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Abstract: Several imaging techniques are used in biological and biomedical studies. Micro-com-
puted tomography (micro-CT) is a non-destructive imaging technique that allows the rapid digiti-
sation of internal and external structures of a sample in three dimensions and with great resolution.
In this review, the strengths and weaknesses of some common imaging techniques applied in bio-
logical and biomedical fields, such as optical microscopy, confocal laser scanning microscopy, and
scanning electron microscopy, are presented and compared with the micro-CT technique through
five use cases. Finally, the ability of micro-CT to create non-destructively 3D anatomical and mor-
phological data in sub-micron resolution and the necessity to develop complementary methods
with other imaging techniques, in order to overcome limitations caused by each technique, is em-
phasised.

Keywords: micro-computed tomography; scanning electron microscopy; optical microscopy; con-
focal laser scanning microscopy

1. Introduction

In the past few decades, a great number of imaging techniques such as micro-com-
puted tomography (micro-CT), scanning electron microscopy (SEM), conventional light
microscopy (LM), and confocal laser scanning microscopy (CLSM) have been developed
and used in biological and biomedical studies. The continuous technical improvements in
terms of detectors, system design, speed, sensitivity, resolution, computational analysis,
and side effects of applied energy have been crucial for the advancement of biology and
biomedicine [1].

The demand for non-destructive, fast, and reliable imaging methods in life sciences
[2] as well as the need for high-resolution three-dimensional (3D) imaging for revealing
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the tissue organisation within a whole organism topography [3] have led to the use of
micro-CT in several cases. Over the years, micro-CT has invaded life sciences and has been
employed widely in many different aspects from medicine to ecology. Micro-CT as a non-
destructive and high-resolution imaging technique can be used complimentarily with
other imaging techniques [4] in an attempt to integrate the visual results of the different
methods and, thus, reach more solid scientific conclusions. The intrinsic physical limita-
tions of each imaging technique have led to more comprehensive approaches by the com-
bination of several techniques, compiling a broader range of information from cell and
tissue-level histomorphology to three-dimensional structures [5,6].

The aim of this study is to compare the micro-CT technique with other commonly
applied imaging techniques in biological and biomedical fields. This review attempts to
present a general overview of the pros and cons of several imaging techniques (micro-CT,
optical microscopy, scanning electron microscopy, and confocal microscopy), across dif-
ferent biological and biomedical use cases to provide guidance to users for the selection
of the optimum combination of techniques for particular scientific questions.

2. Imaging Techniques
2.1. Micro-Computed Tomography

Micro-computed tomography (micro-CT) is a non-destructive imaging technique
based on X-rays that allows the rapid digitisation of samples in three dimensions, and it
has the ability to visualise the interior and exterior characteristics of a sample. The intro-
duction of computed tomography (CT) in the 1970s [7] was an imaging revolution as for
the first time the 3D structure of a sample could be revealed [8]. The continuous technical
developments in CT scanners led to the invention of X-ray micro-CT scanners with reso-
lution at sub-micron levels.

The main principle of micro-CT is the generation of a series of radiographs, which
are called projection images, of a rotated sample that is placed between an X-ray source
and an X-ray detector. Subsequently, the acquired projection images are reconstructed
into cross-section images using reconstruction algorithms (for details in image acquisition
workflow, see [9]).

In biomedical research, micro-CT has been used in a wide range of scientific fields
such as musculoskeletal, neurological, cardiorespiratory, gastrointestinal research, and
longitudinal studies for treatment effects (e.g., [10-17]). In recent years, it has been used
also in biological fields such as taxonomy, ecology, and developmental research (e.g., [18-
20]).

The non-destructive nature of micro-CT has facilitated its combination with other
techniques such as histology [20]. According to Herdina et al. [6], correlating micro-CT 3D
images and 2D sections with specialised histomorphological techniques enables the iden-
tification of histological structures and the creation of a dataset that can be used for further
studies. Moreover, it can be used in rare and valuable samples, such as natural history
museum specimens, by creating “cybertypes”, which are virtual representations of the
type materials [6,9,18,20]. Especially, the in vivo micro-CT scanners give the ability to scan
the same specimen in different time points (e.g., [21]), which is very important for longi-
tudinal studies. Micro-CT also gives the ability for 3D analysis such as density estimation,
porosity, structure thickness, and morphometric analysis [9].

Although dense structures such as bones can be visualised without any specific prep-
aration [22], a limitation of micro-CT scanners is the low contrast of soft tissues due to low
X-ray absorption, which can be overcome using contrast agents [23,24] (for a comprehen-
sive list of contrast agents, see [9]). The choice of the most appropriate contrast agent (or
whether a contrast agent should be used at all) depends also on the sample and possible
restrictions of its use. For example, valuable material of taxonomic specimens should
probably not be stained. This is due to the fact that stains may alter the characteristics of
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the tissues, and the removal of staining agents has not yet been explored enough to be
safely used on unique and valuable specimens [25-27].

Micro-CT can be considered as a fast technology compared to other techniques that
may require weeks to be completed, such as histology, as the scanning duration may vary
from minutes to hours depending on the scanning parameters [28]. However, a great mag-
nification and resolution can increase the scanning duration. A high scanning duration
leads to higher radiation doses, which need to be considered in longitudinal studies such
as oncological studies using in vivo micro-CT scanners [24,29]. Furthermore, the potential
damage of the genetic material due to X-ray radiation should be taken into account, espe-
cially in natural history museum specimens, although recent studies indicated that X-rays
did not provoke any damage to the specimens DNA [18,30,31]. However, the use of syn-
chrotron tomography can overcome these limitations, as this technology can create volu-
metric datasets in sub-micron resolution in a few minutes and with a greater field of view
[32].

Another limitation of this technique is that the original colours of the sample cannot
be represented. Original colours are important in several cases such as taxonomy, where
they may be used as characters for species identification [33], and ecology, where they
may be used as environmental stress indicators [34,35]. However, the development of new
techniques combining micro-CT with digital cameras enables the digitisation of both the
internal structures and the natural surface colours [36]. The size of the structures is also
another factor that needs to be considered, as structures below a certain size cannot be
detected by micro-CT [9], and a technique with a greater resolution (e.g., scanning electron
microscopy) may be more appropriate. The long-term storage of microtomographic data
can also be an issue because of the large size of the data on disks. For example, the micro-
CT datasets produced for the case studies presented in Section 3 vary from 30 to 300 GB.

In conclusion, micro-CT is a powerful imaging technique for multiple biological and
biomedical applications. It has the ability to visualise the internal features of a sample in
a non-destructive manner, and it is a fast technology that can achieve great resolution. A
combination of different imaging techniques through the fusion of the different datasets
could overcome any possible drawbacks [29].

2.2. Optical Microscopy

Optical microscopy (OM) is one of the oldest technologies used in biology and life
sciences. It is widely used in a great variety of applications; therefore, it is a continuously
developing field, proving new potentials for science and medicine. The first microscopes
appeared in their present form in the 17th century, and they are the simplest devices of
microscopy: the light passes through a series of lenses and gives a magnified image of the
object. The examination of the samples is performed directly by the user through eye-
pieces [37,38]. Optical microscopes are categorised based on their operational mode to the
brightfield microscopes where the light is transmitted through the object and the polarised
light microscopes where the light is reflected from the surface of the object [37,39,40].
Technology allowed the advancement of microscopy by using cameras to capture digital
images of the samples. Using digital imaging in microscopy has facilitated the measuring
of samples or photo treatment to enhance images [38].

Similarly to optical microscopy, stereoscopy is also using light to offer a magnified
representation of the specimen but with a different depth of field. The difference from the
microscope as the perspective is given by merging the two reflections of the sample as
seen by each eye [37]. Thus, the user has a better perspective of the geometry of the ob-
served object.

Light microscopy is widely used in biological and medical sciences because it offers
the potential to examine the structure and the function of a sample by direct observation
and in many cases by non-invasive method [39,41]. However, despite the great advances,
the method has serious limitations. Even to the microscopes/stereoscopes with optical sys-
tems of high quality and resolution (up to few um), the features of the specimen can
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always affect the image attributes. The shape and the texture of the object can influence
the resolution and create an unclear representation causing problems in the analysis [41].
Another difficulty is that with optical microscopy, the examination of the sample is lim-
ited on the surface [42] (however, for exceptions, see Section 2.3). Therefore, the method
cannot be used in cases where the analysis requires an internal view of the sample, while
at the same time, the sample should remain complete, or it is impossible to be dissected.

In many cases in biological and medical studies, the combination of optical micros-
copy with micro-CT is applied. This practice is common in taxonomic studies e.g., the
work of [43], where the authors are describing Metanephrocerus groehni and M. hoffeinsorum
flies that were enclosed in amber. Representations produced by the micro-CT revealed
phenotypic characteristics that changed the taxonomy within the family of Pipunculidae.
Another application is in clinical studies where the methods were combined to quantify
the radial geometry of the renal cortical vasculature in rats and rabbits [44]. The authors
claim that a combination of micro-CT and optical microscopy is necessary to determine
the spatial relationships of vessels with different diameters. In medical studies, the com-
bining approach has been proven very efficient to detect cochlear trauma caused by coch-
lear implantation [45]. The study concludes that a combination of 2D imaging, 3D imag-
ing, and histology is necessary in order to have reliable results regarding the trauma.

Light microscopic histology is commonly used to visualise the internal structure by
the sectioning of tissues [3]. Imaging and histology are two morphological techniques that
are interrelated [46]. Likewise, histology and histopathology are interlinked disciplines
[47]. Histology is the examination of normal cells and tissue (at the cellular level), while
histopathology is the study of diseased tissues [48]. As such, histopathology focuses on
whole organs or small samples of larger tissues [48].

The basis of histology relies on the construction of the first microtome, which could
be used to section animal tissues, and on the usage of paraffin wax for infiltration and
support during sectioning [47]. Additionally, the dissected tissues can be submerged in
certain chemical substances, i.e., fixatives, to preserve the morphologic and chemical char-
acteristics of the specimen, while preventing digestion by enzymes or bacteria [48]; the
most commonly employed fixative is formalin [49].

Similar to micro-CT imaging, staining is often employed to better distinguish the dif-
ferent biological structures; depending on the type of sectioned tissue under observation,
different histology stains can be selected [47], depending on the selective affinity of the
stain for different biological substances [50]. Since the majority of stains only absorb light,
the stained histological slides are viewed using a light microscope [50], although electron
microscopy can be used as well, but more rarely [47].

Slides can be stored and viewed years after their creation; however, in these cases,
restaining and decoverslipping can be required [51]. Furthermore, light microscopic his-
tology provides high-resolution images, but it is a destructive technique for the specimen
and requires elaborate preparation [3]. Sometimes, it is difficult to perform quantitative
analysis on histological samples due to inconsistencies in the preparation of histology
slides [50]. Histological artifacts, such as autolysis artifact, formalin pigments, improper
dehydration, knife lines, and residual wax, are related to the sample preparation proce-
dures, which could impact the quantitative analysis performance (for a comprehensive
list of histological artifacts, see [52]).

In conclusion, OM is an immediate imaging technique that can provide direct obser-
vation of the surface of the sample, giving a good perspective of geometry. It can be non-
invasive; however, when the internal view is required, the destruction of the sample is
inevitable.

2.3. Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy (CLSM) is the most prevalent light microscopical
technique used in biomedical sciences, utilising fluorescent probes for imaging complex
and diverse three-dimensional structures. The basic concept of confocal imaging was
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initially introduced by Marvin Minsky in 1957 with the main ambition aiming to over-
come the defects of the traditional fluorescence microscopes [53]. Ten years later, Eger and
Petran designed the first mechanical CLSM, which was actually a multiple-beam confocal
microscope with a scanning disk (Nipkow disk) [54].

The main principle of CLSM is to generate an image consisted of fluorescence emitted
by a specimen from a single plane of focus. This could be achieved by using a pinhole
aperture that permits the filtering of the fluorescent signals, preventing the out-of-focus
light from reaching the detector. Consequently, by regulating the size of the pinhole, the
depth of the in-focus field in the sample can be determined [55].

Although conventional wide-field fluorescence microscopy is suitable for achieving
high-resolution images (up to ~200 nm laterally and 500 nm axially) in less complex struc-
tures, when it comes to thicker specimens (generally, anything thicker than 2 mm), images
are often blurry and out-of-focus [56,57]. All the above along with the constant progress
of computer, laser, and fluorescence technology in the late 1980s led eventually to the
commercialisation of the instrument (CLSM) [58], which has since become one of the most
valuable tools in biomedical research.

Several innovations that CLSM provides include the reduction or even elimination
of out-of-focus light, the ability to control the depth of the field, and the generation of
serial optical sections that can depict the three-dimensional structure of a thick specimen
[56,59]. To this end, the architecture of the sample is preserved, since the instrument pro-
vides a non-invasive method of image construction using light, in contrast to methods in
which the physical sectioning (e.g., via microtome) of specimens is required.

The resilience of the approach and the fact that compared to electron microscopy,
CLSM requires remarkably less time for sample preparation, has made CLSM applicable
in a broad range of studies and has extended its capabilities from imaging superficial tis-
sues to the observation of cells” and organs” physiology [60,61]. Specifically, confocal im-
aging can be used to study cells with unique features such as neurons and cardiomyo-
cytes. In addition, it can be applied in both living and fixed specimens [56,58], providing
the ability to examine various dynamic processes, such as gene expression [62], mitochon-
drial dynamics and mobility, cytoskeletal assembly, and turnover, as well as molecule-
molecule interactions and binding [63]. Moreover, incubation of samples with different
fluorescent markers has given the opportunity not only to reveal position of proteins
within the cell but also to analyse the co-localisation of protein expression patterns [64,65].

However, there are some defects to the CLSM system. More specifically, the laser
power may cause sample photo-bleaching and attenuation of the signal [54]. Furthermore,
there is a limited number of commercially available lasers regarding excitation wave-
lengths, and the point-by-point scanning (monofocal acquisition) is quite slow as well,
providing few images per second [54].

Taken all together, confocal microscopy along with its modern advanced implemen-
tations has emerged as an indispensable microscopy technique for assessing networks of
cellular components in both in vitro and in vivo studies. The continuous improvements
of chemical and genetic labeling techniques, imaging instruments, and technologies, along
with the development of new and successful disease animal models could lead to over-
coming any drawbacks and deciphering a variety of pathological conditions, hence setting
the future of modern medicine.

2.4. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was invented building on the basic principles
of light microscopy [66]. SEM is using a focused beam of high-energy electrons for the 2D
and 3D characterisation of materials [67] and examination of microstructure morphology
with high spatial resolution [66]. It scans the top 1 pm of the specimen, providing infor-
mation on its topography, crystalline structure, and electrical behaviour [68]. Although
light microscopy has been, and continues to be, of great importance to scientific research,
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it has a limit of resolution of 1000x, while SEM can reach magnifications up to 1,000,000
with an ultimate resolution of 1 nm or less [68].

The first electron beam scanner that was used on solid samples and had all the char-
acteristics of an SEM was invented by Knoll [69]. A few years later, in 1938, the first Scan-
ning Transmission Electron Microscope (STEM) was built with the ability to magnify an
object up to 8000x and a resolution of 50-100 nm [70,71]. The first actual SEM was built a
while later [72], and its general use started in 1965 [73].

The working principle of SEM is the following: (a) a confined and focused beam of
high-energy electrons is emitted through the electron (thermal) source and accelerated
towards the specimen using a positive electrical potential; (b) electrons interact with the
atoms of the specimen, which in turn emit secondary electrons (SE) and backscattered
electrons (BSE) electrons (signals); (c) signals are detected by the electron detector and
transformed into an image [74].

Although SEM can be applied in various scientific fields and samples, and it can pro-
vide high-resolution images in a relatively short amount of time, there are certain limita-
tions in the methodology. Conventional SEMs require high vacuum to operate in order to
prevent gas molecules interfering with the electron beam and the SE and BSE. Thus, spec-
imens that will be used in SEM must be dry and contaminant-free, which is highly prob-
lematic when dealing with biological and biomedical samples that will be, unavoidably,
shrunk from drying [75]. However, there are certain methods, such as plunge and freeze
drying that may preserve the native morphology of the sample [76] and cause milder
shrinkage [77] and others that allow the examination of wet specimens without any prior
preparation [78].

In addition, if non-metallic specimens are to be scanned, they need to be made con-
ductive, either by sputter coating or vacuum deposition [79]. Commonly used metals to
make the samples electrically conductive are gold, platinum, or palladium [75]. Thus, the
preparation of biological and biomedical samples is a destructive procedure, and permis-
sions are required if the samples are unique and/or rare, etc.

Overall, SEM is a valuable technique for offering relatively fast (1 to 2 days) and high-
resolution images. However, its destructive nature is a factor that needs to be taken into
account.

3. Case Studies

The biological and biomedical needs for three-dimensional and high-resolution im-
ages as well as for visualisation of the internal morphology of structures led to the use of
the aforementioned imaging techniques in combination in order to exploit the advantages
and at the same time overcome the disadvantages of each technique. Below, some case
studies are presented where different combinations of these techniques have been used
depending the scope of each study.

3.1. Biological
3.1.1. Effects of Climate Change on Gastropod Shells and Egg Capsules

Shell calcification processes in marine organisms can be altered under low pH or in-
creased temperature conditions [19,80,81]. Biogenic calcification rates are predicted to be-
come lower than the CaCO:s dissolution rate as pH is reduced; thus, CaCOs will be dis-
solving faster than it is being produced [82]. Morphological changes of the shell due to
climate change can also subsequently affect the survival and behavior of gastropods. The
species selected for the controlled experiments performed is the Neogastropod Hexaplex
trunculus of the Muricidae family, which was experimentally subjected to combined con-
ditions of warm temperature and increased seawater acidity. The increased temperature
and the low pH conditions applied were representative of the high emissions (RCP 8.5)
“business as usual” scenario of the Intergovernmental Panel on Climate Change models
for eastern Mediterranean until the year 2100 [83].
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The structure and the morphology of the gastropod shell and of the egg capsules of
H. trunculus were studied using (a) the optical stereoscope and (b) the micro-CT tech-
niques. The optical stereoscope (Zeiss Discovery.V12) was able to successfully and realis-
tically demonstrate the outer surface of the shell and egg capsules, operating under simple
and cost-effective terms (Figure 1a,b). Visualisation and size measuring of alive juveniles
and egg capsules was also possible, since live photos could be obtained with camera shots
under the stereoscope without sacrificing the specimens (Figure 1c). However, imaging of
the full size of larger individuals or of the interior of the shell and egg capsules was not
possible. The use of micro-CT, as an advanced 3D imaging and analytical technique, of-
fered an additional insight in the internal shell microstructure, since it allowed measure-
ments of specific architectural parameters of the full intact shell: shell density, structure
thickness, and porosity.

-

1000 pm

Figure 1. (a) Egg capsules (x8 magnification) and (b,c) living juveniles of Hexaplex trunculus (x25
magnification) using a stereoscope (Zeiss Discovery.V12).

Adult shells were scanned without any staining at a voltage of 100 kV and a current
of 100 pA using a combined aluminium and copper filter with a SkyScan 1172 micro-CT
(Bruker, Kontich, Belgium). Images were acquired at a pixel size of 13.79 pm with a cam-
era binning of 2 x 2. Exposure time was 2480 ms, and scans were performed for a half-
rotation of 180° and a rotation step of 0.60° in order to minimise the scanning duration.
Projection images were reconstructed into cross-sections using SkyScan’s NRecon
v.1.7.4.2 software (Bruker, Kontich, Belgium) in a range of attenuation coefficients of 0-
0.13, with a beam-hardening correction of 59%, smoothing of 2, and ring artifact correction
of 20. The reconstructed images were stored as 16-bit TIFF images. Volume renderings of
each specimen were created using the SkyScan’s CTVox v.3.3.1 software (Bruker, Kontich,
Belgium) in order to display the reconstructed images as a 3D object (Figure 2). The 3D
analysis tools offered with the micro-CT technique (SkyScan’s CTAn v.1.18.4.0 software,
Bruker, Kontich, Belgium)) enabled (a) the calculation of mean greyscale values of the
total shell as a proxy of the relative density of the calcified tissues, (b) the calculation of
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porosity (Figure 3), and (c) the estimation of the 3D structure thickness in each specimen
(Figure 4). Furthermore, 3D geometric morphometric methods can be applied for shape
comparisons between different specimens through the creation of surface models and the
application of specified landmarks on them. The estimation of the above-mentioned char-
acters can be valuable for the investigation of potential morphological and operational
alterations of the shell due to the experimental effects of warmer temperature and low pH.

= 5mm <

Figure 2. Volume rendering of an adult Hexaplex trunculus shell acquired using a Skyscan 1172 mi-
cro-CT scanner.

Figure 3. Three-dimensional (3D) model of the closed pores (indicated in red) of an adult Hexaplex
trunculus shell (shell length 48.33 mm) acquired using a Skyscan 1172 micro-CT scanner.
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(b)

Figure 4. Colour-coded structure thickness images of (a) whole specimen and (b) cross-section along the specimen of an
adult Hexaplex trunculus shell acquired using a Skyscan 1172 micro-CT scanner.

Egg capsules of H. trunculus were fixed in 5% formaldehyde and stained with 1%
iodine in 96% ethanol modifying the staining protocol included in Metscher [23]. Speci-
mens were scanned at a voltage of 80 kV and a current of 124 pA using an aluminium
filter. Scanning was performed in 96% ethanol as a scanning medium. Images were ac-
quired at a pixel size of 13.79 um with a camera binning of 2 x 2. The exposure time was
1435 ms, and scans were performed for a full rotation of 360° and a rotation step 0.40°.
Projection images were reconstructed into cross-section images in a range of attenuation
coefficients of 0-0.064, with a beam-hardening correction of 59%, smoothing of 2, and ring
artifact correction of 20. The reconstructed images were stored as 16-bit TIFF images. Mi-
cro-CT had the ability to visualise the interior structure of the egg capsules, the capsule
walls, and the numerous eggs they contain (Figure 5).

Juveniles of H. trunculus were also scanned after anesthetisation with 7% MgCl2 and
without any staining in order to visualise their shell properties (similarly to adults). Spec-
imens were scanned at a voltage of 59 kV and a current of 167 pA without any filter. Im-
ages were acquired at a pixel size of 2 um with a camera binning of 1 x 1. Exposure time
was 325 ms, and scans were performed for a full rotation of 360° and a rotation step 0.20°.
Projection images were reconstructed into cross-section images in a range of attenuation
coefficients of 0-1.127, with a beam-hardening correction of 59%, smoothing of 2, and ring
artifact correction of 20. The reconstructed images were stored as 16-bit TIFF images. Mi-
cro-CT imaging has also enabled the visualisation of their interior calcified structures (i.e.,
statoliths), which otherwise would require laborious and time-consuming operations in
order to achieve their manual extraction (Figure 6).
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Figure 5. Volume rendering of egg capsules of Hexaplex trunculus acquired using a Skyscan 1172
micro-CT scanner.

>500 um <

Figure 6. Volume rendering of juvenile Hexaplex trunculus acquired using a Skyscan 1172 micro-CT
scanner, where internal calcified structures (statoliths, indicated with white arrows) are also visible.

3.1.2. Taxonomic Identification of Polychaeta

Polychaetes are one of the most abundant benthic taxa either in hard or in soft bottom
marine habitats [84]. The systematic identification of this taxon is problematic in many
cases due to literature gaps, based on characters that are difficult to distinguish. More
specifically, polychaete taxonomy is using internal structures such as jaws, glands, and
pharyngeal structures, as well as external ones such as chaetae, parapodia, and antennas
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as key taxonomic characters. Therefore, there are cases in which it is important to visualise
the animal internally and at the same time to keep it intact. Thus, a combination of imag-
ing techniques is often required in order to identify a specimen and describe a new spe-
cies.

Optical microscopy is the most common technique for this process; however, SEM
and micro-CT are also used either for better results or due to their specific imaging fea-
tures. In the literature, the majority of studies describing new species is using a combina-
tion of OM and SEM (e.g., [85,86]).

The Natural Geography in Shore Areas project (NaGISA, http://www.coml.org/nat-
ural-geography-shore-areas-nagisa/) aimed at inventorying and monitoring coastal habi-
tat-specific biodiversity, globally. In the framework of the NaGISA, new polychaete spe-
cies collected from coastal rocky substrates from the island of Crete have been described
using OM, micro-CT, and SEM. For OM, specific body parts were dissected from the spec-
imen in order to reveal the key characters of the species (Figure 7).

Figure 7. OM images of (a) middle body cross-section of a specimen showing the orientation and the type of chaetae (x40
magnification), (b) detailed view of middle body chaetae (x60 magnification), and (c) body shape of the specimen (x40
magnification).

Micro-CT was chosen since it can be used to visualise the external and the internal
structure of species. For this study, polychaetes were scanned without any staining at a
voltage of 59 kV and a current of 167 pA without filter with a SkyScan 1172 micro-CT
(Bruker, Kontich, Belgium). Images were acquired at a pixel size of 0.98 um with a camera
binning of 1 x 1. Exposure time was 1915 ms, and scans were performed for a full rotation
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of 360° and a rotation step of 0.25°. Projection images were reconstructed into cross-sec-
tions using SkyScan’s NRecon software in a range of attenuation coefficients of 0.033-0.43,
with a beam-hardening correction of 20%, smoothing of 2, and ring artifact correction of
10. The reconstructed images were stored as 8-bit PNG images. Volume renderings of each
specimen were created using the SkyScan’s CTVox software (Figure 8).

(a) (b)

(0)

Figure 8. Micro-CT images of (a) cross-section of the middle body of specimen, with white arrows
showing the jaws, (b) body shape of the specimen, and (c) jaws of the specimen.

For SEM, samples were fixed in 98% ethanol followed by dry ethanol on room tem-
perature twice 20 min/time. Dehydrated samples were critical point dried (Baltec CPD
030) and mounted on stubs prior to sputter coating with 20 nm thick gold (Baltec CPD
050). Observation was carried out using a SEM (JEOL, model JSM-6390LV, Jeol USA Inc,
Peabody, MA, USA) at 15 kV operating voltage. As mentioned in Section 2, SEM images
are only surface images (Figure 9), and since the samples were sputtered with gold, they
could not have been used for any other technique after this process.
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Figure 9. SEM images of (a) body form of specimen, (b) 3D form of paleae chaete, and (c) shape of
paleae chaete and compound chaete of middle body.

Optical microscopy has a very thin focus area; thus, cross-sections are preferred, in
contrast with SEM where the focus range is much greater. In addition, OM does not re-
quire pre-treatment and is able to capture the true colours of the specimen. Furthermore,
it is a fast and relatively cheap way to create images, with no limitations for shape or
geometries of the examined objects. However, due to the low resolution of OM, other im-
aging techniques were also applied for this study.

Micro-CT had the ability to produce images from the outer and the inner structures
of the specimen but with low resolution (limited to a few mm) and focus depth. On the
other hand, SEM produced high-resolution images with great focus depth but at the cost
of specimen destruction.

Since a single method to produce images for the description of new species does not
exist, a combination of the aforementioned techniques is required to achieve the best re-
sults.

3.2. Biomedical
3.2.1. Evaluation of Extracted Thrombotic Material Characteristics

Micro-CT imaging was utilised in an effort to evaluate the impact of aspirated throm-
bus burden on the post-aspiration clinical and angiographical outcomes of patients with
ST-Elevated Myocardial Infarction (STEMI) [13]. The prognostic significance of initial an-
giographic and post-aspiration residual thrombus burden has been already investigated
via recent optical coherence tomography studies [87]. However, this study, which em-
ployed micro-CT, aimed to fill the gap of evidence on the quantification of extracted
thrombotic material characteristics. Up to date, these characteristics have been subjective.
Therefore, since micro-CT allows non-destructive 3D imaging of both the internal and
external microstructure of the samples studied, it was deemed to be the most qualified to
bridge this evidence gap. In particular, researchers sought to characterise and assess for
the first time extracted thrombotic material characteristics (volume, surface, and density)



J. Imaging 2021, 7, 172

14 of 28

via micro-CT in 113 patients with STEMI undergoing manual aspiration thrombectomy
[88].

Extracted thrombotic material was initially preserved in 10% formalin for 24 h and
subsequently dehydrated in graded series of ethanol solutions up to 70%. In order to
strengthen the tissue contrast and achieve precise micro-CT 3D imaging of both the inter-
nal and external microstructure of the clots, 0.3% phosphotungstic acid (PTA) in 70% eth-
anol was used as a contrast agent according to the staining protocol presented in Metscher
[23]. Micro-CT scans were performed with a SkyScan 1172 micro-CT (Bruker, Kontich,
Belgium) at a voltage of 48 kV and a current of 204 pA without filter. Images were ac-
quired at a pixel size of 4 um with a camera binning of 1 x 1. Exposure time was 325 ms,
and scans were performed for a full rotation of 360° and a rotation step of 0.25°. The pro-
jection images were reconstructed into cross-sections using SkyScan’s NRecon software
in a range of attenuation coefficients of 0-0.7, with a beam-hardening correction of 59%,
smoothing of 2, and ring artifact correction of 20. The reconstructed images were stored
as 16-bit TIFF images. Cross-section images were loaded into the software CT Analyser
v.1.14.4.1 (CTAn, Bruker, Kontich, Belgium) to extract measurements for the volume and
density of thrombi as mean greyscale values (+ Standard Deviation), which were also con-
verted to Hounsfield units (HU). Furthermore, erythrocyte-rich and platelet-rich regions
of the thrombus were segmented through the CTAn software using different grey-level
values (for more details, see [13]). Finally, volume renderings of the samples were created
using the SkyScan’s CTVox software (Figure 10a). Skyscan’s CTVol v.2.3.2.0 software was
also used for the creation of a 3D model that can display the erythrocyte-rich and platelet-
rich regions of the thrombus (Figure 10b). Apart from the volumetric thrombotic charac-
teristics derived (mean extracted thrombus volume, surface, and density were 15.71 (+
20.10) mm?, 302.89 (+ 692.54) mm?, and 3139.04 (+ 901.88) HU, respectively), the clot rela-
tive density was also calculated and, thus, offered the opportunity to quantify the pres-
ence of different cell types (erythrocytes, leukocytes, and platelets) within the clot (Figure
10b). Histological examination was also performed to complement the micro-CT analysis,
and it revealed features of lytic thrombus after staining the formalin-fixed paraffin-em-
bedded specimen with hematoxylin and eosin (Figure 11).

(b)

Figure 10. (a) Volume rendering of thrombi and (b) 3D color visualisation of a thrombus sample
(volume 16 mm?) acquired through the Skyscan 1172 micro-CT scanner: Erythrocyte-rich regions
were rendered in red, whereas platelet-rich regions were rendered in white. (b) from [13], repro-
duced under a CC-BY licence.
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Figure 11. OM image (%200 magnification) of a histological examination of a thrombotic specimen
revealed a thrombus characterised by fibrin/erythrocytes (occupied 70% of the total area of the
thrombus) and leukocytes (30%).

This analysis demonstrated that micro-CT analysis of thrombotic specimens was fea-
sible, since thrombotic material characteristics were effectively quantified in all thrombi
with no sample disintegration observed. Micro-CT scanning was also reliable and repro-
ducible, having great intra- and inter-observer reliability (interclass correlation coeffi-
cients for thrombus volume, surface, and density were equal to 0.995 (95% C.I.: 0.981-
0.998), 0.995 (95% C.I.: 0.991-0.996), and 0.987 (95% C.I.: 0.966-0.993), respectively) [13].
The correlation of micro-CT images with clinical and angiographical parameters yielded
that larger thrombus burden was associated with outcomes suggestive of poor prognosis
in patients with STEMI, since higher thrombus volume and surface were independently
associated with distal embolisation (p = 0.007 and p = 0.028, respectively), no-reflow phe-
nomenon (p = 0.002 and p = 0.006, respectively), and angiographically evident residual
thrombus (p = 0.007 and p = 0.002, respectively) [13].

Although micro-CT facilitates the non-destructive volumetric acquisition of high-res-
olution images at near-histological spatial resolution [89], large radiation doses of micro-
CT scanning constitute the main restriction of the technique, limiting its clinical applica-
tion for in vivo clinical trials, even if some studies have already performed in vivo imaging
in animal models. Moreover, in this study, specimen preservation in formalin solutions
and staining with PTA might have altered thrombus measurements, as the specimen may
have been affected by shrinkage or other alterations due to the acidic nature of the staining
[20,90], and, therefore, there is still some distance to be covered in order to utilise micro-
CT scanning in clinical trials involving soft tissues in vivo [91].

Nevertheless, QUEST-STEMI (Quantification of Extracted Thrombus Burden Char-
acteristics and Association With Angiographic Outcomes in Patients With ST-Elevation
Myocardial Infarction) is the first study of volumetric coronary thrombus assessment by
micro-CT, and the observed scanning protocol could be used in other clinically-oriented
trials in future to help to achieve personalised risk stratification-based care management,
in accordance with thrombus burden encountered in each individual [92].
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3.2.2. Cardiotoxicity Due to Proteasome Dysfunction

Multiple myeloma (MM) is a plasma cell disease, the second most common hemato-
logic malignancy in the USA [93], and it is considered a treatable but generally incurable
cancer type [94]. It is characterised by the uncontrolled growth of monoclonal plasma cells
in bone marrow, resulting in the overproduction of fractions or non-functional intact im-
munoglobulins.

Proteasome inhibitors (PIs), such as bortezomib (a slowly reversible PI) or carfil-
zomib (binds irreversibly to proteasome), are indicated in the treatment of MM and man-
tle cell lymphoma and are under evaluation for the treatment of other malignancies [95].
PIs target the ubiquitin—proteasome system, which plays a key role in maintaining normal
cellular homeostasis in eukaryotic cells, hence regulating the majority of intracellular pro-
teins [96]. Specifically, carfilzomib has demonstrated clinical efficacy in patients with re-
lapse or refractory MM [97]. Nevertheless, treatment with carfilzomib has been associated
with a significant incidence of cardiotoxicity, especially in patients with known cardio-
vascular risk factors [98].

By exploiting the Drosophila melanogaster as an in vivo model [95], cardiac toxicity
caused by proteasome dysfunction can be examined using various imaging techniques
including CLSM and micro-CT in order to study possible deterioration of the heart func-
tionality and structure. Specifically, micro-CT technology can be applied to visual evalu-
ate features of Drosophila’s heart, thus providing both qualitative and quantitative data.
Drosophila’s specimens were preserved in 4% formalin solution, and they were later sub-
jected to dehydration procedures and stored in alcohol solution. In order to strengthen
the tissue contrast, 1% iodine dissolved in 96% ethanol was used as a contrast-agent mod-
ifying the staining protocol presented in Metscher [23]. Micro-CT scans were performed
with a SkyScan 1172 micro-CT (Bruker, Kontich, Belgium) at a voltage of 50 kV and a
current of 198 uA without filter. Images were acquired at a pixel size of 2.9 um with a
camera binning of 1 x 1. Exposure time was 316 ms, and scans were performed for a half
rotation of 180° and a rotation step of 0.23°. Projection images were reconstructed into
cross-sections using SkyScan’s NRecon software in a range of attenuation coefficients of
0-0.447611, with a beam-hardening correction of 59%, smoothing of 2, and ring artifact
correction of 20. The reconstructed images were stored as 16-bit TIFF images. Volume
renderings of each specimen were created using the SkyScan’s CTVox software in order
to display the reconstructed images as a 3D object (Figure 12a,b). SkyScan’s DataViewer
v.1.6.5.2 software was used in order to explore the cross-section images (Figure 12c).

(b)
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Figure 12. Volume rendering of (a) the whole specimen and (b) the virtually dissected specimen and
(c) transaxial, sagittal, and coronal images of the Drosophila melanogaster acquired through the Sky-
scan 1172 micro-CT scanner. The white arrow and the cross-point of the coloured lines indicate the
heart position.

CLSM analysis can also be used to examine the structural differences between the
control and flies treated with Pls, choosing probes such as phalloidin, which is a highly
selective bicyclic peptide that is used for staining actin filaments. In addition, several com-
mercially available antibodies against various cellular components can also be adminis-
trated to Drosophila heart to analyse fluctuations in protein expression patterns and to
study possible effects on organelles such as mitochondria and lysosomes not only in car-
diac disease models but also in neurodegenerative models (i.e., Parkinson’s disease) (Fig-
ure 13) or in other pathological conditions (i.e., aging). Specifically, young flies were dis-
sected, and cardiac tubes or muscle tissues were isolated in PBS and then fixed in 4% for-
maldehyde for 15 min and washed in PBS. Drosophila’s tissues were incubated with pri-
mary antibodies against the protein of interest and subsequently with secondary antibod-
ies, DAPI [nuclei staining (4',6-diamidino-2-phenylindole)], and/or phalloidin for 1 h at
RT. Visualisation of samples was done by using a Digital Eclipse C1 Nikon (Melville, NY,
UAS) CLSM equipped with 60 x 1.40 NA DIC Plan Apochromat objectives, using the EZC1
acquisition and analysis software (Nikon, Minato City, Tokyo, Japan).

Atg8al
GABARAP
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Parkinson’s
disease fly model

(b)

Figure 13. CLSM visualisation (x60 magnification) of different stained Drosophila melanogaster tis-
sues. (a) Drosophila heart tissue following immunofluorescence staining with an antibody against
the Atg8a/GABARAP autophagic protein. (b) Different sections of a fly muscle probed with the
mitochondrial marker blw/ATP5A (green) in a Parkinson’s disease fly model, showing accumula-
tion of mitochondrial aggregates (arrows) vs. control. In (a) and (b) nuclei and actin were counter-
stained with DAPI and phalloidin, respectively. In (a), Z-stacks with a step size of 1 um were taken
using identical settings, and each stack consisted of 26 plane images.

Using micro-CT in this biomedical study, data from several structures of Drosophila
melanogaster’s cardiac tube were obtained, avoiding compromising the tissues’ features.
In this manner, morphological alterations from specific domains of the heart could be de-
tected in intact animals. Notably, dimensions of the heart tube and measurements such as
heart density and structure thickness were assessed and revealed differences comparing
control vs. flies exposed to PIs. Despite the non-destructive approach of micro-CT tech-
nology, molecular and cellular interactions in these types of studies, as mentioned before,
should also be taken into consideration and not be excluded. Therefore, these observations
combined with data from CLSM analysis, targeting specific proteins in the heart, were
used in order to determine the extent of cardiotoxicity.

3.2.3. Craniosynostosis in Mice Due to Erf Insufficiency

Craniosynostosis, the premature ossification of the cranial sutures, is a potentially
lethal disease affecting approximately 1 in 2500 newborns [99]. Recent data indicate that
ERF haploinsufficiency leads to craniosynostosis (CRS-4) in both humans and mice [100].
ERF is a transcriptional repressor member of the ETS family of transcription factors that
is inactivated by the FGF/RAS/ERK pathway (Fibroblast growth factors/Fibroblast growth
factors/extracellular signal-regulated kinase) via phosphorylation and nuclear export
[101]. Pharmacological factors that augment ERF suppressor activity were tested in the
mouse model to assess their ability to ameliorate the ERF-related craniosynostosis (to be
published elsewhere). On postnatal day 65 (P65), the animals were sacrificed and skull
development, suture closure, calvarial bone thickness, and morphology were analysed by
micro-CT.

Micro-CT technology seems to be a useful tool for visual evaluation of skulls with
multisuture synostosis. Mouse skulls were scanned without any staining at a voltage of
75 kV and a current of 131 pA using an aluminium filter with a SkyScan 1172 micro-CT
(Bruker, Kontich, Belgium). Images were acquired at a pixel size of 13.79 pm with a cam-
era binning of 2 x 2. Exposure time was 1435 ms and scans were performed for a half
rotation of 180° and a rotation step 0.40°. Projection images were reconstructed into cross-
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Wild Type

Erf loxP/- (CRS-4)

sections using SkyScan’s NRecon software in a range of attenuation coefficients of 0-
0.089961, with a beam-hardening correction of 59%, smoothing of 2, and ring artifact cor-
rection of 20. The reconstructed images were stored as 16-bit TIFF images. Volume ren-
derings of each specimen were created using the SkyScan’s CTVox software in order to
display the reconstructed images as a 3D object. Facial deformities and fused sutures on
the skull of the Erfer”- mouse were revealed (Figure 14). Furthermore, qualitative and
quantitative results can be derived by the micro-CT, as differences in the calvarial bone
thickness were observed with thinner structures in the Erf®~mouse compared to the wild

type (Figure 14c).

(@) (b) ©

Figure 14. (a) Three-dimensional (3D) volume renderings, (b) transverse section image midway through the right coronal
suture, and (c) bone thickness visualisation derived from microCT scans of wild-type and a Erfos’~ (CRS-4) animal with
multisuture synostosis at P65. Black arrows indicate the fused sutures. Yellow arrows point to the coronal suture position
in the transverse sections. White arrows indicate the minimal bone thickness in the coronal suture region in the wild-type

animal.

Similarly, histological examination of skulls after Alizarin Red S and Alcian blue
staining, under stereoscopic light microscopy on a Leica MZ12 (Wetzlar, Germany), indi-
cate the position of the open coronal sutures in wild-type animals and the position of the
respective ossified sutures in craniosynostosis animals, while the sagittal suture is visible
in both animals (Figure 15). Histological examination can provide additional information
regarding heterogeneous structures stained by Alcian blue; however, it requires consid-
erably longer manipulation time and effort and cannot display the 3D morphology of the
coronal sutures of the skulls.
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Figure 15. OM image (x1 magnification) of a histological examination of the coronal sutures of P65
mouse calvaria stained with Alizarin Red and Alcian Blue. Black arrows indicate the position of the
open suture in wild-type animals and white arrows indicate the position of the ossified suture in
the ErfoxP’~ (CRS-4) craniosynostosis animals.

Confocal microscopy on a Leica SP8 scanhead fitted on a Leica DMi8 microscope
(Wetzlar, Germany) of skull sections in the sutures was also used to evaluate changes at
the cellular level as proliferation, apoptosis, or cell type. For example, the Erfe*P~ cranio-
synostosis animals exhibited decreased mesenchymal space and absence of proliferating
cells as early as postnatal day 15 (P15) (Figure 16). This method is suitable for studying
cellular and molecular events in situ, and possibly, it can illuminate underlying mecha-
nisms. However, it is considerably more laborious and time consuming, and it cannot
demonstrate changes affecting the sutures and the craniofacial morphology and ulti-
mately the disease severity.

2510 pm

pm

Figure 16. Confocal microscopy (x63 magnification) of coronal sutures transverse cryosections from
P15 mouse calvaria stained with BrdU (green) to evaluate cellular proliferation and TOPRO-3 (red)
to identify the nuclei. Dotted lines indicate the position of the parietal and frontal bones.

4. Conclusions

In Table 1, the imaging properties of each case study as well as the advantages and
disadvantages of each technique are summarised. Micro-CT is an imaging technique that
brought revolutionary changes in biological and biomedical research, taking advantage
of its ability to create 3D morphological and anatomical data with great resolution. It can
depict the internal structure of the sample, offering reliable measurements of a series of
characters such as volume, density, and porosity. Its non-destructive nature enables the
scanning of rare and valuable samples, as well as of samples that need to be further pro-
cessed by other methods, providing also the possibility to repeat the analysis. However,
micro-CT also has several limitations such as the potential alteration of the specimen char-
acteristics due to the use of staining and the time needed to complete high-resolution
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scans. The limitations may be overcome by using other imaging techniques. OM can over-
come the restrictions caused by the pre-treatment of the samples and the time needed, as
the examination of the specimens can be immediate. Moreover, the specimens can be ob-
served in their original form. However, the technique suffers by thin focus area. In addi-
tion, the samples are destroyed in cases where internal observation is needed. CLSM, alt-
hough another OM technique, offers visualisation of the cellular and molecular level. Pre-
treatment of samples is fast, and the technique gives the opportunity to study samples
also in vivo. Despite the advantages, there is limited availability regarding the necessary
antibodies, and laser power entails the risk of artifacts by causing photo-bleaching. SEM
can offer very detailed images as it has very high resolution with great focus of depth.
Nevertheless, the technique has high cost due to the necessary pre-treatment of the sam-
ples and offers only surface images.

The selection of the most appropriate technique depends on the scope of the research
and the imaging technical features. The combination of 2D and 3D imaging techniques as
complementary data can be the key element for a more comprehensive approach in bio-
logical and biomedical studies. Technology is continuously advancing in the field to re-
spond to the research needs and exceed all the possible drawbacks. The way forward
seems to be the integration of the results of different imaging techniques into the same
outcome: towards more complete image evidence emerging from the samples scanned.
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Table 1. Brief description of the case studies presenting the imaging properties and the advantages and disadvantages of each technique.
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ly £ 1
( f(i);ai,ioflraigc;gsctz}i)j;es— no yes (fixation and yes (fixation and no
4 days) 5 staining—2 days) staining—2 days)

sample prepa-
ration

e . . . facial deformities and internal specimen mi-
visualisation of external and internal external and inter- thrombotic char-

L heart fused sutures on the crostructure, measure- time consuming for
features  shell and egg structures  nal structure acteristics . . .
skull ments of specimen  high-resolution da-
Micro-CT potential altera- characteristics (vol-  tasets, staining might
. . . tions in throm-  potential altera- ume, surface, density, alter specimen charac-
potential alterations in . . . . L
. botic measure- tions in heart thickness, porosity), teristics, large dataset
destructive  egg capsules due to no no . . .
. ments due to structure due to reliable, reproducible, size
staining procedure , . .
staining proce- staining procedure non-destructive
dure
imaging dura-
gs 25-6h 3h 15h 2h 2h
tion
magnification 8-25x 40-60x 200x 1x
yes (fixation, staining
sample prepa- yes (fixation and and removal of re- no pre-treatment,
. no no . e . .
ration staining—1 day) maining tissues—35- original colours of the very thin focus area,
40 days) specimen, fast if no destruction of the
visualisation of only external shell and presence of dif- sample preparation is sample in case that the
OM external structure sutures L . .
features egg structures ferent cell types needed, no limitations  internal view is
yes (cross-sections for shape or geome- needed, time consum-
destructive no from specific yes yes tries, application to in ing for histological ex-
parts) vivo trials, non-inva- amination
imaging dura- . . . . . . . . sive
&g immediate immediate immediate immediate

tion




J. Imaging 2021, 7, 172

23 of 28

magnification

sample prepa-
ration

visualisation of

features
CLSM

destructive

imaging dura-

60x 63x%
yes (fixation, incu- yes (fixation, incuba-
bation with anti- tion with antibodies—

bodies—2.5 h) 67 days)
organelles in se- proliferation, apopto-
lected tissues sis, and cell type
yes (young flies
were dissected,
cardiac tubes or yes

muscle tissues
were isolated)

study of organelles,
visualisation at the
cellular level, studying
cellular and molecular
events, can be applied
to in vivo studies

availability of antibod-
ies, photo-bleaching
by laser power, de-
structive method

. immediate 4-6h
tion
magnification 85-600x
yes (dehydration
sample prepa- and sputter coat-
ration ing with 20 nm

SEM visualisation of

features
destructive

imaging dura-
tion

thick gold—1 day)

yes (fixation, dehy-
dration, sputter-
ing)

immediate

High-resolution im-
ages with great focus
depth

only surface images,
destructive method




J. Imaging 2021, 7, 172 24 of 28

Author Contributions: Authors are listed in alphabetical order. Conceptualisation, KK., C.A. and
AM.; writing—original draft preparation, KK,, CA, G.C, E.C, EK, TK, AM., KM, GM,, E.-
D.P,AS.P,CP,LP.T,K.V.and A.V. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by BIOIMAGING-GR (MIS 5002755) implemented under “Ac-
tion for Strengthening Research and Innovation Infrastructures”, funded by the Operational Pro-
gramme “Competitiveness, Entrepreneurship and Innovation” (NSRF 2014-2020), and co-financed
by Greece and the European Union (European Regional Development Fund).

Institutional Review Board Statement: According to the Protocol Licensing Committee of the Hel-
lenic Centre for Marine Research and the Veterinary District Directorate, the verification of the ex-
perimental protocols for the biological studies and the Drosophilas’s use case was not applicable,
since the animals used in the experiments are not vertebrates or cephalopods, and no further ap-
proval was required (P.D. 56/2013, article 1, paragraph 36 and 2010/63/EU). The QUEST-STEMI
study has been approved by the Medical Ethics Committee of the Aristotle University of Thessalo-
niki (reference number 373/05-07-2017), by the Scientific Committee of AHEPA University Hospital
(reference number 38/25-01-2018) and by the Directory Board of AHEPA University Hospital (ref-
erence number 07/01-03-2018). Mice in craniosynostosis use case were bred and maintained in the
animal facility of the Institute of Molecular Biology and Biotechnology (IMBB) in Greece. All exper-
iments were conducted with ethical guidelines. Protocols were approved by the bioethics committee
of IMBB and licensed from the General Directorate of Veterinary Services, Region Crete (permit
numbers EL 91BIO-02 and EL91-BIOexp-02; project license no. 27289 to G. Mavrothalassitis). Erfo<
and ErfoP-littermates were obtained from crossing Erf*~ mice with ErfoxP/oP mice [100].

Informed Consent Statement: Each subject has provided written informed consent before partici-
pating in the QUEST-STEMI study.

Data Availability Statement: The datasets generated during and/or analysed during the current
study are available from the corresponding author on reasonable request.

Acknowledgments: The authors would like to acknowledge the ECCO project (HFRI, project ID
343, 2018-2021) that provided information and photos for the case study “Effects of climate change
on gastropod shells and egg capsules”. The authors would also like to thank Dr. Sarah Faulwetter
for her suggestions. The authors would also like to thank the two anonymous reviewers for provid-
ing comments and suggestions that improved the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Weissleder, R.; Nahrendorf, M. Advancing biomedical imaging. Proc. Natl. Acad. Sci. 2015, 112, 1-5, doi:10.1073/pnas.1508524112.

2. Orhan, K. Introduction to Micro-CT Imaging. In Micro-Co Mputed Tomography (Micro-CT) in Medicine and Engineering; Orhan, K.,
Ed.; Springer International Publishing: Cham, Switzerland, 2020; p. 312, ISBN 978-3-030-16640-3.

3. Descamps, E.; Sochacka, A.; de Kegel, B.; Loo, D. Van; Hoorebeke, L.; Adriaens, D. Soft tissue discrimination with contrast
agents using micro-ct scanning. Belgian J. Zool. 2014, 144, 20-40, doi:10.26496/bjz.2014.63.

4.  Faillace, M.E.; Rudolph, R.A.; Brunke, O. Micro and nano-CT as a valuable and complimentary tool for life science research.
Microsc. Microanal. 2013, 19, 636—637, doi:10.1017/51431927613005175.

5. Handschuh, S.; Baeumler, N.; Schwaha, T.; Ruthensteiner, B. A correlative approach for combining microCT, light and
transmission electron microscopy in a single 3D scenario. Front. Zool. 2013, 10, 44, doi:10.1186/1742-9994-10-44.

6. Herdina, A.N.; Plenk, H.; Benda, P.; Lina, P.H.C.; Herzig-Straschil, B.; Hilgers, H.; Metscher, B.D. Correlative 3D-imaging of
Pipistrellus penis micromorphology: Validating quantitative microCT images with undecalcified serial ground section
histomorphology. ]. Morphol. 2015, 276, 695-706, d0i:10.1002/jmor.20372.

7. Hounsfield, G.N. Computerized transverse axial scanning (tomography): Part 1. Description of system. Br. ]. Radiol. 1973, 46,
1016-1022, doi:10.1259/0007-1285-46-552-1016.

8.  Fenster, A. A TRENDS Guide to Imaging Technologies. Trends Biotechnol. 2002, 20, S1-S2, d0i:10.1016/S0167-7799(02)02024-3.

9.  Keklikoglou, K.; Faulwetter, S.; Chatzinikolaou, E.; Wils, P.; Brecko, J.; Kvacek, J.; Metscher, B.; Arvanitidis, C. Micro-computed
tomography for natural history specimens: A handbook of best practice protocols. Eur. J. Taxon. 2019, 522, 1-55,
doi:10.5852/ejt.2019.522.

10.  Steiner, L.; Synek, A.; Pahr, D.H. Comparison of different microCT-based morphology assessment tools using human trabecular

bone. Bone Rep. 2020, 12, 100261, doi:10.1016/j.bonr.2020.100261.



J. Imaging 2021, 7, 172 25 of 28

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Schaad, L.; Hlushchuk, R.; Barré, S.; Gianni-Barrera, R.; Haberthiir, D.; Banfi, A.; Djonov, V. Correlative Imaging of the Murine
Hind Limb Vasculature and Muscle Tissue by MicroCT and Light Microscopy. Sci. Rep. 2017, 7, 41842, doi:10.1038/srep41842.
Befera, N.T.; Badea, C.T.; Johnson, G.A. Comparison of 4D-MicroSPECT and MicroCT for Murine Cardiac Function. Mol.
Imaging Biol. 2014, 16, 235-245, d0i:10.1007/s11307-013-0686-z.

Karagiannidis, E.; Papazoglou, A.S.; Sofidis, G.; Chatzinikolaou, E.; Keklikoglou, K.; Panteris, E.; Kartas, A.; Stalikas, N.; Zegkos,
T.; Girtovitis, F.; et al. Micro-CT-Based Quantification of Extracted Thrombus Burden Characteristics and Association With
Angiographic Outcomes in Patients With ST-Elevation Myocardial Infarction: The QUEST-STEMI Study. Front. Cardiovasc. Med.
2021, 8, 1-11, doi:10.3389/fcvm.2021.646064.

Pham, A.C; Nguyen, T.; Nowell, CJ.; Graham, B.; Boyd, B.J. Examining the gastrointestinal transit of lipid-based liquid
crystalline systems using whole-animal imaging. Drug Deliv. Transl. Res. 2015, 5, 566574, doi:10.1007/5s13346-015-0253-z.

Qiu, S.; Dorrius, M.D.; de Jongh, S.J.; Jansen, L.; de Vries, ].; Schroder, C.P.; Zhang, G.; de Vries, E.G.E.; van der Vegt, B.; van
Dam, G.M. Micro-computed tomography (micro-CT) for intraoperative surgical margin assessment of breast cancer: A
feasibility study in breast conserving surgery. Eur. ]. Surg. Oncol. 2018, 44, 1708-1713, d0i:10.1016/j.ejs0.2018.06.022.

Foster, W.K; Ford, N.L. Investigating the effect of longitudinal micro-CT imaging on tumour growth in mice. Phys. Med. Biol.
2011, 56, 315-326, doi:10.1088/0031-9155/56/2/002.

Degenhardt, K.; Wright, A.C.; Horng, D.; Padmanabhan, A.; Epstein, ].A. Rapid 3D phenotyping of cardiovascular development
in mouse embryos by micro-CT with iodine staining. Circ. Cardiovasc. Imaging 2010, 3, 314-322,
doi:10.1161/CIRCIMAGING.109.918482.

Faulwetter, S.; Vasileiadou, A.; Kouratoras, M.; Dailianis, T.; Arvanitidis, C. Micro-computed tomography: Introducing new
dimensions to taxonomy. Zookeys 2013, 263, 1-45, d0i:10.3897/zookeys.263.4261.

Chatzinikolaou, E.; Keklikoglou, K.; Grigoriou, P. Morphological Properties of Gastropod Shells in a Warmer and More Acidic
Future Ocean Using 3D Micro-Computed Tomography. Front. Mar. Sci. 2021, 8, 1-14, d0i:10.3389/fmars.2021.645660.

Metscher, B.D. MicroCT for developmental biology: A versatile tool for high-contrast 3D imaging at histological resolutions.
Dev. Dyn. 2009, 238, 632-640, d0i:10.1002/dvdy.21857.

Waarsing, J.; Day, ].; van der Linden, J.; Ederveen, A.; Spanjers, C.; De Clerck, N.; Sasov, A.; Verhaar, ].A.; Weinans, H. Detecting
and tracking local changes in the tibiae of individual rats: A novel method to analyse longitudinal in vivo micro-CT data. Bone
2004, 34, 163-169, doi:10.1016/j.bone.2003.08.012.

Bilecenoglu, B.; Ocak, M. Analysis of Fracture Callus Mechanical Properties Using Micro-CT. In Micro-Computed Tomography
(Micro-CT) in Medicine and Engineering; Orhan, K., Ed.; Springer International Publishing: Cham, Switzerland, 2020; p. 312, ISBN
978-3-030-16640-3.

Metscher, B.D. MicroCT for comparative morphology: Simple staining methods allow high-contrast 3D imaging of diverse non-
mineralized animal tissues. BMIC Physiol. 2009, 9, 11, d0i:10.1186/1472-6793-9-11.

Kirschner, S.; Felix, M.C.; Hartmann, L.; Bierbaum, M.; Maros, M.E.; Kerl, H.U.; Wenz, F.; Glatting, G.; Kramer, M.; Giordano,
F.A.; et al. In vivo micro-CT imaging of untreated and irradiated orthotopic glioblastoma xenografts in mice: Capabilities,
limitations and a comparison with bioluminescence imaging. . Neurooncol. 2015, 122, 245-254, d0i:10.1007/s11060-014-1708-7.
Pauwels, E.; Van Loo, D.; Cornillie, P.; Brabant, L.; Van Hoorebeke, L. An exploratory study of contrast agents for soft tissue
visualization by means of high resolution X-ray computed tomography imaging. ]. Microsc. 2013, 250, 21-31,
doi:10.1111/jmi.12013.

Schmidbaur, H.; Keklikoglou, K.; Metscher, B.D.; Faulwetter, S. Exploring methods to remove iodine and phosphotungstic acid
stains from zoological specimens. In Proceedings of the Micro-CT User Meeting, Bruges, Belgium, 4-7 May 2015; Bruker: Bruges,
Belgium, 2015; pp. 116-123.

Gignac, P.M.; Kley, N.J.; Clarke, J.A.; Colbert, M.W.; Morhardt, A.C.; Cerio, D.; Cost, LN.; Cox, P.G.; Daza, ].D.; Early, C.M.; et
al. Diffusible iodine-based contrast-enhanced computed tomography (diceCT): An emerging tool for rapid, high-resolution, 3-
D imaging of metazoan soft tissues. J. Anat. 2016, 228, 889-909, d0i:10.1111/joa.12449.

Sharir, A.; Ramniceanu, G.; Brumfeld, V. High Resolution 3D Imaging of Ex-Vivo Biological Samples by Micro CT. . Vis. Exp.
2011, 52, e2688, doi:10.3791/2688.

Schambach, S.J.; Bag, S.; Schilling, L.; Groden, C.; Brockmann, M.A. Application of micro-CT in small animal imaging. Methods
2010, 50, 2-13, d0i:10.1016/j.ymeth.2009.08.007.

Hall, A.C.; Sherlock, E.; Sykes, D. Does Micro-CT scanning damage DNA in museum specimens? J. Nat. Sci. Collect 2015, 2, 22—
28.

Paredes, U.M.; Prys-Jones, R.; Adams, M.; Groombridge, J.; Kundu, S.; Agapow, P.M.; Abel, R.L. Micro-CT X-rays do not
fragment DNA in preserved bird skins. ]. Zool. Syst. Evol. Res. 2012, 50, 247-250, d0i:10.1111/§.1439-0469.2012.00657 .x.
Haberthiir, D.; Hintermiiller, C.; Marone, F.; Schittny, J.C.; Stampanoni, M. Radiation dose optimized lateral expansion of the
field of view in synchrotron radiation X-ray tomographic microscopy. J. Synchrotron Radiat. 2010, 17, 590-599,
doi:10.1107/S0909049510019618.

Williams, S.T. Molluscan shell colour. Biol. Rev. 2017, 92, 1039-1058, d0i:10.1111/brv.12268.

Hiyama, A.; Taira, W.; Otaki, ].M. Color-Pattern Evolution in Response to Environmental Stress in Butterflies. Front. Genet. 2012,
3, 15, d0i:10.3389/fgene.2012.00015.

Wang, L.; Wang, W.-X. Depuration of metals by the green-colored oyster Crassostrea sikamea. Environ. Toxicol. Chem. 2014, 33,
2379-2385, doi:10.1002/etc.2695.



J. Imaging 2021, 7, 172 26 of 28

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

Ijiri, T.; Todo, H.; Hirabayashi, A.; Kohiyama, K.; Dobashi, Y. Digitization of natural objects with micro CT and photographs.
PLoS ONE 2018, 13, e0195852, d0i:10.1371/journal.pone.0195852.

Ebnesajjad, S.; Ebnesajjad, C. Surface Treatment of Materials for Adhesive Bonding, 2nd ed.; Elsevier: Oxford, UK, 2014; ISBN
9780323264358.

Di Gianfrancesco, A. Technologies for chemical analyses, microstructural and inspection investigations. In Materials for Ultra-
Supercritical and Advanced Ultra-Supercritical Power Plants; Di Gianfrancesco, A., Eds.;Elsevier: Amsterdam, The Netherlands,
2017; pp. 197-245.

Ager, J.W. Overview of optical microscopy and optical microspectroscopy. In Proceedings of the The 1998 International
Conference on Characterization and Metrology for ULSI Technology, Gaithersburg, MD, USA, 23-27 March 1998; ASCE: Reston,
VA, USA, 1998; pp. 641-652.

Hopen, T.J.; Davis, M. Microscopy: Light Microscopes. In Wiley Encyclopedia of Forensic Science; Jamieson, A., Moenssens, A.,
Eds.; John Wiley & Sons, Ltd.: Chichester, UK, 2009; p. 3104.

Booth, M.]. Adaptive optical microscopy: The ongoing quest for a perfect image. Light Sci. Appl. 2014, 3, el65-el65,
doi:10.1038/1sa.2014.46.

Chen, X,; Zheng, B.; Liu, H. Optical and digital microscopic imaging techniques and applications in pathology. Anal. Cell. Pathol.
2011, 34, 5-18, doi:10.3233/ACP-2011-0006.

Kehlmaier, C.; Dierick, M.; Skevington, J.H. Micro-CT studies of amber inclusions reveal internal genitalic features of big-
headed flies, enabling a systematic placement of Metanephrocerus Aczél, 1948 (Insecta: Diptera: Pipunculidae). Arthropod Syst.
Phylogeny 2014, 72, 23-36.

Ngo, ].P.; Le, B.; Khan, Z.; Kett, M.M.; Gardiner, B.S.; Smith, D.W.; Melhem, M.M.; Maksimenko, A.; Pearson, ].T.; Evans, R.G.
Micro-computed tomographic analysis of the radial geometry of intrarenal artery-vein pairs in rats and rabbits: Comparison
with light microscopy. Clin. Exp. Pharmacol. Physiol. 2017, 44, 1241-1253, d0i:10.1111/1440-1681.12842.

Le Breton, A.; Jegoux, F.; Pilet, P.; Godey, B. Micro-CT scan, electron microscopy and optical microscopy study of insertional
traumas of cochlear implants. Surg. Radiol. Anat. 2015, 37, 815-823, doi:10.1007/s00276-015-1469-9.

Kind, M.; Stock, N.; Coindre, J.M. Histology and imaging of soft tissue sarcomas. Eur. ]. Radiol. 2009, 72, 6-15,
doi:10.1016/j.ejrad.2009.05.023.

Musumeci, G. Past, present and future: Overview on histology and histopathology. |. Histol. Histopathol. 2014, 1, 5,
doi:10.7243/2055-091X-1-5.

Cotter, M.B.; Loda, M. Introduction to Histology. In Pathology and Epidemiology of Cancer; Loda, M., Mucc, L., Mittelstadt, M.,
Van Hemelrijck, M., Cotter, M., Eds.; Springer International Publishing: Cham, Switzerland, 2017; pp. 11-26.

Titford, M. A Short History of Histopathology Technique. ]. Histotechnol. 2006, 29, 99-110, doi:10.1179/his.2006.29.2.99.
Macenko, M.; Niethammer, M.; Marron, ].S.; Borland, D.; Woosley, J.T.; Guan, X.; Schmitt, C.; Thomas, N.E. A method for
normalizing histology slides for quantitative analysis. In Proceedings of the 2009 IEEE International Symposium on Biomedical
Imaging: From Nano to Macro, Boston, MA, USA, 28 June-1 July; 2009; pp. 1107-1110.

Cozma, K.; Henwood, A. An assessment of decoverslipping methods on histology slides. |. Histotechnol. 2019, 42, 64-67,
doi:10.1080/01478885.2019.1578471.

Taqi, S.; Sami, S.; Sami, L.; Zaki, S. A review of artifacts in histopathology. ]. Oral Maxillofac. Pathol. 2018, 22, 279,
doi:10.4103/jomfp.JOMFP_125_15.

Minsky, M. Memoir on Inventing the Confocal Scanning Microscope. Scanning 1988, 10, 128-138.

Canette, A.; Briandet, R. Microscopy chapter: Confocal Laser Scanning Microscopy. In Encyclopedia of Food Microbiology; Batt, C.,
Tortorello, M.L., Eds.; Elsevier: Amsterdam, The Netherlands, 2014; pp. 676-683.

Vyplelova, P.; Ovecka, M.; Komis, G.; gamaj, J. Advanced microscopy methods for bioimaging of mitotic microtubules in plants.
Methods Cell Biol. 2018, 145, 129-158, doi:10.1016/bs.mcb.2018.03.019.

Hanrahan, O.; Harris, J.; Egan, C. Advanced Microscopy: Laser Scanning Confocal Microscopy. In Gene Expression Profiling.
Methods and Protocols; O'Driscoll, L., Ed.; Humana Press: Totowa, NJ, USA, 2011; pp. 169-180.

Jonkman, J.; Brown, C.M. Any Way You Slice It —A Comparison of Confocal Microscopy Techniques. ]. Biomol. Tech. 2015, 26,
54-65, d0i:10.7171/jbt.15-2602-003.

Bayguinov, P.O.; Oakley, D.M.; Shih, C.-C.; Geanon, D.J.; Joens, M.S.; Fitzpatrick, J.A.]. Modern Laser Scanning Confocal
Microscopy. Curr. Protoc. Cytom. 2018, 85, €39, doi:10.1002/cpcy.39.

Paddock, S.W.; Eliceiri, K.W. Laser Scanning Confocal Microscopy: History, Applications, and Related Optical Sectioning
Techniques. In Confocal Microscopy. Methods in Molecular Biology (Methods and Protocols); Paddock, S., Ed.; Humana Press: New
York, NY, USA, 2014; pp. 9-47.

Choi, M.; Kwok, S.J.J.; Yun, S.H. In Vivo Fluorescence Microscopy: Lessons From Observing Cell Behavior in Their Native
Environment. Physiology 2015, 30, 40-49, doi:10.1152/physiol.00019.2014.

Simionato, G.; Hinkelmann, K.; Chachanidze, R.; Bianchi, P.; Fermo, E.; van Wijk, R.; Leonetti, M.; Wagner, C.; Kaestner, L.;
Quint, S. Red blood cell phenotyping from 3D confocal images using artificial neural networks. PLoS Comput. Biol. 2021, 17,
€1008934, doi:10.1371/journal.pcbi.1008934.

Peng, X.-H.; Cao, Z.-H.; Xia, ].-T.; Carlson, G.W.; Lewis, M.M.; Wood, W.C.; Yang, L. Real-time Detection of Gene Expression in
Cancer Cells Using Molecular Beacon Imaging: New Strategies for Cancer Research. Cancer Res. 2005, 65, 1909-1917,
doi:10.1158/0008-5472.CAN-04-3196.



J. Imaging 2021, 7, 172 27 of 28

63.

64.

65.

66.

67.

68.
69.
70.
71.
72.
73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Bystricky, K.; Van Attikum, H.; Montiel, M.-D.; Dion, V.; Gehlen, L.; Gasser, S.M. Regulation of Nuclear Positioning and
Dynamics of the Silent Mating Type Loci by the Yeast Ku70/Ku80 Complex. Mol. Cell. Biol. 2009, 29, 835-848,
doi:10.1128/MCB.01009-08.

Hanrahan, O.; Webb, H.; O'Byrne, R.; Brabazon, E.; Treumann, A.; Sunter, ].D.; Carrington, M.; Voorheis, H.P. The
Glycosylphosphatidylinositol-PLC in Trypanosoma brucei Forms a Linear Array on the Exterior of the Flagellar Membrane
Before and After Activation. PLoS Pathog. 2009, 5, €1000468, doi:10.1371/journal.ppat.1000468.

Palsson-McDermott, E.M.; Doyle, S.L.; McGettrick, A.F.; Hardy, M.; Husebye, H.; Banahan, K.; Gong, M.; Golenbock, D.;
Espevik, T.; O'Neill, L.A.]. TAG, a splice variant of the adaptor TRAM, negatively regulates the adaptor MyD88-independent
TLR4 pathway. Nat. Immunol. 2009, 10, 579-586, d0i:10.1038/ni.1727.

Zhou, W.; Apkarian, R.; Wang, Z.L.; Joy, D. Fundamentals of scanning electron microscopy (SEM). In Scanning Microscopy for
Nanotechnology; Springer: New York, NY, USA, 2006; pp. 1-40.

Inkson, B.J. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) for materials characterization.
In Materials Characterization Using Nondestructive Evaluation (NDE) Methods; Hiibschen, G., Altpeter, I., Tschuncky, R., Herrmann,
H.-G,, Eds.;Elsevier: Amsterdam, The Netherlands, 2016; pp. 17-43.

Vernon-Parry, K.D. Scanning electron microscopy: An introduction. III-Vs Rev. 2000, 13, 40-44, doi:10.1016/S0961-
1290(00)80006-X.

Knoll, M. Aufladepotentiel und Sekundaremission elektronenbestrahlterKorper. Z. Tech. Phys. 1935, 16, 467-475.

von Ardenne, M. Das Elektronen-Rastermikroskop. Theoretische Grund-lagen. Z. Phys. 1938, 109, 553-572.

von Ardenne, M. Das Elektronen-Rastermikroskop. Praktische Aus-fithrung. Z. Phys. 1938, 19, 407-416.

Zworykin, V.A,; Hillier, J.; Snyder, R.L. A scanning electron microscope. ASTM Bull. 1942, 117, 15-23.

McMullan, D. Scanning electron microscopy 1928-1965. Scanning 1995, 17, 175-185, d0i:10.1002/sca.4950170309.

Mohammed, A.; Abdullah, A. Scanning electron microscopy (SEM): A review. In Proceedings of the 2018 International
Conference on Hydraulics and Pneumatics—HERVEX, Bdile Govora, Romania, 7-9 November 2018; pp. 7-9.

Kashi, A.M.; Tahermanesh, K.; Chaichian, S.; Joghataei, M.T.; Moradi, F.; Tavangar, S.M.; Najafabadi, A.S.M.; Lotfibakhshaiesh,
N.; Beyranvand, S.P.; Anvari-Yazdi, A.F.; et al. How to Prepare Biological Samples and Live Tissues for Scanning Electron
Microscopy (SEM). Galen Med. ]. 2014, 3, 63-80.

Paterson, S.M.; Casadio, Y.S.; Brown, D.H.; Shaw, J.A.; Chirila, T. V.; Baker, M. V. Laser scanning confocal microscopy versus
scanning electron microscopy for characterization of polymer morphology: Sample preparation drastically distorts
morphologies of poly (2-hydroxyethyl methacrylate)-based hydrogels. J. Appl. Polym. Sci. 2013, 127, 4296-4304,
doi:10.1002/app.38034.

Ostrowski, S.G.; Paxon, T.L.; Denault, L.; McEvoy, K.; Smentkowski, V.S. Preparing Biological Samples for Analysis by High
Vacuum Techniques. Micros. Today 2009, 17, 48-53, d0i:10.1017/51551929500054511.

Danilatos, G.D. The examination of fresh or living plant material in an environmental scanning electron microscope. J. Microsc.
1981, 121, 235-238, doi:10.1111/j.1365-2818.1981.tb01218.x.

Echlin, P. Handbook of Sample Preparation for Scanning Electron Microscopy and X-Ray Microanalysis; Springer: Berlin/Heidelberg,
Germany, 2011.

Gizzi, F.; Caccia, M.G.; Simoncini, G.A.; Mancuso, A.; Reggi, M.; Fermani, S.; Brizi, L.; Fantazzini, P.; Stagioni, M.; Falini, G.; et
al. Shell properties of commercial clam Chamelea gallina are influenced by temperature and solar radiation along a wide
latitudinal gradient. Sci. Rep. 2016, 6, 36420, doi:10.1038/srep36420.

Barclay, K.; Gaylord, B.; Jellison, B.; Shukla, P.; Sanford, E.; Leighton, L. Variation in the effects of ocean acidification on shell
growth and strength in two intertidal gastropods. Mar. Ecol. Prog. Ser. 2019, 626, 109-121, d0i:10.3354/meps13056.

Andersson, A.J.; Mackenzie, F.T.; Lerman, A. Coastal ocean CO: -carbonic acid-carbonate sediment system of the Anthropocene.
Glob. Biogeochem. Cycles 2006, 20, GB1592, d0i:10.1029/2005GB002506.

IPCC. Climate Change 2014: Synthesis Report. In Contribution of Working Groups 1, I and III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change; IPCC: Geneva, Switzerland, 2014.

Arvanitidis, C.; Bellan, G.; Drakopoulos, P.; Valavanis, V.; Dounas, C.; Koukouras, A.; Eleftheriou, A. Seascape biodiversity
patterns along the Mediterranean and the Black Sea: Lessons from the biogeography of benthic polychaetes. Mar. Ecol. Prog. Ser.
2002, 244, 139-152, doi:10.3354/meps244139.

San Martin, G.; Aguado, M.T. Contribution of Scanning Electron Microscope to the Study of Morphology, Biology,
Reproduction, and Phylogeny of the Family Syllidae (Polychaeta). In Scanning Electron Microscopy; Kazmiruk, V., Ed.; InTech:
Rijeka, Croatia, 2012.

Lovell, L.L.; Fitzhugh, K. Taking a closer look: An SEM review of Levinsenia species (Polychaeta: Paraonidae) reported from
California. Zootaxa 2020, 4751, 256275, doi:10.11646/zootaxa.4751.2.3.

Bhindi, R.; Kajander, O.A; Jolly, S.S.; Kassam, S.; Lavi, S.; Niemeld, K.; Fung, A.; Cheema, A.N.; Meeks, B.; Alexopoulos, D.; et
al. Culprit lesion thrombus burden after manual thrombectomy or percutaneous coronary intervention-alone in ST-segment
elevation myocardial infarction: The optical coherence tomography sub-study of the TOTAL (ThrOmbecTomy versus PCI
ALone) trial. Eur. Heart ]. 2015, 36, 1892-1900, doi:10.1093/eurheartj/ehv176.

Karagiannidis, E.; Konstantinidis, N. V.; Sofidis, G.; Chatzinikolaou, E.; Sianos, G. Rationale and design of a prospective,
observational study for the QUantitative EStimation of Thrombus burden in patients with ST-Elevation Myocardial Infarction



J. Imaging 2021, 7, 172 28 of 28

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

using micro-computed tomography: The QUEST-STEMI trial. BMC Cardiovasc. Disord. 2020, 20, 125, do0i:10.1186/s12872-020-
01393-5.

Kuntz, S.H.; Jinnouchi, H.; Kutyna, M.; Torii, S.; Cornelissen, A.; Sakamoto, A.; Sato, Y.; Fuller, D.T.; Schwein, A.; Ohana, M.; et
al. Co-Registration of Peripheral Atherosclerotic Plaques Assessed by Conventional CT Angiography, MicroCT and Histology
in Patients with Chronic Limb Threatening Ischaemia. Eur. ]. Vasc. Endovasc. Surg. 2021, 61, 146-154,
doi:10.1016/j.ejvs.2020.08.037.

Buytaert, J.; Goyens, J.; De Greef, D.; Aerts, P.; Dirckx, J. Volume shrinkage of bone, brain and muscle tissue in sample
preparation for micro-CT and light sheet fluorescence microscopy (LSFM). Microsc. Microanal. 2014, 20, 1208-1217,
d0i:10.1017/51431927614001329.

Papazoglou, A.S.; Karagiannidis, E.; Moysidis, D. V.; Sofidis, G.; Bompoti, A.; Stalikas, N.; Panteris, E.; Arvanitidis, C.;
Herrmann, M.D.; Michaelson, J.S.; et al. Current clinical applications and potential perspective of micro-computed tomography
in cardiovascular imaging: A systematic scoping review. Hell. J. Cardiol. 2021, in press, doi:10.1016/j.hjc.2021.04.006.
Karagiannidis, E.; Papazoglou, A.S.; Stalikas, N.; Deda, O.; Panteris, E.; Begou, O.; Sofidis, G.; Moysidis, D.V.; Kartas, A.;
Chatzinikolaou, E.; et al. Serum ceramides as prognostic biomarkers of large thrombus burden in patients with stemi: A micro-
computed tomography study. J. Pers. Med. 2021, 11, 89, doi:10.3390/jpm11020089.

Wu, P; Oren, O, Gertz, M.A,; Yang, E.H. Proteasome Inhibitor-Related Cardiotoxicity: Mechanisms, Diagnosis, and
Management. Curr. Oncol. Rep. 2020, 22, 66, d0i:10.1007/s11912-020-00931-w.

Brigle, K. Rogers, B. Pathobiology and Diagnosis of Multiple Myeloma. Semin. Oncol. Nurs. 2017, 33, 225-236,
doi:10.1016/j.soncn.2017.05.012.

Tsakiri, E.N.; Terpos, E.; Papanagnou, E.-D.; Kastritis, E.; Brieudes, V.; Halabalaki, M.; Bagratuni, T.; Florea, B.I,; Overkleeft,
H.S.; Scorrano, L.; et al. Milder degenerative effects of Carfilzomib vs. Bortezomib in the Drosophila model: A link to clinical
adverse events. Sci. Rep. 2017, 7, 17802, d0i:10.1038/s41598-017-17596-4.

Jung, T.; Catalgol, B.; Grune, T. The proteasomal system. Mol. Aspects Med. 2009, 30, 191-296, doi:10.1016/j.mam.2009.04.001.
Dimopoulos, M.A.; Richardson, P.G.; Moreau, P.; Anderson, K.C. Current treatment landscape for relapsed and/or refractory
multiple myeloma. Nat. Rev. Clin. Oncol. 2015, 12, 42-54, doi:10.1038/nrclinonc.2014.200.

Kastritis, E.; Laina, A.; Georgiopoulos, G.; Gavriatopoulou, M.; Papanagnou, E.-D.; Eleutherakis-Papaiakovou, E.; Fotiou, D.;
Kanellias, N.; Dialoupi, I.; Makris, N.; et al. Carfilzomib-induced endothelial dysfunction, recovery of proteasome activity, and
prediction of cardiovascular complications: A prospective study. Leukemia 2021, 35, 1418-1427, doi:10.1038/s41375-021-01141-4.
Morriss-Kay, G.M.; Wilkie, A.O.M. Growth of the normal skull vault and its alteration in craniosynostosis : Insights from human
genetics and experimental studies. J. Anat. 2005, 207, 637-653, doi:10.1111/j.1469-7580.2005.00475.x.

Twigg, S.R.F.; Vorgia, E.; Mcgowan, S.J.; Peraki, I.; Fenwick, A.L.; Sharma, V.P.; Allegra, M.; Zaragkoulias, A.; Akha, E.S.; Knight,
S.J.L.; et al. Reduced dosage of ERF causes complex craniosynostosis in humans and mice and links ERK1/2 signaling to
regulation of osteogenesis. Nat. Genet. 2013, 45, 308-313, doi:10.1038/ng.2539.

Le Gallic, L.; Virgilio, L.; Cohen, P.; Biteau, B.; Mavrothalassitis, G. ERF Nuclear Shuttling, A Continuous Monitor of Erk Activity
That Links It to Cell Cycle Progression. Mol. Cell. Biol. 2004, 24, 1206-1218, d0i:10.1128/MCB.24.3.1206.



