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Abstract

Ex vivo x-ray angiography provides high-resolution, three-dimensional informa-
tion on vascular phenotypes down to the level of capillaries. Sample preparation
for ex vivo angiography starts with the removal of blood from the vascular system,
followed by perfusion with an x-ray dense contrast agent mixed with a carrier
such as gelatine or a polymer. Subsequently, the vascular micro-architecture of
harvested organs is imaged in the intact fixed organ. In the present study, we
present novel microscopic dual-energy CT (microDECT) imaging protocols that
allow to visualise and analyse microvasculature in situ with reference to the mor-
phology of hard and soft tissue. We show that the spectral contrast of pAngiofil
and Micropaque barium sulphate in perfused specimens allows for the effec-
tive separation of vasculature from mineralised skeletal tissues. Furthermore,
we demonstrate the counterstaining of perfused specimens using established x-
ray dense contrast agents to depict blood vessels together with the morphology
of soft tissue. Phosphotungstic acid (PTA) is used as a counterstain that shows
excellent spectral contrast in both pAngiofil and Micropaque barium sulphate—
perfused specimens. A novel Sorensen-buffered PTA protocol is introduced as a
counterstain for pAngiofil specimens, as the polyurethane polymer is susceptible
to artefacts when using conventional staining solutions. Finally, we demonstrate
that counterstained samples can be automatically processed into three separate
image channels (skeletal tissue, vasculature and stained soft tissue), which offers
multiple new options for data analysis. The presented microDECT workflows
are suited as tools to screen and quantify microvasculature and can be imple-
mented in various correlative imaging pipelines to target regions of interest for
downstream light microscopic investigation.
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1 | INTRODUCTION

Tomographic x-ray imaging of the cardiovascular system
(CT angiography) is widely used in clinical settings to facil-
itate the diagnosis of different vascular disorders' and
involves the use of x-ray dense contrast agents supplied
to the bloodstream.*” It is similarly exploited in small
laboratory animal models using in vivo microscopic x-ray
computed tomography (microCT).5® Laboratory microCT
set-ups provide spatial resolution in the micron range;
however, animal size, animal motion and radiation dose
ultimately limit the resolution of preclinical vascular imag-
ing in vivo. Compared to in vivo imaging approaches,
ex vivo angiography—reviewed in Grabherr et al.’—
can provide much higher spatial image resolution'” and
thus information down to the level of small vessels and
capillaries.'"'? Sample preparation for ex vivo angiography
starts with the removal of blood from the vascular system
followed by perfusion with a contrast agent mixed with a
carrier such as gelatine," silicone'* or a polymer.!" Sub-
sequently, the vascular micro-architecture of body regions
or harvested organs can be imaged at high contrast due
to the high x-ray density of the contrast agent. Different
contrast agents have been used for ex vivo angiography,
including barium (custom barium sulphate mixtures: Refs.
[15,16]; commercial barium sulphate mixture Micropaque:
Refs. [13, 17, 18]), iodine (Angiofil: Refs. [19, 20]; com-
mercial pAngiofil: Refs. [11, 12, 21, 22]), lead (custom
lead oxide mixture: Refs. [23]; commercial lead chro-
mate/lead sulphate mixture Microfil: Refs. [24-27]) and
bismuth (commercial Vascupaint: Ref. [14]). Alternatively,
polymers have been used to create corrosion casts for imag-
ing vascular architecture by scanning electron microscopy
(SEM)*® or microCT.*

Laboratory microCT imaging generates 3D image vol-
umes from biological objects ranging in size from 1 mm
(or even less) to several centimetres and does not rely on
optical transparency. In the laboratory setting, a microfo-
cus x-ray source emitting a polychromatic photon energy
spectrum is used for imaging. This spectrum is dependent
on (1) the x-ray source target material, (2) the applied tube
voltage (kVp) and (3) optionally, an x-ray filter which is
placed between the x-ray source and object.’’ Tradition-
ally, microCT imaging is restricted to the acquisition of
a single-image volume representing the attenuation of x-
rays inside a sample consisting of different materials and
at a given polychromatic energy spectrum. Thus, chem-
ical information on material composition is not directly
available in conventional radiography and tomography.*'
However, different approaches allow the separation of
chemical elements based on their different spectral x-
ray attenuation properties, including scanning the same
specimen with two x-ray spectra (known as dual-energy

CT [DECT]),*** and recording spectral profiles for each
detector pixel by using a multispectral or hyperspectral x-
ray detector.** Hyperspectral x-ray imaging, albeit capable
of discriminating multiple chemical elements within bio-
logical samples,* is still limited in spatial resolution. In
comparison, DECT typically allows to separate only two
to three chemical elements and requires knowledge of the
chemical composition of the sample to choose a suitable
energy pair for imaging. DECT has been exploited both in
clinical®*-* and preclinical®* *~*! settings. More recently,
microscopic dual-energy CT (microDECT) protocols were
established and validated for imaging of fixed tissue biop-
sies down to spatial resolutions of less than 10 pm with
conventional laboratory microCT set-ups.*?

Utilising microDECT also for the imaging of vascular
perfusion specimens may be helpful for two reasons. First,
it could be used for spectrally separating perfused blood
vessels from mineralised tissue. This is frequently used
in clinical DECT and known as ‘bone removal’**** and
hasbeen recently introduced also for postmortem microCT
angiography and virtual autopsy of foetuses and stillborn
infants.*> It was also demonstrated ex vivo on a Microfil-
perfused rat using a cone beam CT scanner’**; however,
the high scan energies used in this study (96 kVp/140 kVp)
necessary for separating bone from the lead-based contrast
agent are not suitable for imaging smaller samples such
as mouse organs. Bone removal requires a contrast agent
with spectral x-ray absorption properties different from
the mineral in bone and teeth (hydroxyapatite [HA]). Sec-
ond, microDECT imaging of vascular perfusion specimens
could be used for separating blood vessels from soft tissue,
with the benefit of enabling the interpretation of microvas-
culature in its tissue context. Generally, non-mineralised
biological tissues show low x-ray contrast when imaged in
aqueous environments such as PBS, whereas contrast is
increased by drying,*® dehydration*’ or staining with x-ray
dense contrast agents*® (for a more detailed discussion on
soft tissue contrast enhancement strategies, see Ref. [49]).
Especially, the latter has been proven useful for biologi-
cal samples, and different compounds have been utilised
successfully for soft tissue contrast enhancement, includ-
ing compounds containing bromine,”® gadolinium,’">
gold,” iodine,**** lead,® molybdenum,”’*® osmium,>
ruthenium, silver>® and tungsten.*®>* Analogous to his-
tological stains, different x-ray dense contrast agents show
different binding properties to biomolecules and tissues
and thus may be used for different purposes. For exam-
ple, iodine potassium iodide (Lugol’s iodine), elemental
iodine, phosphotungstic acid (PTA) or phosphomolybdic
acid show unspecific binding to different tissues and thus
are utilised as overview stains.**>*61.52 Others exhibit more
specific binding such as lead acetate for cell nuclei*°
or ruthenium red for proteoglycans in cartilage matrix.*°
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Like in ‘bone removal’, dual-energy imaging of counter-
stained vascular perfusion specimens requires a contrast
agent in the perfusion casting material with spectral x-
ray absorption properties different from the soft tissue
counterstain.

The aim of this study was to develop protocols for sample
preparation and microDECT imaging enabling the spec-
tral separation of perfused vasculature from mineralised or
counter-stained soft tissue. Among the currently available
casting agents, we identified iodine-containing pAngiofil
and barium sulphate-containing Micropaque, due to their
x-ray attenuation properties, as most suitable for dual-
energy imaging with a commercial lab-based microCT
set-up. With both contrast agents, microDECT allows for
an effective spectral separation of vasculature from hard or
soft tissues. The presented workflows are suited to screen
and quantify microvasculature with reference to soft and
hard tissue morphology.

2 | METHODS

This section summarises the key aspects on sample prepa-
ration, microDECT imaging and image data processing.
Technical details are provided in Tables S1-S5. Each spec-
imen shown in the paper and supplements has a unique
sample ID (Table), which is referenced both in the text and
figure plates; thus, every figure can be easily linked to all
relevant aspects of sample preparation (Table S2), image
acquisition (Table S3) and image data processing (Tables S4
and S5). Each sample ID consists of the animal number,
tissue number and the number of the processing step. We
tested imaging protocols for two different perfusion media,
which are pAngiofil and Micropaque barium sulphate.
The text of this section focuses on pAngiofil-perfused
mice (which are shown in Section 3), whereas methods
for Micropaque barium sulphate mice are summarised in
File SI1.

2.1 | Animals

All perfusion and tissue preparation procedures were per-
formed post-mortem and were therefore not subject to
permission by license according to Austrian national leg-
islation and EU directive 2010/63/EU. Two adult male
C57BL/6N mice were perfused with a casting agent. One
mouse was perfused with Micropaque barium sulphate
(mouse ID#1) and one mouse with pAngiofil (mouse
ID#2). Inhalation euthanasia was performed by an over-
dose of isoflurane in accordance with international stan-
dards and recommendations for humane euthanasia of
laboratory animals.®*%* Details of inhalation euthanasia
have been described in a previous study.*

2.2 | Perfusion

Ten minutes post-mortem, the thorax was opened, and
the left ventricle was cut open with fine scissors. A
stainless-steel feeding needle (20-ga, 38 mm, Hugo Sachs
Elektronik) was inserted into the left ventricle for ante-
grade perfusion in the aortic arch and fixed with a tying
cord. Subsequently, the right atrium was cut open to enable
outflow of blood and perfusion agents. Animals were per-
fused with 50 mL isotonic saline containing 10 UI/mL
heparin (warmed to 35°C), followed by 50 mL neutral
buffered formalin (NBF, room temperature [RT], Table S2).
Subsequent perfusion with pAngiofil (Fumedica AG) was
carried out according to the manufacturer’s guidelines.
After perfusion, specimens were left for 15 min at RT to
allow polymerisation of the polyurethane polymer. Subse-
quently, the whole mouse was immersed for 72 h in 500 mL
NBF at 4°C, transferred to 500 mL PBS/0.1% NaN; and
stored at 4°C. Select tissues (head, paw, tail) were dissected
for imaging. Perfusion with Micropaque barium sulphate
is detailed in File S1.

2.3 | MicroDECT imaging

MicroDECT data were acquired with an Xradia MicroXCT-
400 (Carl Zeiss X-Ray Microscopy). Image acquisition
is detailed in Table S3. The energy pairs for dual-
energy imaging were selected so that the k-edges of
iodine (uAngiofil) and barium (Micropaque) could be
utilised (Figure 1, Figure S7). For all pAngiofil-perfused
samples, the energy pair used for imaging (40 kVp,
200 uA/80 kVp, 100 pA) showed mean photon energies
of the low-energy scan (26.81 keV) and the high-energy
scan (41.94 keV) that were below and above the k-edge
of iodine (33.17 keV), respectively (Figure 1). X-ray atten-
uation curves and k-edges of barium, iodine, calcium and
tungsten were adopted from Ref. [65]. X-ray spectra and
mean photon energies were simulated for the respective
tube voltages (tungsten anode, 0.8 mm glass PYREX filter)
using the Siemens online tool for the simulation of x-
ray spectra (https://bps.healthcare.siemens-healthineers.
com/booneweb/index.html, access date 16.01.2024), which
is based on data presented in Refs. [66-68].

2.4 | MicroDECT imaging of
pAngiofil-perfused samples to separate
vasculature from mineralised tissue

A pAngiofil perfused mouse head (sample ID 2-1-1) was
mounted in PBS in a plastic container. Details of the source
voltages and currents used, detector assembly, x-ray fil-
ters, exposure time, angular increment and isotropic voxel

9sUQdIT suowwo)) aaneax) a[qearjdde ayy £q pouraroS are sa[oNIR V() 05N JO SA[NI 10J AIRIQIT dUI[UQ) AJ[TAY UO (SUONIPUOI-PUL-SULID} W0 KA[IM ATeIqIjauruo//:sd)i) SuonIpuoy) pue sua [, oy} 2 *[§707/10/L1] uo Areiqr auruQ A9[IA\ QUISIUIZIPOURIGRULINAA AQ 69€€ [ TWl/ [ [ [0 [/10p/wiod Ao[im Areiqrjaurjuo//:sdny woyy papeojumo( ‘7 ‘70T ‘818TS9ET


https://bps.healthcare.siemens-healthineers.com/booneweb/index.html
https://bps.healthcare.siemens-healthineers.com/booneweb/index.html

o J | of
LB Microscopy

HANDSCHUH ET AL.

(A) 208402 1.0E+06

1.8E+02 mean photon energy 40kVp 9.0E+05

1.6E+02 8.0E+05

k-edge iodine

1.4E+02 7.0E+05

mean photon energy 80kVp

1.2E402 | 6.0E+05
1.0E+02 | 5.0E+05
P

8.0E+01 4.0E+05

6.0E+01 » 3.0E+05

|
4.0E+01 1 2.0E+05

mass attenuation coefficient (p/p)
mean number of photons / (mm?2 keV)

2.0E+01 1.0E+05

0.0E+00

0.0E+00
10 20 30 40 50 60 70 80

photon energy (keV)

= calcium - iodine 40kVp — — 80kVp
(B) 2.0E+02 1.0E+06
1.8E+02 mean photon energy 40kVp 9.0E+05
1.6E+02 8.0E+05

k-edge iodine

1.4E+02 7.0E+05

mean photon energy 80kVp

1.2E+02 6.0E+05

I
1.0E+02 L 5.0E+05
P

8.0E+01

6.0E+01 N 3.0E+05

|
4.0E+01 1 2.0E+05

mass attenuation coefficient (p/p)

|
|
|
~
N 4.0E+05
|
|
1
I
|

mean number of photons / (mm? keV)

2.0E+01 1.0E+05

0.0E+00 0.0E+00

10 20 30 40 50 60 70 80
photon energy (keV)
= tungsten = iodine 40kVp — = 80kVp
FIGURE 1

X-ray physics background for microscopic dual-energy CT (microDECT) imaging of specimens perfused with iodine

containing pAngiofil. (A) MicroDECT imaging of iodine (uAngiofil) versus calcium (hydroxyapatite [HA]) in the mouse head (sample ID
2-1-1). The k-edge of iodine is at 33.17 keV. The energy pair for imaging (40 kVp/80 kVp) was chosen so that the mean photon energy of the
low-energy scan (26.8 keV) was below the k-edge of iodine, whereas the mean photon energy of the high-energy scan (41.9 keV) was above the
k-edge of iodine. The 40 kVp/80 kVp overlay image demonstrates the spectral contrast between pAngiofil-perfused vessels (magenta) and the
HA mineral in bone tissue (green). (B) MicroDECT imaging of iodine (uAngiofil) versus tungsten (Sorensen-buffered phosphotungstic acid
[B-PTA]) in the mouse brain (sample ID 2-1-4). The same energy pair (40 kVp/80 kVp) was chosen for imaging as in (A). The 40 kVp/80 kVp
overlay image demonstrates the spectral contrast between pAngiofil-perfused vessels (magenta) and the PTA-stained brain tissue (green).

resolution are listed in Table S3. Three different fields of
view (FOVs) were acquired from the sample, including
the whole head (FOV1, 0.4X detector assembly), the pos-
terior part of the head and brain (FOV2, 0.4X detector
assembly) and part of the nasal cavity (FOV3, 4X detector
assembly). In addition, microDECT scans of a paw (sam-
ple ID 2-2-1) and a piece of tail (sample ID 2-3-1) were
acquired using the 4X detector assembly. Image volumes
were reconstructed with the XMReconstructor software
supplied with the scanner and exported in *.TXM format.

2.5 | Counterstaining of soft tissue in
pAngiofil-perfused specimens using
Sorensen-buffered PTA (B-PTA)

Details on counterstaining are given in Table S2. We used
PTA>** to contrast soft tissue. PTA has a much higher

k-edge than iodine and so cannot contribute to spectral
contrast when imaged using a 40 kVp/80 kVp energy
pair. We modified original PTA staining protocols that
are based on either aqueous or ethanol-based PTA solu-
tions, as detailed below. The rationale is discussed in
Section 4.

The pAngiofil-perfused mouse head scanned before
(sample ID 2-1-1) was skinned, transferred to Sorensen
buffer (pH 7.38, Sanova Pharma GesmbH; catalogue num-
ber 14562) and immersed in a 2.5% (w/v) solution of PTA
hydrate (Merck; Sigma Aldrich catalogue number 455970)
in Sorensen buffer. With reference to Sorensen-buffered
Lugol’s solution known as B-Lugol,’” the Sorensen-
buffered PTA solution will in the following be abbreviated
as B-PTA. The mouse head was stained for 4 weeks (28
days) at RT under constant orbital shaking in a volume
of 50 mL staining solution. During the staining procedure,
the B-PTA solution was replaced twice by a fresh solution.
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After staining, the B-PTA-stained mouse head (sample ID
2-1-2) was washed in Sorensen buffer to remove unbound
contrast agent from tissue. After acquiring microDECT
scans from this specimen, the lower jaw, tongue, masseter
muscles, salivary glands and eyes were removed to improve
image quality when imaging the brain inside the skull
(sample ID 2-1-3) and another set of microDECT datasets
was acquired. Finally, the brain was harvested from the
skull (sample ID 2-1-4), and another microDECT scan was
acquired.

In addition to the mouse head, the mouse paw (sample
ID 2-2-2) and piece of mouse tail (sample ID 2-3-2) were
also stained with a 2.5% (w/v) B-PTA solution. Staining
times were 9 days for the mouse paw and 10 days for the
mouse tail. Both samples were stained in 15 mL B-PTA
solution under constant orbital shaking at RT.

2.6 | MicroDECT imaging of
pAngiofil-perfused samples to separate
vasculature from B-PTA-stained soft tissue

The pAngiofil-perfused and B-PTA-stained mouse brain
specimen (sample ID 2-1-4) was mounted in a plastic
container in Sorensen buffer and imaged with the 0.4X
detector assembly. The k-edge of tungsten (69.52 keV) did
not contribute to spectral contrast with the given energy
pair. Details on used source voltage and current, detec-
tor assembly, x-ray filter, exposure time, angular increment
and isotropic voxel resolution are provided in Table S3.
Image volumes were reconstructed with the XMRecon-
structor software supplied with the scanner and exported
in * TXM format.

2.7 | MicroDECT of pAngiofil-perfused
samples for the purpose of separating
vasculature from mineralised tissue and
B-PTA-stained soft tissue

The pAngiofil-perfused and B-PTA-stained mouse head
(sample ID 2-1-2 and 2-1-3), mouse paw (sample ID 2-
2-2) and mouse tail (sample ID 2-3-2) specimens were
mounted in plastic containers in Sorensen buffer. The k-
edges of calcium (4.04 keV) and tungsten (69.52 keV) did
not contribute to spectral contrast with the given energy
pair. Details on used source voltage and current, detec-
tor assembly, x-ray filter, exposure time, angular increment
and isotropic voxel resolution are provided in Table S3.
Image volumes were reconstructed with the XMRecon-
structor software supplied with the scanner and exported
in * TXM format.

2.8 | MicroDECT image processing and
basis material decomposition

The workflow for data processing and basis material
decomposition basically follows the workflow described
in Handschuh et al.*’ The workflow uses a basis material
decomposition algorithm to extract three material frac-
tions from two scan energies, as initially described by
Badea et al.**

2.8.1 | Image processing and registration
Reconstructed image volumes (*. TXM files) were imported
into the 3D software package Amira (FEI Visualization Sci-
ences Group, part of Thermo Fisher Scientific, Mérignac
Cédex, FR, versions 2019-2022). First, image intensities
were standardised using the Arithmetic tool. For conver-
sion, we used the standard Hounsfield unit (HU) formula;
however, instead of using water and air as a reference
(as described in Handschuh et al.*?), we here used the
respective scanning medium (PBS, agarose or Sorensen
buffer) and air as reference. Thus, the standardised image
data are strictly not in a HU but in a pseudo-HU (i.e.
pseudo-CT numbers) scale. An unsigned 16-bit format was
chosen, because the intensity range between —1000 (air)
and 0 (scanning medium) did not include information
relevant to the aims of the present study. Next, image
noise was reduced by image filtering (details of image fil-
ters are provided in Table S4). Subsequently, the lower
energy scan was anatomically oriented using the Trans-
form editor, and the higher energy scan was co-registered
(rigid transformation) to the low-energy scan based on nor-
malised mutual information using the tool Register Images.
This registration step was unavoidable because although
the sample was in exactly the same position in the scan-
ner between the two scans, there may be slight shifts in
the range of a few pixels due to sample drift. Finally,
both scans were resampled using the tool Resample Trans-
formed Image (Lanczos interpolation). After registration
and resampling, there was a voxel-to-voxel correspon-
dence between the low- and high-energy scans, which
is a prerequisite for successful basis material decompo-
sition. Registered image volumes were saved as *.TIF
sequences.

2.8.2 | Basis material decomposition

All dual-energy scans were subject to a basis material
decomposition to derive material fractions of the cast-
ing agent versus the specimen tissue. Values for the
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decomposition matrix (for details, see Ref. [40]) were
derived from joint dual-energy profiles of the two scans.*?
Separate reference scans were not required, because the
casting agent and the biological tissues are well separated
and there is no anatomical overlap among these fractions.
Regions of interest were defined in image pairs, and slope
and intercept were derived using the FIJI Imagel” tool
colocalization threshold. Slope and intercept values as well
as values of the decomposition matrix are summarised in
Table S5. For all acquired scans, the pseudo-CT number
of the casting agent was higher in the high-energy scan
(slope > 1), whereas the pseudo-CT number of the biologi-
cal tissues (both mineralised tissue and B-PTA stained soft
tissue) was higher in the low-energy scan (slope < 1). This
is related to the k-edges of the casting materials and the
chosen energy pairs. The custom Matlab tool DECTDec
(https://github.com/microDECT/DECTDec; for a detailed
description, see Ref. [42]) was used to extract three mate-
rial fractions from the two scanning energies as described
by Ref. [40]. The extracted material fractions were saved
as *.TIF sequences. A third background fraction (‘water’)
was extracted,*> but this channel is not discussed or
depicted in the results of the present work as it contained
no information relevant to the main aim of the present
work.

2.9 | Visualisation of microDECT data
After material fractions were extracted, data were re-
imported into Amira (FEI Visualization Sciences Group,
part of Thermo Fisher Scientific, Mérignac Cédex, FR,
versions 2019-2022) and saved in *. AM format. For 3D visu-
alisation, we used the tool Volume Rendering. Extracted
material fractions were visualised by monochrome render-
ings; in addition, Multi-channel fields were used to create
two colour (green/magenta) renderings. For Supporting
Information figures, we also used two colour volume ren-
derings (grey/red). Single-slice images (monochrome and
multichannel) were created either in Amira of FIJI Imagel.
Maximum intensity projections (monochrome and mul-
tichannel) were created in FIJI Image]. Semi-naturalistic
volume renderings were created for selected datasets using
Drishti.”* Information on the software used is summarised
in Table S6. The dynamic range in extracted material
fractions can be very large, especially for fractions that
include mineralised tissue and B-PTA-stained soft tis-
sue. For every figure, histogram settings were adapted by
linear scaling (no gamma function) to show also low-
contrast details of the scan. Thus, some areas (such as
bone) may appear oversaturated in the figures, but this
is only a matter of display (histogram settings), and in
the raw 16 bit material fractions, the tissues are not
oversaturated.

2.10 | Exemplary strategies for
microDECT data segmentation and analysis

The Amira Segmentation Editor was used for threshold
segmentation based on extracted material fractions. Alter-
natively, we used the Amira Correlation histogram of the
registered and resampled low- and high-energy scans to
draw regions of interest for different materials that were
then converted to label masks. Based on segmented label
data, we used the Generate Surface tool to create poly-
gon models, which were then smoothed (Smooth Surface)
and rendered (Surface View). In one scan of the mouse
skull and brain, we semi-manually segmented the cere-
bellum from the HA + B-PTA material fraction and then
used a Boolean operation to only analyse vasculature that
lies inside the cerebellum region. The Material statistics
tool was used to measure volume of the cerebellum and
vasculature inside the cerebellum.

3 | RESULTS

3.1 | Perfusion quality

Preview scans were acquired to check in which body
regions the vascular network was filled with the casting
agent. The used protocol included formalin perfusion prior
to manual perfusion with the casting agent. Formalin per-
fusion yields good tissue fixation but also causes hardening
of the vessel walls, potentially compromising the perme-
ability of small capillaries. We found the pAngiofil casting
agent in large parts of the veinous system, including the
large veins of head and kidney (Figure S1), suggesting that
the casting agent successfully passed the capillary bed in
these body regions. High-resolution scans confirmed the
filling of capillaries with pAngiofil contrast agent (Figure
S2). The intensity of the filled vasculature was homoge-
nous in most vessels, which suggests that the pAngiofil
contrast agent was homogeneously mixed with the
polyurethane carrier and the hardener; however, we also
observed some areas where this was not the case, indicat-
ing that the mixing procedure was not optimal. Heteroge-
nous attenuation was observed in some large veins, and in
addition, unmixed portions of the pAngiofil contrast agent
remained as liquid droplets that appeared as highly attenu-
ating spots in the scan (Figure S1). This shortcoming in per-
fusion quality, however, did not impair the development of
counterstaining and microDECT imaging protocols.

3.2 | MicroDECT imaging of vasculature
and mineralised tissue

MicroDECT imaging of pAngiofil perfused vasculature
versus mineralised tissue is demonstrated on a mouse
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head sample (sample ID 2-1-1). The x-ray attenuation prop-
erties of iodine allowed an effective spectral separation
of pAngiofil-perfused vasculature from mineralised tis-
sue. Spectral contrast was already evident in the overlay
image of 40 and 80 kVp slices (Figure 1A). Basis material
decomposition was used to isolate well-separated mate-
rial fractions (Figure 2, Movie S1). In addition to the
overview microDECT scan of the entire head (13.94 um
isotropic voxel size, Figure 2A), we acquired higher resolu-
tion region of interest (ROI) scans (interior tomographies)
from the posterior part of the skull (7.81 pm isotropic
voxel size, Figure 2B) as well as the nasal cavity (2.24 ym
isotropic voxel size, Figure 2C). The display as a two-colour
overlay image shows the advantages of microDECT over
single-energy data, exemplified in the inner ear region
(Figure 2B). Vessels such as the stapedial artery are in close
contact with the bone tissue and thus often hard to dis-
tinguish and analyse in the single-energy scan (Figure 2B,
left), whereas they can be clearly identified in the over-
lay of the extracted material fractions (Figure 2B, right).
The quality of spectral separation was high in all acquired
microDECT scans, including even minute morphologi-
cal features such as the thin bony nasal turbinates and
the capillaries of the olfactory epithelium (Figure 2C).
The extracted material fractions could be readily used
for two-channel volume rendering (Figure 2D, right).
Semi-naturalistic rendering settings were applied to cre-
ate visualisations of the complex anatomical relationships
between skeleton and vasculature (Figure 3). MicroDECT
data did not only allow these visualisations, but it also facil-
itated automated segmentation of vessels that are in direct
vicinity of bone tissue. Figure 4 depicts two approaches
to segment microDECT data, applicable for larger and
medium-sized blood vessels. The first approach used basis
material decomposition followed by threshold segmenta-
tion of the two material fractions. The second approach
used direct ROI-guided segmentation based on the joint
dual-energy histogram. For the imaged ROI (7.81 um
voxel size), the joint dual-energy histogram approach
enabled a slightly more complete segmentation of the
vasculature and resulted in an 11.9% larger vasculature vol-
ume (62.65 mm?) compared to the thresholding approach
(55.97 mm?). Both segmentation approaches enabled a
largely complete segmentation of larger and medium-sized
vessels up to a diameter of ~30 pm (~4 voxels). However,
the smallest visible vessels in the dataset with a diameter
between ~15 and 30 um (2-4 voxels) were not captured by
either approach.

In addition to the mouse head, microDECT imaging of
pAngiofil versus mineralised tissue was performed on a
mouse forepaw (sample ID 2-2-1) (Figure S2) and a piece
of mouse tail (sample ID 2-3-1) (Figure S4).

3.3 | MicroDECT imaging of vasculature
and soft tissue

MicroDECT imaging of pAngiofil-perfused vasculature
versus B-PTA-stained soft tissue is demonstrated on mouse
brain (sample ID 2-1-4) imaged at 5.42 pm isotropic
voxel size. The attenuation properties of iodine (k-
edge = 33.17 keV) and tungsten (k-edge = 69.52 keV)
provide high spectral contrast when imaged using a
40 kVp/80 kVp energy pair. Spectral contrast was already
evident in the overlay image of 40 and 80 kVp slices
(Figure 1B). The basis material decomposition yielded an
effective separation of the pAngiofil and B-PTA mate-
rial fractions, which allowed to put the vasculature into
context with general brain anatomy (Figure 5A,B). Max-
imum intensity projections (1 mm thick slices) allowed
to visualise larger aspects of vasculature in the context of
different brain regions (Figure 5C). Semi-naturalistic vol-
ume renderings allow to simultaneously visualise cerebral
vasculature and brain tissue in 3D (Figure 6).

3.4 | MicroDECT imaging of vasculature,
bone and soft tissue

MicroDECT imaging of pAngiofil-perfused vasculature
versus mineralised tissue and B-PTA-stained soft tissue is
demonstrated again on the mouse head sample. The atten-
uation properties of calcium (k-edge = 4.04 keV) and tung-
sten (k-edge = 69.52 keV) provided no measurable spectral
contrast when imaged with a 40 kVp/80 kVp energy pair.
Thus, bone and PTA-stained soft tissue were merged into
a single-material fraction that spectrally separated well
from the pAngiofil material fraction. This was readily vis-
ible in the pAngiofil perfused and B-PTA-stained mouse
head sample (sample ID 2-1-2). Basis material decom-
position allowed to effectively separate HA-mineralised
tissue and B-PTA-stained soft tissue from pAngiofil per-
fused vasculature, as shown in slices (Figure 7A) and
maximum intensity projection thick slices (Figure 7C).
Removal of lower jaw, tongue, masseter muscles, eyes,
and salivary glands (sample ID 2-1-3) prior to imaging
with a smaller isotropic voxel size (5.64 um) improved the
signal-to-noise ratio and resolution in the brain and its
vasculature (Figure 7B). The combined HA plus B-PTA
material fraction had a huge dynamic range, because x-
ray attenuation in mineralised tissue was much higher
compared to the B-PTA-stained soft tissue. This allowed
to split the intensity histogram of this material fraction
into two components. The lower intensity component
represented the B-PTA-stained soft tissue, whereas the
higher intensity component represented the mineralised
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FIGURE 2 Microscopic dual-energy CT (microDECT) imaging of the head of an adult mouse after uAngiofil perfusion (sample ID 2-1-1).
(A) Horizontal section of the mouse head, imaged with 13.94 um isotropic voxel size. The left figure shows a single slice from the 40 kVp scan.
The two middle images show slices from the hydroxyapatite (HA) and pAngiofil material fractions, which were calculated based on basis
material decomposition. The right image shows a colour overlay of the two material fractions. (B) Region of interest scan (interior
tomography) showing the inner ear region, imaged with 7.81 um isotropic voxel size. Arrows indicate the stapedial artery. (C) Region of
interest scan (interior tomography) showing the nasal cavity, imaged with 2.24 pm isotropic voxel size. With this scan resolution, a high level
of detail is achieved both for bony structures and the capillaries of the olfactory mucosa. (D) Volume renderings of the entire field of view of
the 7.81 um 40 kVp scan, the HA and pAngiofil material fractions, and the colour overlay of the two material fractions.
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FIGURE 3

Semi-naturalistic 3D volume renderings based on microscopic dual energy CT (microDECT) imaging of the head of an adult

mouse after pAngiofil perfusion (sample ID 2-1-I). The hydroxyapatite (HA) material fraction was rendered with an ochre transfer function,

whereas the pAngiofil material fraction was rendered with a red transfer function. (A) Lateral view of the head virtually cut in a parasagittal
plane. Head imaged with 13.94 pm isotropic voxel size. This scan resolution allows to display the larger vessels of the head. (B) Lateral view of
the head, imaged with 7.81 um voxel size. This scan resolution allows to display much smaller vessels compared to (A). (C) Posterior view of

the head virtually cut in a coronal plane. Head imaged with 13.94 um isotropic voxel size. (D) Posterior view of the head, imaged with 7.81 ym

isotropic voxel size. (E) Dorsal view on the lamina cribrosa, imaged with 2.24 ym voxel size. (F) Lateral view on the nasal cavity, imaged with

2.24 ym voxel size.

tissue (Figure 8A). Thus, segmentation of bone was pos-
sible even in the presence of B-PTA-stained soft tissue.
Using this approach for the mouse head, one microDECT
scan yielded information on the skull, on brain anatomy
and on vasculature (Figure 8B). When compared to the
pAngiofil-filled, B-PTA-stained and isolated mouse brain
(Figure 5), signal-to-noise ratio in the brain was slightly
lower in the presence of bone (Figure 7). However, for
the mouse brain, this approach had two clear advan-
tages. First, vasculature could be depicted and analysed
not only with reference to brain regions (or, more gen-
erally, soft tissue anatomy) but also with reference to

skull morphology (or, more generally, skeletal features)
(Figure 9). Second, vasculature could be analysed with-
out the introduction of any preparatory distortions such
as cracks in brain tissue or distortions/displacements of
vessels that lie in the close vicinity of skull bone, thus
facilitating a variety of quantitative analyses. As one
example, we semi-manually segmented one brain region
(cerebellum). After creating a threshold segmentation of
vasculature, we used a Boolean operation to crop only vas-
culature inside the cerebellum, which we then used to
calculate the volume of vasculature inside the cerebellum
(Figure 10).
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FIGURE 4 Two segmentation strategies for microscopic dual-energy CT (microDECT) scans to simultaneously visualise mineralised
tissue and pAngiofil-perfused vasculature (sample ID 2-1-1). In single-energy datasets such as the displayed 40 kVp scan, the vasculature
cannot be separated from mineralised tissue based on intensity thresholding because the histograms of bone tissue and perfused vessels partly
overlap (top image and line profile). In contrast, microDECT datasets such as the displayed 40 kVp/80 kVp scan and line profile provide
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In addition to the mouse head, microDECT imaging of
pAngiofil versus bone and B-PTA-stained soft tissue was
successfully tested in a mouse forepaw (Figure S5) and a
piece of mouse tail (Figure S6).

4 | DISCUSSION

4.1 | Merits of the presented workflow
MicroCT imaging of specimens perfused with an x-ray
dense casting agent has proven to be an adequate and
valuable tool for studying various vascular disorders.
Although the quantitative analysis of the casting agent
alone can provide sufficient information, the visualisation
of conventional vessel perfusion samples is subject to two
limitations.

A first concern is the analysis of perfused vascula-
ture in the direct vicinity of mineralised tissue. Using an
energy range usually used in laboratory-based microCT
imaging of small ex vivo biopsy specimens (~40-90 kVp),
the histograms of mineralised tissue and casting agents
may frequently overlap, thus making intensity-based seg-
mentation challenging. Higher scan energies’”> or very
high concentrations of contrast agent can be used for
improving casting agent contrast with reference to bone,
but segmentation of small vessels may still be diffi-
cult due to, for example, partial volume effect. Using
microDECT, a clear spectral contrast of vasculature ver-
sus mineralised tissue can be achieved (Figures 1 and 2),
which can be utilised in image segmentation, facilitating
thresholding of material fractions (Figure 4), segmenta-
tion based on the joint histograms of the registered and
resampled low and high-energy scans (Figure 4), sin-
gular value decomposition of the material fractions,*
machine learning-based pixel classification of the regis-
tered and resampled low- and high-energy scans*? or even
deep learning-based segmentation. We tested two seg-
mentation approaches—thresholding of material fractions
and segmentation based on the joint histograms—on a
dataset with mineralised tissue and pAngiofil-filled vessels
(Figure 4). Both approaches provided comparable results
and largely complete segmentation of pAngiofil-filled ves-
sels up to a vessel diameter of ~4 voxels in the binary

segmentation mask (i.e. ~30 um, voxel size = 7.81 pm).
Although generally comparable, some differences were
found between the two segmentation strategies. The joint
histogram approach allowed a more complete segmen-
tation of the vasculature (11.9% larger vessel volume
compared to the thresholding approach). The joint his-
togram approach is also simpler, as it is performed directly
on the registered scans and does not rely on the step of
decomposing the material fractions. For many segmenta-
tion tasks, the joint histogram approach is therefore the
right choice, as it provides satisfactory results for larger and
medium-sized vessels. When the smallest visible vessels in
the datasets (2-4 voxels diameter) are the focus of inter-
est, other segmentation tools are needed. The use of deep
learning convolutional neural networks (CNNs) seems to
be most promising, as when using CNNs, the successful
detection of vessels does not only depend on intensity but
also on the object shape and the object neighbourhood.
The second limitation in the imaging of perfused sam-
ples concerns the typical lack of reference information
on soft tissue. Previous works have pointed this out
and presented options for adding soft tissue information.
Hlushchuk et al.”! dehydrated muscle samples and added
a thin paraffin layer in order to add information about
muscle fibres. Rosenblum et al.”? presented an iterative
workflow for imaging the murine cranial vasculature,
where the samples are imaged three times (Scan 1: after
perfusion, Scan 2: after decalcification, Scan 3: after soft
tissue-counterstaining). However, the latter approach uses
non-rigid registration procedures, which are error-prone
and cannot compensate for all sample artefacts such as
shrinkage and tissue deformation that occur during the
sample preparation procedure; thus, this iterative work-
flow has limitations when it comes to fine details of
vasculature and soft tissue morphology. Bhargava et al.”*
described a multimodal pipeline that uses MRI for pro-
viding soft tissue reference data (e.g. the mouse brain)
in vascular phenotyping pipelines. However, this multi-
modal approach requires a specific MRI contrast agent and
another image acquisition step at the MRI scanner, and
even more critically, the soft tissue MRI data have typi-
cally much lower spatial resolution than the microCT data.
When it comes to adding soft tissue reference information
on mesoscopic level to support interpretation and analysis

sufficient spectral information to allow intensity-based segmentation of large- and medium-sized blood vessels. Two segmentation strategies

are shown. The left panel shows the basis material decomposition approach, in which two material fractions (hydroxyapatite [HA] and
pAngiofil channels) are calculated. These channels can be used for threshold segmentation and subsequent 3D visualisation and analysis. The
right panel shows the joint dual-energy histogram approach, which is simpler and more straightforward. Regions of interest are directly
defined in the joint histogram of the 40 and 80 kVp scans, then converted to segmentation masks and used for subsequent 3D visualisation

and analysis. In this example, the two approaches led to similar results. As previously shown,* other segmentation approaches such as

singular value decomposition or machine learning-based pixel classification can also be used for microDECT datasets.
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Microscopic dual-energy CT (microDECT) imaging of the brain of an adult mouse after pAngiofil perfusion and

counterstaining with Sorensen-buffered phosphotungstic acid (B-PTA) (sample ID 2-1-4). (A) Horizontal section of the mouse brain, imaged

with 5.42 pm isotropic voxel size. The left figure shows a single slice from the 40 kVp scan. The two middle images show slices from the B-PTA

and pAngiofil material fractions, which were calculated based on basis material decomposition. The right image shows a colour overlay of the
two material fractions. (B) Magnified region of interest (cerebellum) of the same scan. (C) Maximum intensity projection thick slices (1 mm)
of the 40 kVp scan, the B-PTA and pAngiofil material fractions, and the colour overlay of the two material fractions, showing a larger
anatomical aspect of the perfused vasculature compared to the single slices.

of vascular phenotypes, we think that the approach pre-
sented is simpler and more straightforward. We utilise a
spectral microDECT imaging approach of vascular cast-
ing specimens in which soft tissue is counter-stained with
an x-ray dense contrast agent (B-PTA). The vascular sys-
tem and the soft tissue are imaged in one dual-energy

scan. This removes the necessity of either adding another
imaging modality (MRI) or using non-rigid registration
procedures for different datasets originating from itera-
tive sample processing. The novel counterstaining protocol
reported here using B-PTA solution provides excellent
spectral contrast, leaves the perfused vessels intact and
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FIGURE 6

Semi-naturalistic 3D volume renderings based on microscopic dual-energy CT (microDECT) imaging of the brain of an adult

mouse after pAngiofil perfusion and counterstaining with Sorensen-buffered phosphotungstic acid (B-PTA) (sample ID 2-1-4). MicroDECT

scan acquired with 5.42 um isotropic voxel resolution. The B-PTA material fraction was rendered with a yellowish to blueish transfer function,
wheras the pAngiofil material fraction was rendered with a red transfer function. (A) Lateral view of the brain. (B) Lateral view of the brain
virtually cut in a parasagittal plane. (C) Ventral view of the brain. (D) Ventral view of the brain virtually cut in a horizontal plane. (E) Posterior

view of the brain. (F) Posterior view of the brain virtually cut in a coronal plane.

causes no visible sample shrinkage (see below). Struc-
tural features of soft tissue can serve as a reference for
the analysis of vasculature. To highlight a potential appli-
cation, we semi-manually segmented the cerebellum as a
mask for measuring the volume of vasculature within the
cerebellum at the given scan resolution (Figure 10). This
showcases how soft tissue reference information can be
used for Boolean operators in order to derive more specific
information on vasculature. As an example, a segmented
3D brain atlas” could be registered to datasets and used to
automatically extract vasculature volume at a given scan
resolution for all brain regions.

Further, microDECT could be used for vascular analysis
with reference to both mineralised and stained soft tissue
(Figures 7-9). Due to the high dynamic range of extracted
16 bit material fractions, and the lower attenuation in
B-PTA-stained soft tissues compared to B-PTA-stained
mineralised tissues, the combined calcium and tungsten
signal (HA/B-PTA material fraction) can be split into a
soft tissue and a mineralised tissue component (Figure 8).

This offers multiple opportunities for an analysis similar to
the rationale presented by Rosenblum et al.,”* but without
requiring iterative sample processing, repeated scanning
and non-rigid (i.e. elastic and deformable) image volume
registration procedures.

4.2 | Applicability of the presented
microDECT imaging methods to other
vascular casting contrast agents such as
Micropaque barium sulphate

It was our aim to evaluate the applicability of spec-
tral microDECT imaging procedures also for the vascular
casting agent barium sulphate.'””7*%0 The x-ray attenu-
ation properties of barium (k-edge = 37.44 keV) also
allowed the spectral separation of Micropaque-perfused
vasculature from mineralised tissue (Figure S7A) and
PTA counter-stained soft tissues (Figure S7B) when
using a 45 kVp/80 kVp energy pair. Separation of
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FIGURE 7 Microscopic dual-energy CT (microDECT) imaging of the head of an adult mouse after uAngiofil perfusion and
counterstaining with Sorensen-buffered phosphotungstic acid (B-PTA) (sample IDs 2-1-2 and 2-1-3). Note that prior to B-PTA staining, one eye
was removed, and the skin was peeled off to allow better penetration of the B-PTA solution. For the higher resolution region of interest scan
(B), the lower jaw, tongue and masseter muscle were removed prior to imaging. Although contrast and signal-to-noise ratio were slightly
lower when imaging the brain and its vasculature in the intact skull, the brain was free of artefacts such as cracks in the brain tissue or
olfactory bulbs, and vasculature that is in the direct vicinity of the skull could be imaged without distortions introduced by sample
preparation (compare to isolated brain, Figure 5). (A) Horizontal section of the mouse head, imaged with 13.94 pm isotropic voxel size (sample
ID 2-1-2). The left figure shows a single slice from the 40 kVp scan. The two middle images show slices from the hydroxyapatite (HA) + B-PTA
and pAngiofil material fractions, which were calculated based on basis material decomposition. The right image shows a colour overlay of the
two material fractions. (B) Region of interest scan (interior tomography) showing the hippocampus region and cerebellum, imaged with

5.64 um isotropic voxel size (sample ID 2-1-3). (C) Maximum intensity projection thick slices (1 mm) of the 13.94 um isotropic voxel size

40 kVp scan, the HA + B-PTA and pAngiofil material fractions, and the colour overlay of the two material fractions, showing a larger
anatomical aspect of the perfused vasculature compared to the single slices (sample ID 2-1-2).
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FIGURE 8 Visualisation of microscopic dual-energy CT (microDECT) data of a mouse head after nAngiofil perfusion and

counterstaining with Sorensen-buffered phosphotungstic acid (B-PTA) (sample ID 2-1-3). (A) During the basis material composition,

hydroxyapatite (HA) (mineralised tissue) and B-PTA (stained soft tissue) signals are merged into a single-HA/B-PTA material fraction due to

the similar spectral properties when imaged at a 40 kVp/80 kVp energy pair. However, the dynamic range of this material fraction is large and
allows separation of mineral and soft tissue based on intensity values. False-colour look up tables (LUT’s) can be specifically designed to fit
the intensity ranges of mineralised tissue (cyan) and PTA-stained soft tissue (yellow). (B-D) The pAngiofil material fraction can then be

jointly displayed and analysed with one or both compounds of the HA/B-PTA material fraction.

Micropaque-perfused vasculature from mineralised tissue
allowed effective basis material decomposition (Figure S8)
and dedicated transfer functions allowed 3D visualisation
of the vasculature within the context of bone in a mouse
head sample (Figure S9). Similarly, Micropaque-perfused
samples could be counter-stained with an ethanolic PTA
solution and imaged using a 45 kVp/80 kVp energy pair.
Also here, the basis material decomposition yielded an
effective separation of the Micropaque and PTA material
fractions (Figure S10).

Regarding perfusion quality, we observed differences
between pAngiofil- and Micropaque-perfused animals. In
the latter, in our hands, most parts of the veinous system
were empty, suggesting the contrast agent failed to pass

the majority of capillaries. This pattern was observed in
several areas of the body, including the head and kidneys
(Figure SI). Many large- and medium-sized arteries were
filled. This allowed us to develop suitable spectral imag-
ing protocols, which was the aim of the present study, and
no effort was put on improving barium sulphate perfu-
sion quality. Thus, limited perfusion quality must not be
seen as an absolute statement about the limited ability of
barium sulphate crystals to pass capillaries, as several pre-
vious studies have demonstrated the suitability of barium
sulphate particles for imaging of capillaries.'>””

Moreover, other contrast agents have been shown to
be suitable for the microscopic ex vivo study of vas-
cular anatomy, like the lead-based Microfil*® and the
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FIGURE 9

3D renderings of microscopic dual-energy CT (microDECT) data of the head of an adult mouse after nAngiofil perfusion and

counterstaining with Sorensen-buffered phosphotungstic acid (B-PTA) (sample ID 2-1-2). As demonstrated in Figure 8, the dynamic range of

the hydroxyapatite (HA)/B-PTA material fraction allows to split the two components (mineralised tissue vs. B-PTA-stained soft tissue) by
means of intensity-based transfer functions. (A) 3D rendering of a mouse skull scanned with 7.81 isotropic voxel size, rendered with three
transfer functions (nAngiofil material fraction = red, mineralised tissue compound = ochre, B-PTA-stained soft tissue = whitish/greenish/
pinkish). Different regions of interest (ROIs) rendered for the three transfer functions. The ROI of the pAngiofil transfer function was set to
show the right hippocampus region. (B) Same view as in A, but smaller ROI chosen for the B-PTA-stained soft tissue transfer function. (C)

Same view as in (A) and (B), but only two transfer functions rendered (uAngiofil material fraction, mineralised tissue compound). The
B-PTA-stained soft tissue is not displayed. (D) 3D rendering of a mouse nasal cavity scanned with 2.24 isotropic voxel size, rendered with three
transfer functions (nAngiofil material fraction = red, mineralised tissue compound = ochre, B-PTA-stained soft tissue = pinkish). (E) Same
view as in (D), but only two transfer functions were rendered (uAngiofil material fraction, mineralised tissue compound). The B-PTA-stained

soft tissue is not displayed.

novel bismuth-based Vascupaint.* However, both con-

trast agents contain elements with a high atomic num-
ber (lead = 82, bismuth = 83) and thus high k-edges
(lead = 88.0 keV, bismuth = 90.5 keV). Such high k-edges
complicate dual-energy microDECT imaging with conven-
tional lab-based microCT equipment, as the mean photon
energy of the high-energy scan cannot be placed above the
k-edge of the contrast agent, making spectral separation
from mineralised tissue—although possible when using
very high scan energies’*—Iless easy and efficient.

4.3 | Soft tissue staining with B-PTA

While developing presented microDECT imaging work-
flows, it was our aim to find a simple and robust method

for counterstaining soft tissue in the presence of the
vascular casting agents pAngiofil and Micropaque. With
Micropaque, we used 1% (w/v) PTA in 70% ethanol as used
before.*®>* With pAngiofil, the same protocol resulted in
the formation of a variety of artefacts in the casted vessels.
For example, dehydration in 70% ethanol for 48 h caused
the disintegration of the homogenous mixture of con-
trast agent and polyurethane polymer, forming droplets
of highly stained pAngiofil contrast agent in a weakly
stained matrix of casting agent (Figure S11A,B). Using PTA
in water instead of ethanol provided high soft tissue con-
trast. However, PTA contrast was found in the periphery
of polyurethane polymers (Figure S11C,D). This suggests
binding of PTA to the polymer in acidic aqueous environ-
ment, complicating the spectral separation of vasculature
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cerebellum volume = 58.3 mm?
vessel volume cerebellum = 1.03 mm?

FIGURE 10 Options for quantitative analysis of microscopic dual-energy CT (microDECT) data and simultaneous visualisation of

mineralised tissue, Sorensen-buffered phosphotungstic acid (B-PTA)-stained soft tissue, and pAngiofil-perfused vasculature (sample ID 2-1-3).
(A) The B-PTA stain allows to segment brain regions. Segmented brain regions can then be used as masks for the segmentation of vasculature.
In this example, vessels (red mask) inside the cerebellum (green mask) were segmented automatically based on intensity thresholding.

Subsequently, all vessels outside the cerebellum were removed by a Boolean operation. (B) 3D visualisation of the cerebellum and the skull.

(C) Semi-transparent visualisation of the cerebellum (green), with the granular layer rendered yellowish and the vasculature red. (D)

Transparent visualisation of the cerebellum showing the segmented vasculature. Note that the presented segmentation does not include

smallest vessels.

and soft tissue iodine and tungsten during basis material
decomposition.

We finally ended up with using a 2.5% (w/v) solution of
PTA in Sorensen buffer, which seemed to perfectly com-
bine the four most critical properties in the context of
using a contrast agent as a counterstain for pAngiofil.
First, on a mesoscopic scale, it leaves the pAngiofil-
perfused vasculature unaffected. Second, the tungsten
of the PTA provides optimal spectral contrast against
uAngiofil (see Handschuh et al.*? on spectral separation of
iodine and tungsten). Third, B-PTA apparently yields only
minimal tissue shrinkage, unlike the effects obtained by
using aqueous PTA solutions for staining tissues, includ-
ing brain.®! This aspect is important as tissue shrinkage
can impair the analysis of soft tissue. In the context of
analysing vasculature with reference to the skull and
brain, shrinkage of the brain is typically observed with
conventional staining solutions, resulting in an artificial
gap between brain and skull.”> Fourth, B-PTA provides
sufficient but still comparatively low soft tissue x-ray
attenuation. This aspect is especially critical because, in
case, that attenuation in counter-stained soft tissue would
be too strong, this would impair the spectral detection

and segmentation of small vessels due to partial volume
effect.

To our knowledge, this paper is the first to report the
use of B-PTA solution for staining soft tissues for the
purpose of microCT imaging. However, the rationale for
using a Sorensen-buffered staining solution is not new
but comes from the seminal paper of Dawood et al.,*
which demonstrated that soft tissue shrinkage observed
after staining in aqueous Lugol’s iodine potassium iodide
(L,KI) can be almost eliminated when using a Sorensen-
buffered solution (B-Lugol). They showed that shrinkage
occurs primarily because of the acidification of the stain-
ing solution. When using the B-PTA contrast protocol, we
similarly observed reduced or eliminated tissue shrink-
age. Therefore, it is possible that the higher pH of 6.28 in
the buffered 2.5% (w/v) B-PTA solution compared to pH
1.54 in a 1% (w/v) aqueous PTA solution is the cause for
this valuable improvement. Moreover, staining in B-PTA
prevented the PTA molecules from binding to the outer
zone of the polyurethane carrier as seen in aqueous PTA
solution (Figure S11B).

Although B-PTA provides good staining results and a
reliable spectral separation from the perfusion casting
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agent pAngiofil, it seems likely that the counterstaining of
samples perfused with pAngiofil can be further improved.
Promising candidates for this purpose are Wells-Dawson
polyoxometalates such as the hafnium-substituted Wells-
Dawson polyoxometalate, which has similar spectral x-ray
properties and soft tissue contrast but has the advantage of
much faster soft tissue diffusion compared to PTA.%>%3

4.4 | Limitations of the datasets
presented and possible future workflow
improvements

The present workflow can be used to image vasculature
at micron resolution in mineralised and non-mineralised
tissue in uncleared samples up to the size of an entire
mouse head. Thus, it represents an easy and straightfor-
ward approach for gaining quantitative information about
the vascular system. Samples are left intact by microCT
scanning, hence can be used for downstream histolog-
ical immunochemical processing and analysis, provided
compatibility of protocols.

Despite these advantages, the datasets presented here
show some limitations. The first limitation relates to
the quality of perfusion. As stated in Section 1, the
present work focused on establishing counterstains and
microDECT image protocols, and no particular emphasis
was placed on achieving the best possible vascular perfu-
sion result. Perfusion fixation with 4% formalin yields a
high quality of tissue fixation but also causes a stiffening
of vessel walls, potentially complicating the passage of the
contrast agent through capillaries. The original publica-
tions introducing pAngiofil as a casting agent did not use
formalin perfusion fixation prior to vascular casting.’'*
Thus, the quality of perfusion could be further improved
by omitting perfusion fixation and instead only fixing per-
fused and harvested organs by immersion in fixative, at
the cost of a slightly lower quality of tissue fixation due to
the 20-30 min polymerisation time of the casting agent.
Furthermore, some artefacts relate to the preparation of
the pAngiofil casting agent. The mixture was prepared
and applied according to the manufacturer’s guidelines.
However, some air bubbles were found in perfused ves-
sels, and the mixture of contrast agent and polyurethane
carrier was not perfectly homogeneous, showing some
highly attenuating droplets of contrast agent (Figure SI).
These artefacts may not represent a general shortcoming
of the method but rather reflect the limited experience of
the experimenters with the casting procedure. Crucially,
any quantitative microCT or microDECT examination of
the vasculature requires validation of perfusion quality
in the organ or tissue of interest using a complemen-
tary technique such as histology. Both barium sulphate

15,84,85 t12,21

crystals and the pAngiofil casting agen can be
clearly identified in paraffin sections, allowing quantita-
tive analysis of perfusion performance. For example, based
on a correlative microCT and histology approach, Schaad
et al.'> determined a pAngiofil perfusion efficiency of 98%
for capillaries in mouse soleus muscle, which is com-
parable to the perfusion efficiency determined for light
sheet microscopic analysis of brain capillaries based on gel
perfusion.®®

Minor improvements could also be made regarding
imaging protocols and beam hardening correction settings.
Although the quality of spectral separation was generally
high and only a small amount of beam hardening arte-
facts was observed in reconstructed 40 and 80 kVp image
volumes, beam hardening can cause spectral artefacts
that negatively affect the precision of the basis mate-
rial decomposition procedure. In the presented datasets,
spectral artefacts were limited to the vicinity of highly
attenuating structures such as bone and teeth and highly
attenuating droplets of contrast agent. In these regions,
beam hardening can cause artificial intensity values in
extracted material fractions. False positive intensity val-
ues may appear in the mineralised tissue (HA) material
fraction in very dense areas of the casting agent, such as
droplets of uAngiofil contrast agent that were not ade-
quately mixed with the polyurethane carrier (Figure SI12A).
In a similar way, false positive intensity values may appear
at the edges of bone and teeth in the casting agent mate-
rial fraction (Figure S12B). Although beam hardening is
a general limitation when imaging with polychromatic
x-ray sources, we are confident that fine-tuning of x-ray
filters and beam hardening correction settings will allow
a further reduction of spectral artefacts. This is especially
relevant when small vessels are analysed directly in the
vicinity of bone.

4.5 | X-ray microCT versus light-optical
modalities for 3D microscopic imaging of
vasculature

In addition to microCT, various light-optical tech-
niques have been successfully used for in situ 3D
imaging of microscopic vascular architecture in ex vivo
specimens.””#% In this section, a brief technical com-
parison between microCT and light sheet fluorescence
microscopy (LSFM), high-resolution episcopic microscopy
(HREM) and micro-optical section tomography (MOST)
will be made, whereas the advantages and limitations of
the different techniques for 3D vascular imaging have
been discussed in detail in previous papers.*>?%%!

Sample preparation for microCT imaging can be more
straightforward compared to light-optical techniques, as
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it does not require optical clearing or tissue embed-
ding. If only vasculature and mineralised tissue are the
focus of interest, microCT imaging can be performed
directly after tissue fixation. However, if soft tissue is
also the focus of interest, B-PTA counterstaining requires
an additional several days to weeks, which makes sam-
ple preparation equally lengthy compared to light-optical
staining and clearing methods’>~** or tissue embedding
procedures.”?87:%

MicroDECT scans require at least several hours depend-
ing on the type of scanner used and the required image
resolution. With the scanner model used in the present
study and full detector resolution (no binning), the dual-
energy scans shown in the present work were overnight
scans with a duration of at least 10-16 h, whereas some
dual-energy scans lasted up to 24 h. When two regions
are scanned and stitched vertically, the scan time dou-
bles, whereas the scan time could also be reduced by
detector binning or using larger flat panel detectors.
When comparing image acquisition times for the mouse
brain, microDECT image acquisition time was between the
acquisition times reported for HREM (~8 h*>) and MOST
(~7 days®), whereas data acquisition is generally shorter
for LSFM.”°

The image resolution of microCT is isotropic. The voxel
sizes used for imaging whole organs such as the brain (Ref.
[22], present study) or the kidney'! are usually in the range
of 2-7 um, so that at least blood vessels with a size of 6 um
or more can be spatially resolved when imaging whole
mouse organs, whereas higher resolutions and isotropic
voxel sizes of 1 ym and below can be achieved when
imaging smaller FOVs. However, imaging of large FOVs
at high resolution is easier with light-optical approaches,
where smaller voxel sizes and thus higher resolutions can
be achieved for entire mouse organs such as the brain
(LSFM: very variable up to sub-micron lateral resolution,
e.g. 0.45 um X 0.46 ym X 2.91 um resolution’’; MOST:
0.35 um X 0.35 um x 1 um®’). Despite their anisotropic
nature, this makes light-optical approaches the tool of
choice for brain-wide cell analyses in conjunction with
capillary network analysis. Image resolution and voxel size
inevitably affect data size. Small voxel sizes obtained with
LSFM and MOST for the whole mouse brain result in
data sizes of 1-2.5 TB,37:90:9 whereas the size of the recon-
structed microDECT raw data for the brain shown in this
work (isotropic voxel size = 5.42 ym) was only 64 GB. If the
isotropic voxel size in a microDECT volume of the entire
mouse brain were reduced to approximately 2.5 um using
a 4k X 4k detector, the reconstructed data size would be
512 GB.

The ability to image mineralised tissue, vasculature and
soft tissue simultaneously in one sample (Figures 7-10) is
unique to microCT and offers several interesting possibil-

ities. However, typical microCT imaging applications lack
molecular specificity, limiting the information obtained to
the morphology of the vessels and their structural tissue
context. In comparison, light-optical modalities such as
LSFM can utilise a range of molecular markers that enable,
for example, the differentiation of blood vessels from lym-
phatic vessels or mature blood vessels from capillaries”® or
arteries from veins.*® In addition, light sheet microscopy
can be used to, for example, simultaneously image vascu-
lature and neurones in the brain.

To summarise, each of these techniques has its merits
and its own areas of application, and the choice of the most
appropriate imaging modality is ultimately always highly
dependent on the specific research question.

4.6 | Data processing workload

The workflow presented here involves a considerable
amount of data processing after image acquisition. The
time required for tomogram reconstruction and image pro-
cessing is highly dependent on the software and computer
hardware used. In the present case, the total computational
time per dual-energy dataset (2048 X 2048 X 2048 voxels,
16 bit, 2 scan energies) was about 12 h, with the reconstruc-
tion of tomograms from raw projection data being the most
time-consuming step (~8 h), followed by image resampling
using the Lanczos algorithm (~2 h) and basis material
decomposition (~1 h). Although the computational time
is relatively long, the actual computational workload for
the experimenter is only 2-3 h per dual-energy dataset.
The most time-consuming part is the calculation of the
intensity standardisation reference values and the calcu-
lation and validation of the basis material decomposition
values. However, this only needs to be done once for a given
energy pair and FOV, as these values can be applied to
subsequent scans. More importantly, if microDECT with
a well-defined FOV and sample type is used as a rou-
tine application, the entire data processing part could
be fully automated in the future based on MATLAB or
Python code, reducing the data processing workload for
decomposing dual energy scans into material fractions to
approximately 15-30 min.

4.7 | Applicability of the presented
workflows to other samples, including
other vertebrate species

In principle, the presented sample preparation and
microDECT imaging workflows should be applicable to
any vertebrate tissue sample up to a certain sample size.
Three important aspects must be considered. (1) Perfusion:
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pAngiofil perfusion has been demonstrated not only in
mice but also in the rat and minipig.?’> Depending on the
organ and tissue under consideration, a suitable perfusion
access must be found to achieve complete perfusion of the
ROL. In the case of pAngiofil, the amount of casting agent
required is a limitation to the overall specimen size, as
the commercially available pAngiofil kit is comparatively
expensive and supplied in small quantities (~13 mL). This
limits the use of pAngiofil to specimens a few centime-
tres in size. In comparison, Micropaque barium sulphate is
much cheaper and available in larger quantities and could
therefore be used for larger samples. (2) Resolution and
FOV: As a general limitation in microCT imaging, the FOV
used for imaging defines the achievable spatial image res-
olution. Therefore, high spatial resolutions are achieved
with small FOVs, whereas the resolution decreases with a
larger FOV.*° Thus, the level of detail required, as defined
by the investigator, places an inherent limit on the achiev-
able FOV and sample size. If only larger arteries and veins
are of interest, comparatively large FOVs can be achieved.
If smaller arterioles and venules (~10-100 um diameter)
are of interest, the FOV must be limited to 2 cm or less.
If the capillary bed is the focus of analysis, the FOV will
typically be only a few millimetres. (3) B-PTA counter-
stain: PTA staining has been demonstrated to be effective
on a diverse array of animal tissues.*®°° Despite the rela-
tively slow rate of tissue penetration, which is attributed
to the large molecular weight of PTA, this method has
been shown to produce homogeneous staining in sam-
ples larger than 1 cm (Figure 7). Staining samples up to
several centimetres in size seems feasible. However, it is
essential to test and validate this approach for each sam-
ple type, as the staining process is strongly dependent on
the tissue type and fixative used. In general, the workflows
described are applicable to most vertebrate samples, rang-
ing in size from a few millimetres to a few centimetres.
In the event that only large arteries are of interest and B-
PTA counterstaining is not required, imaging of barium
sulphate-perfused vessels in the context of mineralised
skeleton can be performed also on larger specimens up to
~20 cm in size.

5 | OUTLOOK

In the present paper, we introduced an ex vivo spectral
microscopic dual energy imaging approach that allows to
generate high contrast datasets of vascular architecture
together with data on general skeletal and soft tissue mor-
phology in samples such as the mouse head and brain.
By combining vasculature and reference tissue informa-
tion in a single-imaging modality and a single-sample
preparation step, the presented approach expands the

toolbox for vascular phenotyping in laboratory animal
models, as demonstrated for visualisation and segmenta-
tion of vascularisation of the murine mandible in a recent
preprint.'”’ Recently, huge advancements have been made
concerning the automated segmentation and analysis of
vasculature.®¥8%101-104 1n combination with 3D atlases that
allow accurate vasculature localisation,®’ it seems feasi-
ble that analysis of vascular phenotypes with reference
to general tissue morphology can be conducted in a fully
automated fashion for a variety of different organ systems.
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