse resolution on the whole block scale, enabling
better recognition and identification of finer structures and
features of potential clinical utility within practical scanning
times. In CL the source and the detector are moved laterally in
opposite directions while the FFPE block is fixed (no rotation
is done) [58]. This enables small SOD and higher transverse
resolution at the expense of anisotropic and lower resolution
in the beam direction. Also due to relative motion of the
source and detector a single plane of focus along the optical
axis is produced, while the out of focus planes contribute
to the background intensity, deteriorating the image quality
as is illustrated in Fig. 9(b). In order to improve the CL
image quality one can use computed laminography (not to be
confused with classical laminography presented here) where
all the planes along the beam direction are in focus [59].
CL is suitable and applied to pseudo-2D specimen, like
printed circuit boards. FFPE blocks are not far from pseudo-
2D samples considering their 30 x 25 x Smm?> dimensions.
A CL of the same FFPE block in Fig. 9(a) is presented
in Fig. 9(b). The cassette has a significant deteriorating
effect on the image quality, contributes significantly to the
background. Therefore, if one removes the cassette prior
to CL, considerable quality improvement can be expected,
though the artifacts and blurring would not be completely
eliminated. At the whole block image in Fig. 9(b) the overall
quality seems to be worse than that of Fig. 9(a), but a closer
look by the digitally magnified image in Fig. 9(d) makes the
gain in transversal spatial resolution clear. One can infer from
Fig. 9(d) the feature inside the dashed area as a blood vessel
while it is not possible to infer the same from Fig. 9(c). The
higher transverse resolution can be beneficial in some specific
applications were the anisotropic resolution is not a problem.

It is possible to geometrically/optically zoom in on a
smaller ROI on the whole block to acquire finer details by
performing a local CT (also known as hierachial imaging).
This has the benefits of isotropic, small voxel size and no
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FIGURE 9. Comparison of whole block CT, CL, and Local CT. (a) whole block scan with 15.m voxel size and 01:00 (hh:mm) scanning time. (b) CL of a
whole block covering a FoV ca. 20.5 x 20.9mm2, with 5um transverse voxel size in 04:36 (hh:mm) theoretical scanning time. (c), and (d) are cropped
ROIs from (a), and (b), respectively. ROI is specified by white rectangle in (a). (e) A local scan of the ROI with 2,m voxel size.

major artifacts present. This can be employed by a two-step
approach, i. e. first acquiring a whole block CT shown in
Fig. 9(a), and in the second step, geometrically zooming in
on the ROI and performing a local CT as shown in Fig. 9(e).
Detailed scan parameters of Fig. 9 are given in Table S5. It is
clear from the image how feature visibility and image quality
is enhanced in the ROI by local CT. This is a combined effect
of higher spatial resolution as well as the boost in CNR by
the pronounced edge-enhancement and subsequent Paganin
phase-retrieval (see Table 1).

VI. FUTURE PERSPECTIVES AND OUTLOOK

3D X-ray virtual histology poses great prospect for clinical
integration, due to commercial deployment of the recent
technological advances in micro-focus X-ray sources and X-
ray detectors. To this end we have tested two of the latest
generation of commercially available micro-CT scanners
with great potential for 3D virtual histology. One is a
Phoenix V|tome|x M scanner (Waygate Technologies GmbH
& Baker-Hughes, Wunstorf, Germany), and the other one is
Polaris (Exciscope AB, Stockholm, Sweden).

Larger detector pixel matrix can be an added advantage
when imaging full blocks. A Phoenix V|tome|x M features
a Dyn 41|100 detector—a 4k x 4k FP with 100pum physical
pixel size. This enables imaging whole blocks with ca. Sum
voxel size. Therefore it benefits from higher resolution and
well pronounced edge-enhancement at the whole block level
which is not possible with the detectors used in this study.

A workaround for small detectors could be a shift &
stitch method by moving laterally (and vertically) a detector
for each projection and stitching together several images
to form a single projection. Therefore, enabling virtually
larger detector pixel matrix. Nevertheless, the increased scan
times due to multiple acquisitions per projection and detector
movements is a major downside of this option.

We compared EasyTom Ultra XL and the Phoenix exper-
imentally. EasyTom’s smaller FP detector matrix achieves
a lower resolution at 8.5um voxel size and smaller FoV
ca. 16.1 x 12.8mm? Compared to Phoenix’s 5um voxel
size, and 20 x 20mm? FoV. Fig. 10(a) shows a cropped
image of the whole block scan using Phoenix, and Fig. 10(c)

78312

Width =20pm

N

FIGURE 10. Comparison of the (a) Phoenix V|tome|x M with a 4k x 4k
100xm FP and scalable transmission tungsten target tube, and

(c) EasyTom with 1880 x 1494 pixel matrix and 127.m pixel size FP, and
reflection tungsten target tube. (b) and (d) are corresponding close ups
on a feature in the white dashed rectangle in (a) demonstrating the
higher resolution and feature visibility by Phoenix.

shows a cropped image of EasyTom scan. The exact scan
parameters can be found in Table S6. CNR between tissue
(ROI1), and wax (ROI2) are 10.92, and 10.22 for the Phoenix
and EasyTom, respectively. Fig. 10(b), and (d) are close
ups of a ROI given by the dashed line in Fig. 10(a) to
demonstrate smallest possible detectable feature and the
general feature visibility. For Phoenix scan, the smallest
feature is approximately 10xm in width shown in Fig. 10(b),
and for that of EasyTom is about 20um, presented in
Fig. 10(d). In conclusion, Phoenix V|tome|x M provides
two times better resolution with a comparable CNR within
comparable scan times. Based on the disclosed system and
scan parameters, we expect the photon intensity to be lower
in the Phoenix scan compared to EasyTom scan. Therefore,
this comparable CNR can be attributed to the higher
edge-enhancement and contrast contribution from XPCIL.
Simulations of the edge-enhancement visibility for the Dyn
41]100 detector is shown in Fig. 11(a). This illustrates the
improved edge-enhancement visibility compared to EasyTom
XL Ultra (see Fig 6(a)) due to smaller detector pixel size.
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It also demonstrates the possibility of PBI at 5pum voxel size
and sufficiently long SDD (SDD>900mm). The simulation
parameters for Fig. 11(a) are 2 pixels at FWHM detector
PSF as supplied by the vendor, and 9um tube spots size in
accordance with the scan parameters in Fig. 11(b).

’E (a) FP, 100pm (b) Photon countmg 70um |
310 20 0. \5
N
2 10
e ( 5 <
S
> 7
6()() 8()() l()()() - 2()() 4()() 6()() X()() ]()(l()
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FIGURE 11. Visibility of edge-enhancement for (a) Phoenix V|tome|x M
100..m FP with 2 pixel PSF, here source spot size is considered to be 9um
in order to simulate the scan presented in Fig. 9(a). (b) DECTRIS EIGER2
series with 70.m pixels size, 1 pixel PSF, and 5um tube spot size.

Another interesting development is the expected future
broad introduction of photon counting detectors into commer-
cial micro-CT scanners [60], [61]. They have a single-pixel
PSF which is a great advantage for PBI. They also eliminate
readout noise, and dark current. We applied the edge-
enhancement visibility simulation as an illustrative example
for a DECTRIS EIGER?2 series with 75um pixel size, one
pixel PSF [62], and the tube spot size was considered to
be Sum. The result is presented in Fig 11(b). The figure
illustrates the very high edge-enhancement visibility that
would be achievable with such a setup. Adding to this the high
efficiency of cadmium telluride converter in these detectors,
as well as superior noise characteristics, photon counting
detectors could offer an exciting opportunity for superior PBI
for 3D virtual histopathology of FFPE blocks.

Developments in micro-focus X-ray tubes also show very
positive prospect with the advent of liquid-metal-jet anode
sources [63]. Liquid-metal-jet sources can provide much
higher (up to about 10 times) photon flux compared to
conventional micro-focus tubes. Moreover, their emission
spectra is more suitable for PBI and soft tissues as the
mean energy is lower compared to tungsten target tubes.
On the other hand, the tube spot size is not as small as high-
end tungsten target micro/nano-focus tubes. It is asymmetric
and at its smallest extension is 10um. This may limit their
applicability to for high-resolution PBI however, they offer
very interesting perspectives for whole block PBI, where
tube spot size resolution of 10um is sufficient and one can
enjoy a more suitable spectrum with high photon flux. To be
applicable to higher resolution PBI, a high-resolution detector
and an inverse (small-magnification) geometry has to be
employed. This is possible thanks to the high photon flux,
but the FoV is much more limited.

Fig. 12 compares scans from (a) Polaris, a phase-contrast
micro-CT scanner from Exciscope, with a liquid-metal jet
source, and (c) EasyTom with scan time 03:00, and 3:16
(hh:mm), respectively. Details of scans settings are provided
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FIGURE 12. A comparison between (a) Polaris scanner with
liquid-metal-jet-anode source, and a 13.1xm sCMOS, and (c) EasyTom XL
Ultra with a solid reflection tungsten anode, and 127um FP. Exact scan
parameters are provided in the Table S6.

in the Table S6. Here in Fig. 12(a), and (b) we benefit from
ca. 145mm Zg, and in Fig. 12(c), and (d) ca. 40mm Zegt.
This large Z.gr is made possible because of small native
pixel size (13.1um) of the Polaris sSCMOS alongside with
its 4k matrix, making it suitable for whole block PBI. The
voxel size of the Polaris scan is 3.5, and 14um for EasyTom.
Close ups of the white dashed line ROI in Fig 12(a) are
presented in Fig. 12(b), and (d). The smallest features visible
are pointed out by arrows in Fig. 12(b) for Polaris (width =~
8.5um), and Fig. 12(d) for EasyTom (width >~ 50um). The
CNR between ROI1 (tissue), and ROI2 (wax) were 8.60 for
Polaris, and 7.60 for EasyTom. Note that here we use the
CNRs just for indicative comparison. They are influenced by
many system and scan parameters such as geometry, X-ray
spectrum, and the corresponding choice of Paganin retrieval,
just to mention a few, which are distinctly different for the
two cases. In conclusion, Polaris with its high-output liquid-
metal-jet anode source provides four times better resolution,
with slightly better CNR, at a comparable scanning time
compared to EasyTom XL Ultra. Previously, Polaris has been
benchmarked against synchrotron radiation-based imaging
and other state-of-the-art scanner which can be interesting to
look into as well [16].

VIi. CONCLUSION

In conclusion, micro-CT emerges as a flexible and versatile
tool, demonstrating considerable promise for X-ray 3D
virtual histology. We have outlined methods to mitigate
artifacts and explored two potential positioning approaches
for FFPE blocks, focusing on CNR and imaging artifacts.
Our investigation revealed a global optimal tube voltage
for tungsten target tubes, highlighting a critical parame-
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ter for achieving optimal results. Additionally, we have
demonstrated the feasibility of PC imaging on FFPE blocks,
particularly also at whole block scale with a suitable large-
matrix detector. While Paganin phase-retrieval emerges as
a valuable technique for enhancing image quality, BAC has
proven suboptimal/inadequate, specifically for FFPE blocks.
Classical laminography, including more advanced computed
laminography, offers a pathway to achieve higher transverse
spatial resolution, albeit with sacrificing the axial resolution
and added artifacts. Conversely, local CT presents an avenue
for achieving very high resolutions with comparatively
minimal artifacts and benefiting from enhanced phase effects.
Optimizations presented here are generic and can be relevant
to any other laboratory-based scanner with a tungsten target
source in cone-beam geometry. The future of X-ray 3D
virtual histology is definitely promising, with anticipated
improvements in image quality driven by the advent of
powerful liquid-metal-jet anode sources, advancements in
detector technology, including larger matrices yet smaller
pixel sizes, and the utilization of photon-counting detectors.
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