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Abstract: In this view article, we present potential applica-
tions of laboratory-based spectral dual-energy X-ray micro-
tomography imaging for ex vivo animal tissue samples.
Technical details on this topic have been reported in
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previous work, so we focus explicitly on applications here,
discussing both dual-energy imaging for the separation of
mineralised tissue from one X-ray dense contrast agent,
as well as the imaging of samples stained with two X-ray
dense contrast agents. Examples are given for a variety of
research areas, including preclinical biomedical phenotyp-
ing (vasculature, skeletal development), comparative ver-
tebrate morphology, and invertebrate anatomy. Based on
the data presented, we conclude that the use of spectral
X-ray information can provide new insights into CT datasets.
Although using the dual-energy approach initially requires
more effort and cost in data acquisition, this additional
effort is often worthwhile, as dual-energy datasets allow for
more efficient data visualisation, segmentation, and analy-
sis. Until now, software functions for acquisition and pro-
cessing of dual-energy data have not been implemented in
many of the software toolboxes provided by X-ray microto-
mography vendors with their scanners. We propose that a
user-friendly implementation of software tools for acquir-
ing and processing spectral CT data would be a big step
towards a wider use of this promising and powerful imaging
approach.

Keywords: X-ray microtomography; microCT; pCT; DECT;
basis material decomposition; diceCT

1 Background

1.1 Laboratory-based X-ray
microtomography imaging of biological
and biomedical samples

Over the last two decades, laboratory-based X-ray microto-
mography (microCT) imaging has evolved from an exper-
imental technique to a routine method for ex vivo imag-
ing of biological and biomedical samples at micron reso-
lution. This is because microCT delivers genuine, isotropic
3D information from optically non-transparent samples. In
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conventional microCT imaging, image contrast is achieved
mainly based on differences in X-ray attenuation within the
sample. This attenuation contrast depends on the photon
energy, molecular density, and the atomic number of the
elements found in different regions of the sample. However,
biomolecules such as proteins and lipids mainly contain ele-
ments with a very low atomic number. Thus, they generally
show low X-ray attenuation and limited contrast between
tissue components. X-ray attenuation is much higher in
mineralised biological tissues that contain high quantities
of calcium (Z = 20) in the form of calcium phosphate or
calcium carbonate. Therefore, when imaging biological tis-
sue samples in an aqueous environment, such as buffer or
agarose gel, high contrast is only achieved for mineralised
tissue, while attenuation-based contrast in non-mineralised
tissue is low (see [1] for a summary and references
therein).

The contrast of soft (non-mineralised) biological tissues
can be increased by staining the tissue with an X-ray-dense
compound [2]-[5]. Staining improves soft tissue X-ray atten-
uation contrast, however, it also has drawbacks, such as
tissue shrinkage [6]-[8]. Shrinkage can be minimised by
refining the staining protocols. For example, shrinkage can
be significantly reduced when staining with Lugol’s iodine
solution (I,KI) using buffered solutions [9] or by embedding
samples in a hydrogel prior to staining [10]. Despite major
advances in staining procedures, it is not always desirable
or possible to stain samples with X-ray-dense compounds
because staining protocols may not be fully compatible with
other requirements, including downstream molecular anal-
ysis of samples. Soft tissue contrast can also be enhanced by
replacing the water in biological tissue with media that have
lower X-ray attenuation than water. This can be achieved
through dehydration to ethanol [11], [12], paraffin embed-
ding [13], [14], or drying [15]. For unstained biological tis-
sue samples, propagation-based phase contrast (PBPC) com-
puted tomography imaging improves image contrast. Thus,
PBPC imaging is a suitable alternative to attenuation-based
imaging of stained samples. PBPC imaging is feasible with
several types of laboratory-based microCT scanners when
using sufficiently long object-to-detector distances and suf-
ficiently small pixel sizes. Dedicated phase-retrieval algo-
rithms [16] have been shown to provide high image contrast,
even in unstained biological samples with low attenuation
[17], [18]. Thus, PBPC imaging potentially yields tomographic
image data from biological tissues with a better structural
preservation than stained samples, at least when the sam-
ples are imaged in an aqueous environment. However, sam-
ples dehydrated in ethanol or embedded in paraffin prior to
PBPC imaging also undergo tissue shrinkage [19].
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Despite the high contrast achieved through tissue stain-
ing or PBPC imaging, both approaches have limitations in
identifying and separating different materials, i.e., parts of
the sample with different elemental or molecular compo-
sitions. Due to their molecular composition and molecular
density, different materials may exhibit similar or identical
grey values in reconstructed CT volumes, complicating the
interpretation, segmentation, and analysis of such datasets.
Spectral X-ray imaging approaches can address this issue
because they provide 3D information on the molecular com-
position of samples.

1.2 Conventional microCT versus
energy-sensitive microCT

Transmission X-ray microscopy, or more generally microCT
imaging, is remarkably similar to brightfield transmitted
light microscopy. Both approaches use a broad polychro-
matic energy spectrum of electromagnetic radiation for
imaging. In both approaches, a sample is positioned in
between the energy source and the detector, and the image
contrast is mainly generated by the absorption of photons
within the sample. Finally, in both approaches, different
regions of the sample — depending on a different molecu-
lar or elemental composition — may possess highly specific
properties with respect to the absorption of the different
photon energies. In summary, both approaches measure
the absorption of polychromatic radiation in a potentially
heterogeneous and thus colourful sample. The big differ-
ence between these imaging techniques is on the detec-
tion side. In transmitted light-microscopy, energy-sensitive
digital detectors (RGB colour cameras) have been standard
for decades. In contrast, X-ray microscopy has traditionally
relied on energy-integrating detectors producing familiar
grey-scale CT images (Figure 1A).

Two fundamentally different approaches exist for col-
lecting X-ray spectral information from samples when using
laboratory-based microCT setups equipped with a micro- or
nanofocus X-ray source that emits a polychromatic X-ray
spectrum. These approaches are summarised in Table 1. The
first approach uses energy-sensitive X-ray detectors. These
energy-sensitive X-ray detectors can be roughly grouped
into two categories based on differences in implemen-
tation and energy resolution: (1) Single-photon-counting
X-ray detectors allow multispectral X-ray tomography imag-
ing [20]-[22], also known as photon-counting CT (PCCT). In
PCCT, sample composition information is required because
energy thresholds must be set before acquiring image data.
The number of energy bins (channels) achievable in PCCT
datasets is determined by the number of energy thresholds
based on the detector design and is typically between two
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Figure 1: Limitations of conventional microCT imaging with
energy-integrating detectors, and X-ray physics background of
microDECT imaging. (A) In principle, the technical setup of X-ray
microscopy (or microCT in general) is remarkably similar to that of
transmitted light microscopy. In both modalities, a polychromatic
spectrum is used for imaging, and different parts of the sample exhibit
photon energy-dependent absorption properties. However, X-ray
imaging has traditionally been limited to the use of energy-integrating
detectors, which means that spectral information about the sample
composition is lost on the detection side. (B) Dual-energy imaging allows
spectral information to be collected. By imaging two materials (elements)
with an appropriate energy pair, spectral information can be used to
discriminate between materials as seen in the overlay projection image.
Note that the chemical composition of the sample must be known a priori
in order to select appropriate imaging settings.

and eight [23]-[25]. Single-photon-counting detectors can
achieve energy resolutions below 5keV [25], [26], which
is adequate to distinguish elements such as iodine from
gadolinium [27] or iodine from barium [21]. This makes
PCCT a powerful tool for studying the distribution of one
or more contrast agents [28], [29]. (2) Hyperspectral X-ray
detectors can achieve higher energy resolutions of ~1keV
or lower [30]-[32] and several hundred energy bins. This
allows them to record a complete X-ray absorption spectrum
for any voxel in the sample over a large energy range [33].
Based on element-specific absorption edges, hyperspectral
X-ray imaging provides information on the elemental com-
position of samples. Thus, prior knowledge of the sample
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composition is not required for hyperspectral X-ray imag-
ing, and high spectral contrast can be achieved even for ele-
ments that are close together in the periodic table [33]-[35].
Both single-photon-counting and hyperspectral detectors
are well-suited to spectrally separate multiple elements or
materials [33], [35]-[37], however, they are still quite rare
in commercial X-ray setups. In principle, energy-sensitive
detectors can achieve high spatial resolution when imaging
with a micro- or nanofocus X-ray source, assuming a small
focal spot size. In practice, however, the spatial resolution of
datasets acquired with energy-sensitive detectors is limited
by the comparatively low number of detector pixels for a
given sample diameter (field of view, FOV). Spatial resolu-
tion for a given FOV can be increased by tiling multiple
detector modules to form a larger area detector [38], [39]
and by imaging the sample with higher geometric magni-
fication. Tiling detector modules also enables imaging of
larger FOVs at a given spatial resolution. Similarly, camera
translation can extend the field of view [21], [23], [40].

The second approach to collecting X-ray spectral infor-
mation from samples uses conventional energy-integrating
detectors (EIDs). In this approach, spectral contrast is
achieved by scanning a sample with two energy spectra
resulting from different source peak voltages and X-ray fil-
ters (Figure 1B). This approach is known as dual-energy CT
(DECT) [49], and can be extended to three or more scan
energies (e.g., triple-energy CT [50]). With a dual-energy
approach, prior knowledge of the sample composition is
necessary to select suitable energy spectra for imaging.
Additionally, spectral contrast is limited for elements close
together in the periodic table when the goal is to extract
volumetric material density maps using a basis material
decomposition approach [41], [46]. Compared to imaging
with energy-sensitive detectors, DECT has several draw-
backs and limitations. When using sequential scan acqui-
sition, scanning time is roughly doubled. Image quality in
dual-energy datasets may be reduced due to artefacts aris-
ing from differences between the two scan energies, such
as e.g. different levels of noise or beam hardening. Further-
more, the two datasets must be co-registered and resam-
pled to achieve voxel-to-voxel correspondence between the
two scan energies. However, DECT also has two distinct
advantages. First, it can be performed on any commercially
available microCT setup or X-ray microscope. Second, it can
usually be performed with full detector resolution. Due to
the large number of detector pixels in recent EIDs, DECT
canyield high spatial resolution for a given sample diameter
[41].

This view article has two main aims. First, we aim to
showcase the diverse ex vivo applications of microscopic
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dual-energy computed tomography (microDECT) for imag-
ing animal tissues in various biological and biomedical
fields. With this, we aim to raise awareness that this type of
spectral CT data can be acquired using conventional equip-
ment found in many laboratories and imaging facilities. We
demonstrate that by selecting appropriate contrast agents
and imaging protocols, one can obtain a significant amount
of additional information compared to conventional grey-
scale CT images. This additional spectral information
can improve data visualisation and analysis, offering
new possibilities for imaging biological samples. The
second aim is to address microCT vendors. By demonstrat-
ing that microDECT imaging can benefit diverse biolog-
ical and biomedical research fields, as well as material
science and earth science, we hope microCT vendors will
improve software tools to make acquiring and processing
dual-energy data easier. Although several software tools for
processing dual-energy data are currently available, soft-
ware tools for basis material decomposition and provid-
ing quantitative maps of molecular density are particularly
needed. This topic will be discussed in the ‘Conclusions and
Outlook’ section.

1.3 Tissue staining and spectral contrast in
microDECT

High-quality separation of two materials or elements
based on microDECT using broadband polychromatic X-ray
sources is only feasible for a limited number of element
pairs. At first glance, this appears to be a major limitation
of the approach. However, imaging of soft (non-mineralised)
tissue is commonly performed on stained specimens, mean-
ing that tissue absorption and contrast are enhanced by a
chosen X-ray dense contrast agent. These contrast agents
can be applied either by immersion in a staining solution
or by perfusion through the vasculature. MicroCT imaging
with immersion contrast staining was first described for
osmium-stained mouse embryos in 2006 [51]. Since then, a
number of X-ray contrast agents based on iodine [2], [3],
tungsten [2], [3], molybdenum [52], [53], hafnium [54], ruthe-
nium [55], [56], bromine [57], gadolinium [58], lead [59],
[60], and others [4], [5] have been introduced for staining
of different animal tissue components. Contrast agents for
perfusion and vascular casting include iodine [61], [62], bar-
ium [8], [63], lead [50], [64], and bismuth [65], among others.

Typically, X-ray contrast agents are selected based on (i)
their staining properties, i.e., their specific or non-specific
binding affinities for various components of tissues; and (ii)
their X-ray attenuation and the general or differential con-
trast they provide in stained tissue. However, when design-
ing dual-energy imaging experiments, contrast agents may

S. Handschuh et al.: Microscopic dual-energy CT imaging of animal tissues == 283

also be chosen on the basis of their X-ray absorption spectra
[66]. Some commonly used contrast agents have spectral
properties that are ideal for dual-energy imaging with con-
ventional polychromatic X-ray sources. In particular, ele-
ments whose K-shell electron binding energies fall in the
range of laboratory X-ray sources show a sharp increase
in X-ray absorption above this energy (the K-edge). When
imaging small biological samples with laboratory microCT
setups, imaging at peak source voltages of 40 kVp and
80 kVp typically provides good sample contrast and signal-
to-noise ratio. The average photon energies for these source
voltages (simulated for a tungsten target and a glass fil-
ter [67]-[69]) are ~27 keV (40 kVp spectrum) and ~42 keV
(80 kVp spectrum), and the bulk of the beam X-ray ener-
gies are sufficiently separated to show useful differences in
attenuation by different elements. Imaging with this energy
pair provides optimal contrast for elements with K-edges
between about 30 keV and 40 keV (atomic numbers between
about Z = 51 and Z = 57). This range includes two elements
which are components of popular X-ray contrast agents:
iodine (Z = 53, K-edge at 33.17 keV) and barium (Z = 56,
K-edge at 37.44 keV). In the following, we will use the term K-
edge stain to refer to an element/stain whose K-edge absorp-
tion jump lies between the two mean photon energies of the
dual-energy scan.

In principle, dual-energy imaging may be feasible even
in the absence of a K-edge within the imaged energy range.
However, the extraction of material fractions by material
decomposition [46] works best in the presence of a K-edge
stain [41]. The rationale for successfully separating two ele-
ments in this scenario is simple (Figure 2). (i) A K-edge
stain is used as a reference. (ii) A beam-energy pair is then
chosen for imaging so that the mean photon energy of the
low-energy scan is below the K-edge stain’s absorption edge,
while the mean photon energy of the high-energy scan is
above this K-edge. The second stain or material must have
a K-edge well above or below the range between the mean
photon energies of the low and high energy scans, i.e. a rela-
tively monotone absorption spectrum in the imaging energy
range. With this arrangement, the absorption difference (or
ratio) between the two elements changes substantially for
X-rays above the K-edge energy. Thus, each scan energy
will form images using mainly X-rays subjected to differ-
ent spectral absorption - effectively two colour channels,
analogous to making a colour photograph using black and
white film and two colour filters. These channels can then be
decomposed into material channels using the appropriate
calibrations [41], [46].

Two application fields are common in microDECT imag-
ing of biological specimens.
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Figure 2: Rationale for microDECT imaging of biological samples. Two potential application fields are often encountered. (A) MicroDECT imaging can
be used to distinguish between mineralised tissue and a K-edge stain. The two energy spectra are selected so that the mean photon energies are
below and above the K-absorption edge (pink arrow) of the K-edge stain (iodine attenuation curve shown in pink). The K-edge of elements contained
in biological minerals (attenuation curve of calcium shown in green) is much lower, so the mineral does not contribute to the spectral contrast with the
given energy pair (here: 40 kVp/80 kVp). (B) Basis material decomposition is used to extract three material fractions from the two scans [41], [46],
yielding one fraction for the mineral, one for the K-edge stain, and one for the background. (C) MicroDECT imaging is used to discriminate between a

high-Z stain and a K-edge stain. The two energy spectra are selected to have mean photon energies below and above the K-absorption edge (pink
arrow) of the K-edge stain (iodine attenuation curve shown in pink). The K-absorption edge (green arrow) of the high-Z stain (tungsten attenuation
curve shown in green) is much higher compared to the mean photon energies of the two scans. Thus, the high-Z stain does not contribute to the
spectral contrast with the given energy pair. (D) Basis material decomposition is used to extract three material fractions from the two scans, yielding a
fraction for the high-Z stain, the K-edge stain, and the background. Displayed photon energy range: 10-80 keV. X-ray attenuation profiles were
redrawn from data presented in [66]. X-ray spectra were simulated for 40 kVp and 80 kVp tube voltage (tungsten target, 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, accessed

16.01.2024), based on data from [67]-[69].

Application field 1: MicroDECT can be used to dis-
criminate between mineralised biological tissue and a con-
trast agent [41], [70], [71]. Chemical elements that con-
tribute most to contrast in biological minerals have low
Z-numbers (e.g. hydroxyapatite: calcium = 20, phosphorus
= 15) and thus show a continuous decrease in X-ray atten-
uation in the typical working range of laboratory X-ray
sources. For small biological samples, spectral separation is
therefore highly efficient when using K-edge stains such as
iodine compounds (Figure 2A). Such samples can be easily
imaged with an energy pair of 40 kVp/80 kVp [41], [71] or
50 kVp/90 kVp [70]. Separation of mineralised tissue from
barium was successfully performed using a 45 kVp/80 kVp
energy pair [71]. The separation of mineralised tissue from
elements with very high atomic numbers is feasible but

requires much higher scan energies. For example, good
spectral contrast for the separation of calcium and tungsten
is achieved using a 140 kVp spectrum with tin filtration
[47]. However, such high peak voltages are unsuitable for
small biological samples, as the low attenuation of such
samples at these high scan energies often leads to a decrease
in signal-to-noise ratio. Furthermore, scan energies larger
than 100 keV are not available on many lab-based microCT
setups.

Application field 2: MicroDECT can be used to distin-
guish between two contrast agents [41], [71]. Double staining
is most efficient when a K-edge stain is combined with a
stain containing a high-Z element with a K-edge of ~70 keV
or higher, hereafter referred to as high-Z stains. An ideal
element pair is iodine/tungsten or any other combination of
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iodine with a high-Z element. Due to the high K-absorption
edge, the CT numbers of high-Z stains decrease from the
low energy to the high energy scan, so that high-Z stains do
not contribute to the spectral contrast when imaged with,
for example, a 40 kVp/80 kVp or 50 kVp/90 kVp energy pair
(Figure 2B).

2 Methods

Several fundamentally different approaches exist for
acquiring and processing dual-energy scans. The data
presented here were generated using a sequential scan
acquisition approach and material decomposition,
which extracts three material fractions from two
scan energies, as described by Badea et al. [46], [72].
Details on all image processing steps, including intensity
scaling, image registration, and material decomposition
have been reported previously [41], [55], [71], so they
will only be summarised briefly here. Technical
details for all presented datasets, including sample
preparation and image acquisition, are provided in the
Supplementary Materials (Supplementary Tables 1 and 2).

2.1 Image acquisition

All datasets were acquired using an XRadia MicroXCT-400
(Carl Zeiss X-ray Microscopy, Pleasanton, CA, USA) equipped
with a 150 kVp Hamamatsu microfocus source (Hama-
matsu Photonics, Shizuoka, Japan) with a tungsten tar-
get and an operational range of 40-150 kVp. Tomographic
dual-energy datasets were acquired using sequential scan
acquisition with either the 0.4X or 4X detector assembly.
Peak voltages and X-ray filters were selected according to
sample composition to ensure adequate spectral contrast.
The exposure time for each scan was adjusted to achieve
a similar signal-to-noise ratio for both scan energies.
Calcium/iodine and tungsten/iodine were imaged with a
40 kVp/80 kVp energy pair [41], [71] and calcium/ruthenium
was imaged with a 40 kVp/60 kVp energy pair [55]. For the
calcium/barium/tungsten triple-energy CT example, three
scans were acquired using peak voltages of 45 kVp, 80 kVp,
and 140 kVp. This followed previously published data on
the spectral separation of calcium and barium using a
45 kVp/80 kVp energy pair [71], and data on the spectral
separation of calcium and tungsten using 80 kVp and tin-
filtered 140 kVP spectra [47]. Image volumes were recon-
structed using XMReconstructor software and exported in
*TXM format. Depending on the sample size, the voxel
size in the reconstructed datasets ranged from 4.33 pm to
60.62 pm (see Supplementary Table 2).
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2.2 Processing of tomography data and
basis material decomposition

The reconstructed microCT volumes were imported into
Amira 3D software (FEI Visualization Sciences Group, part of
Thermo Fisher Scientific, Mérignac Cédex, France, versions
2019-2023). Image intensities were standardised either to
CT numbers (Hounsfield units, HU) using water and air
as references [41], or to pseudo CT numbers (pseudo-HU)
using the respective scanning medium and air as refer-
ences [71]. CT numbers were used when samples were
mounted in distilled water. When samples were mounted
in a medium other than distilled water, such as absolute
ethanol or agarose, pseudo CT numbers were used. Thus, the
grey value for the respective mounting medium was always
zero for both scan energies. Next, the datasets were oriented
and co-registered using the Register imagines tool with a
rigid transformation based on normalised mutual informa-
tion. Then, the datasets were resampled using the Resam-
ple Transformed Image tool with Lanczos interpolation [41],
[71]. Co-registration was necessary due to slight shifts in
the order of a few pixels between the two scans, caused by
sample drift [71]. After registration and resampling, a voxel-
to-voxel correspondence was established between the two
scan energies. The registered and resampled dual-energy
scans were filtered to reduce image noise and saved in TIF
format [41], [71]. The values for the material decomposition
procedure were derived from the registered datasets based
on the joint dual-energy attenuation profiles [41]. Subse-
quently, the dual-energy scans underwent basis material
decomposition to extract three material fractions from the
two scan energies [46]. Basis material decomposition was
carried out using the custom MATLAB program DECTDec
(https://github.com/microDECT/DECTDec [41]). The decom-
posed material fractions were saved in TIF format again.

2.3 Data segmentation and visualisation

Colour overlay images (slices, thick-slice maximum inten-
sity projections) from scan energies and extracted material
fractions were generated using FIJI Image] [73]. Volume
renderings were created using Amira versions 2019-2023.
Automated and semi-manual segmentation (Figure 5) was
performed using the Amira Segmentation editor.

3 MicroDECT applications

The use of microDECT in addition to conventional microCT
imaging can be advantageous for addressing a broad range
of research questions. In image acquisition, dual-energy
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imaging means that the scan time is approximately dou-
bled (making image acquisition longer and more costly).
Additionally, the processing of raw tomography data is more
complex and time-consuming. However, once image acqui-
sition and data processing are completed, dual-energy data
offer two major advantages over conventional CT data. First,
dual-energy data offer many additional possibilities for
more efficient visualisation, segmentation, and data analy-
sis. Second, information about the distribution of different
elements in the sample can provide new insights into the
material composition of the sample. All of this is discussed
in detail in the following sections on various current and
future microDECT applications in animal tissue imaging.

3.1 Biomedical research and preclinical
phenotyping

3.1.1 Vascular phenotyping

For microCT-based detection of vessels in preclinical ani-
mal models, contrast enhancement by perfusion of the vas-
culature with an X-ray dense compound is of paramount
importance. Several commercially available contrast agents
facilitate high-resolution vascular imaging within soft tis-
sues [50], [61]-[65]. A common challenge in vascular imag-
ing occurs when blood vessels are located in close prox-
imity to bone tissue. Limited differences in X-ray attenu-
ation between perfusion contrast agents and mineralised
bone impede their distinct segmentation in conventional
microCT. Establishing a universal imaging approach or con-
trast agent that would provide sufficient radiopacity con-
trast relative to mineralised bone in preclinical research
has proven challenging. The limitation arises from the vari-
ation in bone mineral density and therefore radiopacity
in available small and large animal models [74], [75]. A
decalcification step can partially mitigate this issue by facil-
itating segmentation of the contrast-enhanced vasculature.
However, such a decalcification step prevents the simul-
taneous assessment of bone microstructure and vascular
morphology, making it unsuitable for studies where both
vascular and bone tissue are of interest. MicroDECT offers
the possibility to distinguish and separate perfused vessels
from closely adjacent bone based on their X-ray spectral
properties (Figure 3A-D) [50], [71]. Two widely used con-
trast agents, the iodine compound pAngiofil and the bar-
ium compound Micropaque, are K-edge stains and thus
have ideal spectral properties for separation from bone [71].
Many research areas could benefit from an improved three-
dimensional imaging of the vasculature within bone tissue,
including bone biology, bone metastasis, tissue engineering,
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implantology, guided bone regeneration, and reconstructive
surgery [76]-[79].

As a specific example, microDECT imaging could
improve the three-dimensional analysis of the vascular sup-
ply of the inner ear (Figure 3I-L). The mammalian inner
ear is a complex sensory organ, with the spiral cochlea
analysing auditory stimuli and the vestibular system sens-
ing balance. Contrast-enhanced microCT imaging has been
shown to visualise bone, fluid spaces, delicate membranes,
and the vestibulocochlear nerve, as well as bionic implants,
at high resolution [80]-[82]. The cochlea contains the dens-
est capillary network in mammals. Age deteriorates sys-
temic blood perfusion and may affect cochlear metabolism
and hearing [83], [84]. Quantification of the vascular tree
with fully automated tools [85] can enable to detect changes
and correlate them with audiometric data. However, this
requires high quality data sets. As sample preparation and
contrasting procedures largely overlap with electron micro-
scopic techniques [81], further correlative analysis allows
histological processing down to the ultrastructural level [86]
to detect e.g. a thickening of the capillary basal lamina [87]
and arteriosclerotic changes [88].

MicroDECT can also be used to separate perfused ves-
sels from tissues that have been contrasted with a high-Z
stain such as phosphotungstic acid (PTA). Counterstaining
provides an anatomical soft tissue context for interpreta-
tion and analysis of the microvasculature (Figure 3E—H)
[71]. This allows, for example, analysis of the vasculature
for specific brain compartments [71]. Other applications
of microDECT for imaging the vasculature in the pres-
ence of two or more radiopaque materials remain largely
unexplored. MicroDECT may offer advantages for imag-
ing in guided bone regeneration studies, even when metal
implants are involved. In the case of implants, there may
be two distinct advantages. MicroDECT may allow bet-
ter detection and analysis of blood vessels. In addition,
microDECT reduces beam hardening artefacts by producing
virtual monochromatic images (see the Outlook section for
amore detailed discussion). This may provide improvement
in quantitative bone analysis in the immediate vicinity of
the implant, as metal-induced CT artefacts around implants
can have a negative effect on such analyses [89], [90].

3.1.2 Phenotyping of skeletal development

Separating mineralised tissue from cartilage can be a com-
mon task in image data visualisation and segmentation.
Gabner et al. [55] presented a protocol using an ethanol-
based ruthenium red (Z = 44, K-edge at 22.12 keV) solution
to stain cartilage matrix while preserving bone mineral.
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Figure 3: MicroDECT imaging of vascular perfusion specimens. (A-D) MicroDECT imaging allows spectral separation between bone mineral
(hydroxyapatite, HA) and the iodine-based vascular casting agent pAngiofil in the perfused mouse head (details on the sample and methods are

reported in [71]). MicroDECT imaging enhances identification and segmentation of vasculature in the direct vicinity of bone (B vs. D, red arrow). (E-H)
Counter-staining of soft tissue provides an anatomical context for the analysis of vasculature as exemplified in the hippocampus region of the brain. In
a perfused sample without counterstaining (E, F), vessels are clearly visible, but due to the lack of anatomical reference information their precise
localisation with reference to brain regions remains ambiguous. Phosphotungstic acid (PTA) counterstaining and microDECT imaging (G, H) provides
the anatomical context, localizing the three highlighted vessels in the hippocampus (red arrows) (details on the sample and methods are reported in

[71]). (I) Mouse skull base in a section at the level of the inner ear. (J) Higher magnified field of view of framed area in I show the inner ear blood
supplying arterial branches. (K) Stapedial artery (sta) course through the middle ear. (L) Midmodiolar section through a mouse cochlea with the
cochlear artery (ca) transit into the spiral modiolar artery (sma). Lateral wall capillary network was not infiltrated here and may require adapted
perfusion techniques. aica, anterior inferior cerebellar artery; ba, basilar artery; ca, cochlear artery; co, cochlea; eu, Eustachian tube; in, incus; la,
labyrinthine artery; sma, spiral modiolar artery; st, stapes; sta, stapedial artery; ve, vestibulum.

Using a 40 kVp/60 kVp energy pair, the stained cartilage can
be spectrally separated from the intrinsic contrast of the
mineralised tissue. In the original publication, data were
reported only for comparatively small samples such as a
mouse fetus at embryonic day 16.5 (E16.5) or a severed fore-
limb of an E14 chicken embryo. More recently, we have
also explored the applicability of ruthenium red staining

to larger samples. Similar to traditional clearing and stain-
ing approaches, skinning, evisceration, and enucleation are
recommended when staining larger samples. Current data,
reported here for the first time, indicate that skinning allows
at least staining of samples several centimetres in size, such
as an E14 chicken embryo in toto, and the head and forelimb
of a stillborn cat at postnatal day 0 (Figure 4).
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4 mm

Figure 4: Cartilage staining and microDECT imaging for phenotyping of skeletal development. (A-D) Volume renderings of a mouse fetus at
embryonic day 16.5 (E16.5, details on the sample are reported in [20]), an E14 chicken embryo, and the head of a stillborn cat at postnatal day 0 (P0)
stained with ruthenium red and imaged with a 60 kVp/133 pA X-ray spectrum. The E16.5 mouse was stained including the skin, while the chicken
embryo was completely skinned, eviscerated, and enucleated before staining. The PO cat head was also completely skinned before staining but not
enucleated. Anatomical details, especially of the cartilaginous skeletal elements are exquisite, as shown on the mouse ribcage (B) and the developing
synsacrum of the chicken (C). In the laryngeal region of the cat (D), in addition to the hyoid (sh, stylohyoid; eh, epihyoid; ch, ceratohyoid; bh, basihyoid;
th, thyreohyoid), the thyroid cartilage (tc), the cricoid cartilage (cc), and the trachea (tr) are shown. (E-H) Two-channel volume rendering of bone and
cartilage based on microDECT scans of the right forelimb of an E16.5 mouse (E) and a PO cat (F), an E16.5 mouse in toto (G), and the head of a PO cat (H).
The two-colour maps were chosen to closely resemble the colours of the traditional clearing and staining method (bone, alizarin red; cartilage, alcian
blue).



DE GRUYTER

MicroCT and microDECT are valuable for studying nor-
mal skeletal development in vertebrates, and for the anal-
ysis of skeletal developmental defects in toxicity studies as
well as the detection of malformations in knock-out models.
Skeletal alterations are often described in the thorax with
malformed elements of the rib cage, changes in the number
of ribs, and delayed ossification using clearing and staining
approaches [91]-[94]. While changes can be detected in the
osseous parts of the hyoid [95], [96], analysis of the carti-
laginous parts of the hyoid as well as the larynx is much
more challenging. Especially for complex 3D structures and
hidden skeletal elements (e.g., the arytenoid cartilages of the
larynx), tomographic analyses that allow visualisation of the
specimen from various angles as well as virtual sections are
superior to traditional clearing and staining approaches.

While microDECT data on skeletal development gen-
erated so far are promising, image acquisition needs to be
further improved. The currently used 40 kVp/60 kVp energy
pair allows spectral separation, but at the expense of lower
image quality and resolution in the ruthenium material
fraction compared to the original 60 kVp scan. This loss in
image quality is both related to the higher level of image
noise when imaging with a 40 kVp spectrum filtered with
a 0.1 mm molybdenum filter [55], and the suboptimal spec-
tral contrast for calcium versus ruthenium when imaged
with a 40 kVp/60 kVp energy pair. A 30 kVp/60 kVp setting
may be more suitable for the separation of calcium and
ruthenium, and more experiments are required to optimise
scan settings for ruthenium red samples. In addition, the
general staining intensity of ruthenium red is rather weak
(400-900 HU when imaged at 60 kVp [55]). Other positively
charged contrast agents should be evaluated for potential
improvement of staining intensity, spectral properties, and
thus image quality.

3.1.3 Other biomedical applications

There are many other potential applications for microDECT
in three-dimensional imaging of tissue biopsies. As men-
tioned above, microDECT is well suited for distinguishing
between mineralisation (intrinsic sample contrast) and soft
tissue stained with a contrast agent such as iodine. Calcifica-
tions in tumour bhiopsies [97], [98] could be imaged in their
in situ tissue context. Macro calcifications [99]-[101] in
blood vessels could be analysed in relation to general soft
tissue anatomy of the affected part of the vascular system.
In addition, 3D cell culture models such as mineralised
spheroids [102] could be examined in terms of both their
mineralised and non-mineralised parts, combining a quan-
titative analysis of mineral distribution and concentration
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with reference to the overall spheroid size and shape. All
these applications have been unexplored until now.

In addition to analysing mineralisation in biomedi-
cal tissue samples, microDECT could be a generally use-
ful tool for studying double-stained soft tissue biopsies.
Different stains bind to different tissue components and
these binding properties can be used to create spectral con-
trast in biopsy specimens. One case that has been stud-
ied involves the differences in binding properties hetween
Lugol’s iodine potassium iodide solution (I,KI) and aqueous
phosphotungstic acid (PTA) [41]. Double staining with I,KI
and PTA provides intriguing options for multilayered ver-
tebrate tissues because L, KI has a high affinity for binding
to fat cells, which are not stained at all by PTA. Conversely,
PTA has a high affinity for binding to collagen-rich con-
nective tissue, which is typically very weakly stained by
LKI. As mentioned above, the spectral properties of iodine
and tungsten are ideal for microDECT imaging with con-
ventional laboratory X-ray sources using a 40 kVp/80 kVp
energy pair. This allows for the generation of very distinct
colour images of heterogeneous tissue biopsies, such as skin
samples [41].

Further testing and method development are required
to optimise double staining approaches for microDECT.
In tissue biopsies, including pathological samples such as
tumour bhiopsies, the combination of a nuclear-specific stain
with a cytoplasmic stain, analogous to H&E (haematoxylin
& eosin) staining in histological sections, could be a highly
attractive approach. Both, a modified lead-based haematein
staining [59] and eosin Y (containing bromine) [57] are
effective X-ray stains. However, their spectral separation is
challenging, due to the very high (lead) and low (bromine)
K-absorption edges. It remains to be tested whether an opti-
mised microDECT imaging protocol can be established for
this element pair. Alternatively, [,KI may be established as
a cytoplasmic X-ray counterstain for lead-based haematein
labelling of cell nuclei, given its similar tissue-binding prop-
erties to eosin.

3.2 Comparative vertebrate morphology

Since the introduction of X-ray dense contrast agents,
microCT has been the most widely used modality for high-
resolution 3D imaging of vertebrate morphology. In partic-
ular, iodine-based immersion staining methods based on
Lugol’s iodine-potassium iodide solution (I,KI) or elemental
iodine in absolute ethanol (I,E) [2], [3] have spread rapidly in
the community. These staining techniques are inexpensive,
have good tissue diffusion properties, and provide high tis-
sue contrast. To date, they are widely used and summarised
under the term diffusible iodine-based contrast-enhanced
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CT [103]-[105]. Indeed, iodine-stained specimens provide
exquisite anatomical information, facilitating comprehen-
sive analysis of both the musculoskeletal system [106], [107]
and internal organs [106]. However, iodine staining has lim-
itations, including significant tissue shrinkage [6]-[8] and
decalcification when applied in an aqueous medium [8],
[108]. These adverse effects can be compensated for, as tis-
sue shrinkage can be minimised by using buffered staining
solutions [9] and decalcification can be minimised by using
an ethanolic iodine solution [108].

There is another limitation with iodine samples, which
is less problematic for biological interpretation of the
images but can still complicate downstream processing of
the acquired datasets. Iodine-stained tissue can attenuate
X-rays as much as bone, leading to an intensity overlap
(see, e.g., [41]) which complicates segmentation and visu-
alisation. In unstained vertebrate specimens, the miner-
alised skeleton can be easily visualised and segmented using
automated threshold segmentation [109], [110]. However, in
iodine-stained specimens, this is often not possible and a
lot of manual or semi-manual effort is required to obtain a
clean segmentation mask of the mineralised skeleton. This
limitation can be overcome by scanning the specimen in an
unstained state, followed by a second scan after iodine stain-
ing [109]-[111]. However, this procedure can sometimes suf-
fer from sample deformations that occur during the staining
process, either due to repeated sample handling, manipu-
lation, and mounting, or due to tissue shrinkage, or both.
Finally, these deformations can lead to registration errors
between the two datasets [112].

This is greatly facilitated by the use of microDECT
imaging of iodine-stained samples. Basis material decom-
position allows the extraction of a hydroxyapatite min-
eral fraction [41], which can be visualised and segmented
like mineralised tissue in unstained specimens. In addi-
tion, basis material decomposition provides an iodine and
a background fraction (‘water channel’ in [41]) allowing for
improved tissue segmentation. All this information is avail-
able without registration errors. Musculature and internal
organs can be segmented either from the original CT data or
from the iodine and background fractions. Tissues with low
iodine uptake, such as cartilage, are often best visible in the
background fraction, which is similar to a brightfield image
and typically shows minimal beam hardening artefacts. 3D
software packages such as Thermo Scientific™ Amira allow
simultaneous loading of the five relevant data sets (e.g. low
energy scan, high energy scan, hydroxyapatite mineral frac-
tion, iodine fraction, background fraction) and the exper-
imenter can easily switch between them during the seg-
mentation process. This facilitates effective segmentation of
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different structures by combining automated, semi-manual,
and manual segmentation tools (Figure 5).

MicroDECT data have been used in a variety of verte-
brate taxa, including teleosts [113], frogs [114], salamanders
[115], [116], lizards [117], and turtles [118]. Despite the dou-
bled scanning time and the increased time and effort in pro-
cessing the scan data, this extra effort is often worthwhile,
as it substantially improves the downstream segmentation
and analysis procedures, which are typically tedious and
time-consuming.

3.3 Invertebrate morphology

Similar to vertebrate morphology, microCT imaging of
iodine-, and PTA-stained samples has been also widely used
for invertebrates [3], and critical point drying of stained
specimens has been shown to further improve tissue con-
trast [119]. Because microDECT imaging with laboratory
microCT scanners has not been used to study invertebrate
morphology, this section will briefly discuss potential appli-
cations. Like vertebrates, many invertebrate taxa, such as
molluscs, bryozoans, brachiopods, echinoderms, sponges,
or arthropods may possess a mineralised skeleton. Inver-
tebrate skeletons are mostly made up of materials such
as calcium carbonate, which, like the calcium phosphate
hydroxyapatite of vertebrate skeletons, are based on low-Z
elements. The exoskeleton of arthropods (the cuticle) is a
composite of proteins and chitin and may be calcified or
reinforced by minerals. Mineralised invertebrate skeletons
are therefore well suited for microDECT imaging when com-
bined with a K-edge stain such as iodine and imaged with a
40 kVp/80 kVp energy pair. Two examples illustrate this.
The first example is a piece of a feather star (Echin-
odermata, Crinoidea, Comatulida) arm, stained with LE.
Feather stars have five-ray symmetry and move freely with
their arms. Their body is divided into a central trunk and
arms. Their internal organs are mainly located in the trunk,
but also radiate into the arms. The arms usually have
branches called pinnulae, which in many species contain
mature gonads [120], [121]. Sea feathers, like echinoderms
in general, have a calcareous internal skeleton of individ-
ual ossicles, which are either plate-shaped (trunk) or form
voluminous “vertebrae-like” elements (arms). These ossicles
consist of a 3D trabecular network, called the stereome
[122], and are covered by a thin layer of tissue toward the
body surface. Muscles, allowing active movements, connect
the ossicles of the arms. Due to the highly mineralised
skeleton, microCT is a suitable technique for 3D imaging of
crinoids (and echinoderms in general), allowing simultane-
ous assessment of skeletal and stained soft tissue structures
[123]. Using microDECT imaging, the calcified ossicles can
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Figure 5: MicroDECT imaging in comparative vertebrate morphology. In iodine-stained specimens, such as the head of a turtle (Cuora sp.) stained with
elemental iodine in absolute ethanol (I,E), material decomposition allows extraction of a hydroxyapatite (HA), iodine and background (here: ethanol)
fraction. This offers unique possibilities for segmentation and visualisation of the data sets. The mineralised skeleton (HA fraction) can be easily
rendered or segmented by automatic thresholding. The iodine and background fractions can be used for manual and semi-manual segmentation of
non-mineralised tissues such as musculature or cartilage. In particular, tissues that show little or no iodine uptake can often be segmented efficiently
in the background fraction. Finally, segmentations from different material fractions are combined in a single rendering. In this case, the ossified skull
is visualised together with the M. depressor mandibulae (red), Meckel’s cartilage (blue), and the quadrate cartilage (turquoise).

be separated from iodine-stained tissues such as muscles
or gonads (Figure 6A-D). Identification of soft tissue struc-
tures in close proximity to the ossicles is also improved. The
calcified skeleton has been an obstacle to the study of soft
tissue anatomy using physical sectioning techniques [120]
as well as non-invasive tomographic methods. Therefore,
the ability to separate calcified portions from soft tissue in
morphologic analyses offers a significant improvement.

The second example is the mineralised cuticle of crus-
taceans. The arthropod cuticle consists of an endo-, exo-, and
epicuticle that is hardened by the deposition of sclerotizing
substances that form exoskeletal sclerites [124], [125]. While
the epicuticle is usually composed of lipids, proteins, tanned
lipoproteins and an outer wax layer, the endo- and exocuti-
cle are composed of proteins and chitin [126]. The exocuticle
is more sclerotised mainly due to fibre reinforcement and
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Figure 6: MicroDECT imaging of invertebrate morphology. (A- D) Part of a sea feather arm (Anthometra adriani) stained with elemental iodine in
absolute ethanol (I,E). (A) Extracted material fractions allow to visualise the mineralised skeleton (top), stained soft tissue (middle), or both in a colour
composite (bottom). Some arm ossicles (ao) show predetermined breaking points, the so-called syzygies (syz). (B) Volume renderings of the two
material fractions with parts of the fractions longitudinally cropped. (C) Cross section of a single pinnula in an overview scan (top), high-res region of
interest (ROI) scan (middle), and extracted material fractions (bottom). In the overview scan, anatomical features such as sacculi (pink arrowhead) and
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cross-linking of proteins, whereas the endocuticle is more
flexible. In addition, incorporation of e.g. calcium carbonate
or metals can further increase cuticle hardening [127], [128].
The presence of calcium carbonate in the arthropod cuti-
cle has previously been analysed with synchrotron-based
microCT (SRuCT) in crustaceans [129], [130]. Amphipods,
which also incorporate calcium carbonate into their cuticle,
are a perfect crustacean example for microDECT imaging.
Combined with ethanolic iodine (I,E) based soft tissue con-
trast, microDECT allows a clear separation of the miner-
alised cuticle from internal, non-mineralised and iodine-
stained features such as musculature (Figure 6E-G).
MicroCT imaging of invertebrate soft tissue morphol-
ogy has been used extensively to study anatomic details
in groups such as arthropods (see e.g. [119], [131], [132]).
In the future, microDECT imaging could be used to anal-
yse double-stained invertebrate specimens to obtain more
detailed information on tissue composition and to provide
new options for data segmentation and visualisation. This
is exemplified by two body regions of an insect with a
non-mineralised cuticle stained with I,KI followed by PTA.
In the locust head, the highly sclerotised cuticle of the
head capsule, the mouthparts, and the tentorium are only
stained with L,KI and thus visible in the iodine fraction,
while all other tissues are predominantly stained with PTA
(Figure 6H). MicroDECT imaging of this double-staining
allows automatic separation of the highly sclerotised head
capsule from non-sclerotised structures (Figure 61), provid-
ing new options for imaging features such as the internal
tentorium, to which musculature is attached [126].
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The same iodine/tungsten double stain approach pro-
vides a similar pattern in the locust hindleg joint (Figure 6]).
Their metathoracic legs are primarily used for jumping,
which is achieved by rapid extension of the tibia [133]. It has
been shown that energy is stored in deformable parts of the
femur-tibia joint, specifically in the semilunar process [134],
[135], which is a sickle-shaped, highly sclerotised and thick-
ened cuticular area (Figure 6K). Comparing the iodine and
tungsten material fractions gives strikingly different results.
Iodine staining provides a homogeneous representation of
the outer portion of the cuticle. In contrast, tungsten stain-
ing is restricted to the inner parts of the cuticle, providing
much more details that are likely related to different cuticle
properties that may correlate with different cuticular layers
(compare arrows and sections and surfaces in Figure 6K).
Stamm and Dirks [125] successfully visualised iodine-
stained endo- and exocuticle using contrast stretching
and multilevel Otsu-thresholding [73]. It would be worth-
while to compare our results with the data reported by
[125], which may confirm the results of iodine and tungsten
fraction imaging.

These preliminary data on double-stained invertebrate
specimens show that microDECT imaging can successfully
separate the outer parts of the arthropod cuticle from the
inner cuticle layers and soft body tissues (Figure 6K-L). We
hypothesise that this is due to the inability of the PTA stain to
bind in the exocuticle and, more generally, in highly sclero-
tised parts of the cuticle. However, this observation requires
further investigation and verification by complementary
methods. Certainly, this staining pattern offers some clear

tube feet ossicles (green arrowhead) show similar X-ray attenuation and are therefore hard to distinguish. Due to higher spatial resolution in the ROI
scan, the individual structures are easier to recognise. Extracted material fractions further improve the identification and visualisation of these
structures. (D) Volume renderings of both material fractions from the high-res ROI scan of a single pinnula with parts of the fraction cropped (two
lower images). Sectioning plane of the middle image shown in top image. (E-F) Anterior part of an amphipod crustacean (Dikerogammarus villosus)
stained with LE. (E) Midsagittal section trough head and peraeon (thick slice maximum intensity projection (MIP)). (F) Volume rendering of the two
material fractions showing a virtual cross-section of the head. (G) Volume rendering of the two material fractions showing the musculature of the

second gnathopods. (H-1I) Head of a locust (Schistocerca gregaria) stained with I,KI and PTA. (H) Midsagittal section through the head (thick slice MIP).
Note that L KI staining is mainly present in sclerotised cuticular areas like the head capsule, the mandible and the tentorium. Weaker sclerotised areas
and soft tissue like the brain and musculature are predominantly visible in the PTA fraction. Inset: Single virtual section of the dorsal mandible. Note
the insertion (arrow) of the dma tendon (PTA fraction) to the mandible (iodine fraction). Here material differences occur, probably a softer insertion of
collagen-rich connective tissue to the heavily sclerotised mandible. (I) Volume rendering of the ventral part of the head (I,KI fraction in grey) and a
sagittal section of the dorsal part of the head (PTA fraction in orange) in a frontolateral view. In the L KI fraction, sclerotised parts (head capsule,
tentorium) are clearly separated. Besides soft tissue, the PTA fraction contains also the endocuticule. (J-L) Metathoracic leg with femur-tibia joint of
Schistocerca gregaria stained with L,KI and PTA. (J) Horizontal section through both podomeres (thick slice MIP (left) and single slice (right)). I, KI stains
the outer and presumably more sclerotised region of the cuticle (asterisks), while PTA stains the inner and presumably softer region of the cuticle
(arrowheads). Internal structures like muscles and haemolymph are mainly visible in the PTA fraction. (K) Volume renderings of the two isolated
material fractions show the femur-tibia joint in semilateral view. The I,KI fraction provides a more or less homogeneous representation of the external
cuticle, while the PTA fraction provides much more details that probably are linked to different endocuticular properties (compare arrows). (L) Volume
rendering of the two material fractions at the femur-tibia joint. A virtual sagittal cut again allows to discriminate between the external L,KI-stained
(asterisks) and the internal PTA-stained (arrowheads) portions of the cuticle. a1, antenna 1; a2, antenna 2; ald, antennal levator and depressor; am, arm
muscle; an, arm nerve; ao, arm ossicle; at, anterior tentorial arm; br, brain; cl, clypeus; cp, cover plate; da, dactylus; dma, dorsal mandibular adductor;
eg, egg cells; ex, extensor; fl, flexor; gn1, gnathopod 1; gn2, gnathopod 2; Ib, labrum; Ir, labral retractor; md, mandible; pi, pinnulae; po, pinnular
ossicle; pr, propodus; pt, posterior tentorial arms; sa, sacculi; slp, semi-lunar process; syz, syzygy; to, tube feet ossicle.
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advantages for data segmentation and visualisation, poten-
tially facilitating the creation of 3D models that can be used
in biomechanical research. In addition, the ability to quickly
analyse sclerotised structures such as the tentorium is help-
ful for data visualisation, as this would require tedious seg-
mentation in conventional microCT datasets. While we have
successfully applied microDECT imaging to echinoderms
and arthropods, it remains to be tested on a variety of other
taxa, especially those with calcified skeletons versus soft
tissues, such as molluscs or brachiopods.

4 Conclusions and Outlook

Dual-energy CT imaging has been used extensively in medi-

cal imaging [136]-[140] and preclinical imaging of small ani-

mal models [46], [141]-[143]. Dual-energy imaging has also

been used for microscopic applications [41], [55], [70], [71],

[114], [116], [144]-[149], however, considering the potential

of the method, it still seems to be underutilised in many

research areas. Over the past decade, we have investigated
sample preparation and imaging protocols for microDECT
imaging of various types of animal tissues. Based on our
findings and the data presented here, we propose that
microDECT offers unique advantages over conventional
microCT imaging in both data visualisation and analysis.

While the examples given here intended to highlight
potential applications, the question remains as to why
microDECT imaging to date is not yet widely used in the
community. A key reason might be the lack of commercial
microCT software to efficiently acquire and process dual-
energy datasets. If microCT vendors would like to make
dual-energy imaging more accessible to routine users, they
should consider the following three points.

() MicroCT image acquisition software should inte-
grate dual-energy imaging protocols for common ele-
ment pairs such as calcium/iodine, calcium/barium,
iodine/tungsten, and several others. Based on the
known X-ray attenuation profiles for each of these
elements [66], the acquisition software should recom-
mend optimal scan settings in terms of peak voltages
and X-ray filters to achieve optimal spectral separation
for two elements or materials. In principle, appropri-
ate peak voltages and filters can be empirically deter-
mined. For element pairs that are difficult to separate,
numerical simulation may be required to find opti-
mised scan settings [50]. Additionally, vendors should
also consider providing a wider range of X-ray filters,
including not only common materials such as alu-
minium, copper, and brass, but also less familiar metal
foils such as tin, silver, tungsten, lead, or molybdenum.
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(2) The image reconstruction software provided by
vendors should include functions for accurate
co-registration and resampling to achieve voxel-to-
voxel correspondence between dual-energy data sets.
Since the offset between the two scans is typically only
a few voxels, this procedure can be fully automated.
This functionality is already implemented in the
software of some vendors.

(3) Finally, vendors should consider providing more ver-
satile software toolboxes to facilitate downstream pro-
cessing of dual-energy data. Most importantly, in the
future, this should include basis material decomposi-
tion of dual-energy scans into material fractions [41],
[46]. This process could be fully automated for the most
common element pairs for given dual-energy proto-
cols (i.e., peak voltages, filters, etc.). The basis mate-
rial decomposition is a matrix operation that includes
the linear attenuation coefficients of the base mate-
rials [46], [50]. These values can be measured empir-
ically, either from calibration phantoms or directly
from samples [41]. Providing linear attenuation values
for the most common elements and scan energies in
vendor software would help scientists to perform suc-
cessful dual-energy imaging experiments. Currently,
vendor software available for processing dual-energy
data mainly focuses on segmentation functions based
on dual-energy 2D histograms. A dual-energy 2D his-
togram is a specific type of joint histogram that rep-
resents the distribution of intensity values in two reg-
istered scan energies. This plot can be used to specify
regions of interest to create segmentation masks (see
e.g. [150], [151]). Examples of software that implement
dual-energy 2D histogram segmentation include the
Zeiss Xradia Versa DSCoVer tool and the Bruker DEhist
software. These tools provide powerful data segmenta-
tion options and have been shown to perform excep-
tionally well for samples containing distinct material
phases. In such a scenario, 2D histogram segmentation
can even separate elements that have very similar
atomic numbers. However, 2D histogram segmentation
has its limitations as it (i) does not provide true volu-
metric material density maps and (ii) has limitations
when material fractions overlap. For example, in bio-
logical tissue samples, tissue components that bind dif-
ferent contrast agents may colocalize within the same
voxel. For such data, basis material decomposition will
outperform 2D histogram segmentation.

Currently, researchers must perform most of the exper-
imental planning (choice of dual-energy scan spectra),
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data processing, registration, and especially basis mate-
rial decomposition (see e.g. https://github.com/microDECT/
DECTDec [41]) themselves, which requires both specialised
software and at least basic programming skills. In contrast,
spectral unmixing tools have been available for many years
in the acquisition software of e.g. confocal microscopes
[152], [153]. A user-friendly implementation of these fea-
tures would greatly help to make microDECT imaging more
accessible to routine CT users and thus would be a big step
towards a wider use of this promising approach.

Spectral information provides new insights into CT data
sets. Dual-energy imaging initially requires more effort and
cost in image data acquisition (scan time doubles and raw
data processing becomes more time-consuming). However,
this additional effort is often worthwhile, as dual-energy
datasets allow for easier data visualisation, segmentation,
and analysis. Dual-energy imaging allows the separation
of two known materials (plus a background fraction). In

| Micropaque
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some cases, it may even be beneficial to add a third scan
energy. Triple-energy CT can improve the spectral separa-
tion accuracy when three materials are present [50]. Thus,
it may enable the extraction of three material fractions
(plus a background channel) at the microscopic level. This
concept is here demonstrated using a mouse leg sample
containing bone mineral, barium-perfused vasculature, and
tungsten-stained soft tissue (Figure 7). While these prelim-
inary data on triple energy imaging at the microscopic
scale are promising, further validation is needed to bet-
ter judge the quality of basis material decomposition pro-
cedure in triple energy datasets. Recently, a multi-energy
approach to discriminate up to four contrast agents using
energy-integrating detectors has been discussed [154]. Fur-
thermore, novel algorithms may be used to decompose up
to five materials from dual-energy scans [48].

Our previous work and this view article have focused
primarily on extracting material fractions (i.e., volumetric

Figure 7: Microscopic triple-energy CT image of a Micropaque barium sulphate-perfused mouse limb counterstained with PTA. (A) Tomograms of the
three scan energies. (B) Paired overlay images of two scan energies. In the 45 kVp/140 kVp overlay image, bone mineral (HA) contrasts with barium
and tungsten. In the 45 kVp/80 kVp overlay image, barium contrasts with bone mineral and tungsten. In the 80 kVp/140 kVp overlay image, tungsten
contrasts with bone mineral and barium. (C) Tomograms of the bone mineral (HA), barium sulphate (Micropaque), and PTA material fractions. Basis
material decomposition can be performed either pairwise (dual-energy algorithm) or using a triple-energy algorithm. (D) Composite tomogram of the
three extracted material fractions. (E) Volume rendering of the three material fractions.
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maps of material density) from dual-energy scans. How-
ever, several other aspects of microscopic dual-energy X-ray
imaging are worth further exploration. For instance, dual-
energy CT scans can be used to generate virtual monochro-
matic images, which can help reduce beam hardening
artefacts [155]—-[157]. While virtual monochromatic spectral
imaging has mainly been discussed in terms of improv-
ing data quality in clinical imaging, it also helps to reduce
beam hardening artefacts in microCT datasets [148]. Fur-
thermore, registered dual-energy datasets offer numerous
new options for data segmentation, including direct seg-
mentation on 2D histograms and machine learning pixel
classification [41], [70], [71]. Most likely, dual-energy datasets
will also provide new opportunities for segmentation using
deep learning convolutional neural networks, as they pro-
vide richer information compared to conventional single-
energy microCT scans.

We conclude that the future of CT is bright and colour-
ful. For too long, we have neglected the hidden spectral
dimension of our specimens. Spectral information collected
using dual- or triple-energy approaches, together with the
advent of commercial microCT scanners equipped with
spectral detectors, such as the UniTOM XL (TESCAN, Brno,
Czech Republic), which has a line detector delivering 128
energy bins over a range of 20-160 keV [37], or the MARS
Spectral CT Scanner (MARS Bioimaging, Christchurch, New
Zealand), which is equipped with a Medipix3RX photon-
counting detector that allows for eight energy thresholds
[158], will enhance our analysis of CT datasets and deepen
our understanding of biological and biomedical samples in
many applications.
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