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Abstract: Many techniques are used today to study insect morphology, including light and electron
microscopy. Most of them require to specifically prepare the sample, precluding its use for further
investigation. In contrast, micro-CT allows a sample to be studied in a non-destructive and rapid
process, even without specific treatments that might hinder the use of rare and hard-to-find species
in nature. We used synchrotron radiation (SR) micro-CT and conventional micro-CT to prepare
3D reconstructions of Diptera, Coleoptera, and Hymenoptera species that had been processed with
4 common preparation procedures: critical-point drying, sputter-coating, resin embedding, and
air-drying. Our results showed that it is possible to further utilize insect samples prepared with
the aforementioned preparation techniques for the creation of 3D models. Specimens dried at the
critical point showed the best results, allowing us to faithfully reconstruct both their external surface
and their internal structures, while sputter-coated insects were the most troublesome for the 3D
reconstruction procedure. Air-dried specimens were suitable for external morphological analyses,
while anatomical investigation of soft internal organs was not possible due to their shrinking and
collapsing. The sample included in resin allowed us to reconstruct and appreciate the external
cuticle and the internal parts. In this work, we demonstrate that insect samples destined to different
analyses can be used for new micro-CT studies, further deepening the possibility of state-of-the-art
morphological analyses.

Keywords: micro-CT; synchrotron radiation; 3D-models; morphology anatomy; entomology; coleoptera;
hymenoptera; diptera

1. Introduction

Scientific research on insects is usually supported by a variety of techniques, which
allow the gaining of knowledge on their morphology and anatomy [1]. Main morphological
methods, such as photomicrography [2] and scanning electron microscopy (SEM) [3], aim at
analyzing the cuticular structure and body surface of insects. In addition, anatomical studies
often include one or more following approaches: histology [4–6], confocal scanner laser
microscopy (CLSM) [7], light-sheet fluorescence microscopy (LSFM) [8], serial block-face
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scanning electron microscopy (SBSFM) [9], dual-beam scanning electron microscopy (FIB-
SEM) [10–13], nuclear magnetic resonance imaging (NMRI) [14,15], and micro-computed
tomography (micro-CT) [16–18].

All these techniques have advantages and disadvantages and require specimen prepa-
ration before they can be performed. This, however, often makes it difficult to use a certain
sample for other types of analysis, with different techniques and instruments. For exam-
ple, a paraffin-embedded sample prepared for histological analysis may not be usable for
subsequent electron microscopy. On the contrary, a sample embedded in the resin may be
utilized for both electron microscopy and histology, if the resin sections are colored with, for
instance, methylene blue or toluidine blue. Moreover, the scarcity of insects to be used may
determine strong limitations regarding the technique to be chosen. In fact, it is not always
possible to have many samples of a certain species and if destructive analyses were to be
performed, for example by embedding, sputter-coating, or preparing them for histology,
this would make it impossible to use the same samples for further studies using different
techniques. Some specimens may come from old museum collections and be holotypes of a
certain species, prohibiting the use of analyses schemes that would damage the specimens.

In order to study a certain rare sample or one that is difficult to collect in nature, one
of the most versatile techniques remains scanning by micro-CT/synchrotron radiation
(SR) micro-CT [19]. This is because micro-computed tomography is a non-destructive
and very rapid (at least when compared to histology) three-dimensional imaging process,
which results in virtual slices of even very small samples at high resolution [20], providing
a high level of detail of both internal and external features. Another advantage of this
technique is that specimens which had been previously prepared for TEM, SEM, or other
kinds of investigations may still be able to be scanned. micro-CT is frequently used even
when dealing with amber fossils [21–23], another type of specimen that is rare and hardly
available in large numbers. If the number of samples available for a study is sufficient, and
the species themselves are not extremely rare to find, the quality of the micro-CT scans
can be improved by applying dedicated sample preparation steps, such as chemical or
freeze-drying and/or heavy metal-based stainings. Usually, these tissue stainings lead to
an improved image contrast, especially for soft-tissue components [24–26]. Some of the
more common examples of stains are iodine, PTA, and silver staining. micro-CT is also
useful for live imaging of whole invertebrates, for example by using carbon dioxide as an
anesthetic and preventing animal movement during scanning [27].

In this work, specimens of the Diptera, Hymenoptera and Coleoptera insect orders
were scanned via both micro-CT and SR-micro-CT, using four of the most frequently
utilized types of sample preparation for morphological studies to improve the ability
for the rendering of 3D models and evaluate the pros and cons of using samples for 3D
reconstruction, that had not previously been prepared for micro-CT.

2. Materials and Methods
2.1. Samples and Specimen Preparation

A total of 84 specimens were scanned via both micro-CT and SR-micro-CT. Samples
belonged to 3 insect orders: Coleoptera (73 paussine beetles), from the collections of
Professor Andrea Di Giulio of the University of Roma Tre and Wendy Moore, Professor
at the University of Tucson; Hymenoptera (4 ants) from collected specimens in Italy; and
Diptera (4 mosquitoes and 3 hoveflies), collected from Italy and Great Britain (see Table 1
for a detailed list of specimens).

The samples were chosen from a variety of origins and preservation techniques. They
were preserved and prepared as follows:

Air-dried samples: These samples were prepared by gluing them on cardboard with
entomological glue, pinning them with entomological pins or kept in sachets, dry.
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Table 1. List of scanned specimens. CPD—Critical-Point Dried; CM—Cardboard Mounted; AD—Air
Dried; SC—Sputter Coated; RE—Resin Embedded; PS—Pixel Size (in micrometers).

Genera Species
Scanned Scan Loc. Scan Type Sample Prep. No. of Axial Slices

(PS)
Total Scanning
Time (h:mm)

Aedes 1 Berlin Micro-CT CPD 2300
(0.3) 01:40

Anchomenus 1 Trieste SR-Micro-CT CPD 3400
(0.95) 0:06

Anopheles 1 Berlin Micro-CT CPD 2300
(0.3) 01:40

Arthropterus 1 Berlin Micro-CT CM 2300
(0.7) 01:48

Brachinus 1 Trieste SR-Micro-CT CPD 3400
(0.95) 0:06

Carabidomemnus 2 Berlin Micro-CT CM 2300
(0.6) 01:48

Cerapterus 1 Trieste SR-Micro-CT CM/CPD 6800
(2.44) 0:12

Culex 1 Berlin Micro-CT CPD 2300
(0.3) 01:40

Culiseta 1 Berlin Micro-CT CPD 2300
(0.3) 01:40

Dhanya 1 Berlin Micro-CT CM 2300
(0.3) 01:30

Euplatyrhopalus 1 Berlin Micro-CT CM 2300
(0.6) 01:48

Eustra 1 Trieste SR-Micro-CT CPD 3400
(0.95) 0:06

Filicerozaena 1 Trieste SR-Micro-CT CPD 5100
(0.95) 0:09

Goniotropis 1 Trieste SR-Micro-CT CPD 5100
(2.44) 0:09

Heteropaussus 2 Berlin Micro-CT CM 2300
(0.6) 01:48

Hylotorus 1 Berlin Micro-CT CM 2300
(0.4) 01:48

Messor 2 Berlin Micro-CT CPD 2300
(0.3) 01:35

Metrius 1 Trieste SR-Micro-CT CPD 5100
(2.44) 0:09

Microdon 2 Trieste SR-Micro-CT CPD 1700, 5100 (0.95) 0:06
0:09

Microdon 1 Berlin Micro-CT AD 2300
(0.3) 1:36

Mystropomus 1 Trieste SR-Micro-CT CPD 5100
(2.44) 0:09
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Table 1. Cont.

Genera Species
Scanned Scan Loc. Scan Type Sample Prep. No. of Axial Slices

(PS)
Total Scanning
Time (h:mm)

Ozaena 1 Berlin Micro-CT CM 2300
(1) 01:48

Pachyteles 2 Trieste SR-Micro-CT CPD
5100,
3400
(0.95)

0:09
0:06

Paussomorphus 1 Trieste SR-Micro-CT CM/CPD 3400
(0.95) 0:06

Paussus 10 Trieste SR-Micro-CT CPD/RE 8500, 6400, 1100
(0.95)

0:15
0:12
0:03

Paussus 37 Berlin Micro-CT AD/CM/
CPD/SC

1300,
2300

(0.3 to 0.7)

1:30
1:48

Pentaplatarthus 1 Trieste SR-Micro-CT CPD 5100
(0.95) 0:09

Pheidole 2 Trieste SR-Micro-CT CPD 2300, 1650
(0.95)

0:03
01:40

Pheropsophus 1 Trieste SR-Micro-CT CPD 3400
(2.44) 0:06

Physea 1 Trieste SR-Micro-CT CM/CPD 6800
(2.44) 0:12

Platyrhopalopsis 1 Berlin Micro-CT CM 2300
(0.6) 01:48

Platyrhopalus 1 Berlin Micro-CT CM 2300
(0.4) 01:48

Protopaussus 1 Berlin Micro-CT CM 2300
(0.3) 01:48

Critical-point dried samples: These samples were preserved via critical point drying
and were prepared by fixing them in increasing percentages of ethanol, from 10% to 100%,
thus decreasing the concentration of water inside the sample. Then, the percentage of
ethanol was replaced by using CO2 during a critical point drying procedure, in which the
sample loses all internal liquids and gets replaced with gaseous carbon dioxide [28].

Resin embedded samples: The protocol for embedding samples in resin, like that
for paraffin-embedding, starts with the fixation by immersion or perfusion, followed by
dehydration, infiltration with liquid resin and finally polymerization, to get the resin solid.

Sputter-coated samples: For sputter-coated samples, the procedure is the same as
the critical point dried ones. The sample then gets coated with a precious metal (usually
gold, platinum or similar), to get better refraction of the atoms during the subsequent SEM
analysis.

2.2. Micro-CT Analyses

In micro-CT devices, in contrast to clinical CTs, typically the X-ray source and detector
are stationary and the sample is rotated. A multitude of angular projection images over a
range typically of 180 to 360◦ is acquired, allowing for a 3D reconstruction of the specimen.
Micro-CT use micro- or nanofocus X-ray tubes and high-resolution detectors that allow
spatial resolutions in the range of a few micrometers, however come at a cost of long
scanning times, typically of several hours.
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Images were acquired at the Museum fur Naturkunde (Berlin, Germany) by using the
micro-CT “Nanotom S” (GE Phoenix) equipped with a Tungsten target, able to achieve a
resolution of 1 µm. The average energy was 20 keV, the acceleration voltage 50 kV, and
the current 200/250 µA; every specimen was rotated of 360◦ at steps of 0.25◦ for a total of
1441 projections (2304 × 2304 pixels). Additionally, 3D data sets with a voxel size between
1 µm and 0.3 µm were reconstructed depending on the size of the specimen. In this case, the
whole specimens were acquired in a single scan, and the data did not need to be reduced
before further processing. See Table 2 for an overview of the scan settings.

Table 2. SR-micro-CT and micro-CT scan settings.

SR-Micro-CT Micro-CT

rotation 180◦ or 360◦ 360◦

rotation steps 0.2◦ 0.25◦

avg. Acquisition time 100 ms 1 s

avg. Energy 22 keV 20 keV

sample/detector distance 100 mm 200 mm to 600 mm

pixel size 2.44 µm to 0.95 µm 1 µm to 0.3 µm

2.3. SR-Micro-CT Analyses

Synchrotron can generate X-rays at very high photon flux densities, with high bright-
ness, small-angle beam divergence, a high level of polarization and coherence, with low
emissivity, and with a possibility of monochromatization. This high flux allows for reaching
very short total acquisition times of a few minutes compared to classical micro-CT. The
high level of coherence enables exploitation of the wave nature of the X-rays to, for instance,
perform phase-contrast CT—a technique that has been proven to dramatically increase the
contrast of soft tissue while at the same time reducing the needed X-ray dose [29].

Microtomography scans were performed at the “Elettra SYRMEP” synchrotron light
source (Trieste, Italy) [30], using the white/pink beam micro-CT station in white beam
configuration and, according to the dimension of the samples, projections were acquired
over a total rotation of either 180◦ or 360◦ through steps of 0.2◦ (total of 900–1800 projections,
respectively 2040 × 2040–3870 × 3870 pixels) with an average acquisition time of 100 ms
per projection. The average beam energy was 22 keV and the sample to detector distance
was set at 100 mm. Due to the different dimensions of the samples (length ranging from
2 mm to 3 cm), the specimens were studied at different resolution scales (with a pixel size
from 2.44 µm to 0.95 µm). To obtain broad morphological data on both the internal anatomy
and external morphology of the insects, the field of view was limited to parts of the insect
(i.e., head, thorax, and abdomen) leading to multiple scans for each sample. Tomographic
slices were not binned or reduced, and were reconstructed using the conventional filtered
back-projection algorithm with the Shepp–Logan filter, and using the Syrmep Tomo Project
(STP) software [31]. See Table 2 for an overview of the scan settings.

2.4. D Mesh Creation Process

The resulting virtual slice stacks were aligned using ImageJ 1.52p and Adobe Photo-
shop CC 2019 software. In ImageJ, the crop function was used to eliminate the unessential
parts of the slices and reduce their final size. When necessary, the brightness/contrast
function was used to increase the regions of interest in the resulting slices (Figure 1a). For
the Elettra synchrotron specimens, Photoshop was used to reorient the different parts of
the specimen’s stacks of slices (for the head, thorax, and abdomen). This resulted in a
single stack for the entire sample, ready to be imported into the 3D visualization software.
Furthermore, 3D rendering was performed using Thermo Scientific Avizo 2019.1 (Figure 1b).
The sequence of slices was loaded into the program, by specifying the X, Y, and Z voxel size.
Then, in the main panel window, the “isosurface rendering” module was attached to the
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stack, and in its properties, the threshold slider was used to better visualize the specimen
in 3D, by virtually removing the noise in the sample. The “isosurface” module was used by
applying the value from the “isosurface rendering” threshold, and this allowed to extract
the surface of the 2D slices in a complete, external 3D model of the paussine by using the
“extract surface” module and exporting it as a .ply mesh. To visualize the internal organs,
segmentation was first necessary to then export the parts as separate meshes. For some
specimens, it was necessary to remove the cardboard on which they were glued, and this
has been possible by using the segmentation editor in Avizo (Figure 1c). The brush tool
has been used for selecting the cardboard parts of the slices; then, after interpolating all
the slices, it was possible to subtract said parts, resulting in a complete model without
useless parts and was ready to be exported as a .ply mesh. The resulting meshes were
later imported into 3D Systems Geomagic Design X 2019.0.2, which was used to further
improve the 3D models. In particular, the “healing wizard” automatically heals various
defects in the mesh (Figure 1d). For the more problematic samples (i.e., the ones from old
museal collections), the “smooth” and “defeature” functions were used to remove any
speck of dust that may have settled on its surface. “Enhance shape” was also used, when
necessary, to improve the quality of the mesh by sharpening corners and smoothing flat or
rounded areas.
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Figure 1. 3D model creation steps. (a) Example of a virtual slice sequence imported into ImageJ to
enhance the contrast; (b) The stack is imported in Thermo Scientific Avizo to start the volume data
rendering; (c) The resulting mesh, ready to be exported; (d) The 3D mesh is imported into Geomagic
Design X for removing artifacts and imperfections with the “Healing Wizard”.

3. Results
3.1. Air-Dried Samples
3.1.1. Coleoptera

Coleoptera belonging to the following genera were reconstructed: Arthropterus,
Carabidomemnus, Cerapterus, Dhanya, Euplatyrhopalus, Heteropaussus, Hylotorus, Ozaena,
Paussomorphus, Paussus, Physea, Platyrhopalopsis, Platyrhopalus, Protopaussus.

For all these models, the external surface resulted intact and most of the details were
visible (Figure 2a), although finer details, such as hairs, generally could not be retained
during the 3D model creation process (Figure 2b). The thick and sturdy outer cuticle of
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these insects meant that the resulting gray level was distinguishable once the slices were
imported into Avizo.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 7 of 16 
 

covered some important parts of the body, such as mandibles, jaws, and tarsi, paying par-
ticular attention to not remove or incorrectly modify them. In cases where holes appeared 
because of the manual removal, it was necessary to use the Geomagic Design X software 
function “Fill Holes”, which fill missing holes with poly-faces based on the local mesh 
shape. The same was necessary in the case of the samples that had been pinned, to close 
the hole caused by the pin itself. 

The antennal shapes of these beetles, belonging to the subfamily paussine, are com-
pletely visible and the 3D models can be freely manipulated—removing (if necessary) 
parts of the body to better visualize them. 

For the beetles that were reconstructed from such dry preserved specimens, the ab-
domen was usually collapsed (Figure 2d,e). This is also the case for beetles that were re-
constructed from such preserved specimens. Below the elytra, the abdomen was almost 
always collapsed, and this determined that even a large part of the internal organs was no 
longer preserved, and thus, not allowing for a correct visualization in 3D or segmentation. 
Some better-preserved parts were instead possible to reconstruct, such as the aedeagus of 
some males—a very important diagnostic character for these beetles (Figure 2f). 

. 

Figure 2. 3D models from air-dried Coleoptera. (a) External surface of a Paussus curtisi; (b) Detail of 
Paussus favieri elytra. Note how some fine details like hairs were lost during the 3D visualization 
procedure; (c) Paussus favieri glued to cardboard with glue (in yellow) covering parts of the legs, 
abdomen, and mouthparts (not visible); (d) Internal view of Paussus centurio, showing the collapsed 
abdomen as pointed by white arrows; (e) Virtual cross-section of Paussus howa showing artifacts due 
to the air-drying process, with shrunken internal organs (in yellow); (f) The 3D model of a male 
Paussus batillarius, with the preserved aedeagus (in yellow). Scalebars: (a)–2 mm; (b)–0.5 mm; (c)–1 
mm; (d)–2 mm; (e)–1 mm; (f)–0.5 mm. 

3.1.2. Diptera 
Diptera belonging to the following genera were reconstructed: Microdon. 
Concerning Microdon, this genus consists of 3 larval stages of development. For this 

work, only the second stage (referred to as L2) was air-dried. The final 3D model presents 
an external surface without problems (Figure 3a), thanks also to the rather thick cuticle 

Figure 2. 3D models from air-dried Coleoptera. (a) External surface of a Paussus curtisi; (b) Detail
of Paussus favieri elytra. Note how some fine details like hairs were lost during the 3D visualization
procedure; (c) Paussus favieri glued to cardboard with glue (in yellow) covering parts of the legs,
abdomen, and mouthparts (not visible); (d) Internal view of Paussus centurio, showing the collapsed
abdomen as pointed by white arrows; (e) Virtual cross-section of Paussus howa showing artifacts due
to the air-drying process, with shrunken internal organs (in yellow); (f) The 3D model of a male
Paussus batillarius, with the preserved aedeagus (in yellow). Scalebars: (a)—2 mm; (b)—0.5 mm;
(c)—1 mm; (d)—2 mm; (e)—1 mm; (f)—0.5 mm.

Samples that had been glued on cardboard (e.g., Paussus favieri) in some cases had
great amounts of glue, especially at the level of the mouthparts and the lower part of
the thorax/abdomen (Figure 2c). This made it necessary to meticulously remove the
glue that covered some important parts of the body, such as mandibles, jaws, and tarsi,
paying particular attention to not remove or incorrectly modify them. In cases where holes
appeared because of the manual removal, it was necessary to use the Geomagic Design X
software function “Fill Holes”, which fill missing holes with poly-faces based on the local
mesh shape. The same was necessary in the case of the samples that had been pinned, to
close the hole caused by the pin itself.

The antennal shapes of these beetles, belonging to the subfamily paussine, are com-
pletely visible and the 3D models can be freely manipulated—removing (if necessary) parts
of the body to better visualize them.

For the beetles that were reconstructed from such dry preserved specimens, the
abdomen was usually collapsed (Figure 2d,e). This is also the case for beetles that were
reconstructed from such preserved specimens. Below the elytra, the abdomen was almost
always collapsed, and this determined that even a large part of the internal organs was no
longer preserved, and thus, not allowing for a correct visualization in 3D or segmentation.
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Some better-preserved parts were instead possible to reconstruct, such as the aedeagus of
some males—a very important diagnostic character for these beetles (Figure 2f).

3.1.2. Diptera

Diptera belonging to the following genera were reconstructed: Microdon.
Concerning Microdon, this genus consists of 3 larval stages of development. For this

work, only the second stage (referred to as L2) was air-dried. The final 3D model presents
an external surface without problems (Figure 3a), thanks also to the rather thick cuticle that
characterizes this animal, used for its protection from possible attacks by ants. The support
on which the sample was fixed during scanning had to be removed manually, as its gray
value was equal to that of the actual sample. This required further work during the volume
data analysis, but once done, it allowed for the model to be “clean” from any other external
body and “noise-free”.
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Figure 3. Air-dried Microdon, the second larval stage (L2). The external surface (a) did not present
problems during the 3D visualization, while the insides (b) had an absorption peak too similar to
the external environment, causing the impossibility of an easy and quick segmentation process.
SP—spiracle; MB—marginal band. Scalebars: (a)—1 mm, (b)—1 mm.

The interior, as far as L2 is concerned, presented more problems (Figure 3b). In fact, the
absorption peaks of the various internal organs were almost identical to the surrounding
environment, preventing the possibility of performing a quicker segmentation for other
samples, using interpolation. In this case, it turned out to be necessary to carry out a
manual procedure, trying to identify slice by slice the various internal organs of interest
and segmenting them without any other software help (as it was not possible to exploit the
Avizo mask function’s brush selection tool, under the segmentation tab).

3.2. Critical-Point Dried Samples
3.2.1. Coleoptera

Coleoptera belonging to the following genera were reconstructed: Anchomenus, Brachinus,
Cerapterus, Eustra, Filicerozaena, Goniotropis, Metrius, Mystropomus, Pachyteles, Paussomorphus,
Paussus, Pentaplatarthus, Physea.

All 3D models prepared from this group of specimens had an excellent level of detail
on the external surface (Figure 4a). The pipette tips and foam used during the scanning, to
avoid motion artifacts, were difficult to remove, as in many cases they covered some parts
of the insects, such as the mouthparts or the legs. However, using Avizo and Geomagic
Design X software, it was possible to remove this material completely from the rest of the
beetle. For these models, scanned by synchrotron light, it was possible to preserve most of
the finer parts of the body during the volume data analysis process, such as the hairs and
bristles that cover parts of these beetles (Figure 4b), or the glandular openings, in the case
of species of the genus Paussus.
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body compared to that of the surrounding environment. Specifically, the abdomen could 
not be completely preserved following the 3D image analysis procedures with Avizo (Fig-
ure 5a), while the head and the thorax presented a good level of detail, even after cleaning 
the noise that surrounded the models freshly imported into the software. The ommatidia 
are easily discernible (Figure 5b), as well as the antennae and legs. The considerable hair-
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Regarding the internal organs, the Malpighian tubules showed a great contrast as 
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Figure 4. 3D models from critical-point dried Coleoptera. (a) External surface of a Pachyteles digiulioi;
(b) Hairs and other finer details were able to be reconstructed from critical-point dried specimens;
(c) Internal organs and structures were perfectly preserved and distinguishable; (d) The segmented
cephalic musculature of Pachyteles digiulioi, was clearly visible from the rest of the head; (e) Immature
stage of Goniotropis sp., with a focus on the terminal disc and its sensorial structures; (f) Pupa of
Paussus otini, from a ventral view (left) and a virtual section with the internal organs visible (right).
DP—dorsal plate; LP—lateral plate; UG—urogomphus. Scalebars: (a)—0.4 cm; (b)—2 mm; (c)—left
1 mm, right 2 mm; (d)—1 mm; (e)—2 mm; (f)—1 mm.

An excellent state of preservation was also maintained by all the internal organs
(Figure 4c). In fact, in almost all the specimens, it was possible to reconstruct perfectly
all the musculature (e.g., the cephalic muscles, Figure 4d), as well as other organs (e.g.,
the digestive system, the nervous system, and the numerous glands found in the body of
these animals). The mouthparts were also easily reconstructed, highlighting the joints of
mandibles, maxillae, and palpi. The external and internal genital organs have also been
perfectly preserved following the 3D volume creation process, being able to be segmented
to extract them “virtually”, if necessary.

Immature stages (Paussus otini, larva and pupa; Pachyteles digiulioi and Goniotropis
kuntzeni, larvae) were reconstructed using synchrotron light radiation. The three larvae
presented high quality in the final models and allowed us to appreciate the finer morpho-
logical details, for example, the sensorial structures of the terminal disc typical of the larval
stages of these insects (Figure 4e). It was also possible to reconstruct the musculature and
internal organs, and were easily identifiable in the final 3D rendering. This allows us to
establish the spatial relationships between the various parts. The pupa of Paussus otini,
in its internal regions, presented large amounts of fat bodies; its developing organs were
clearly visible, and the external cuticle featured all the parts easily discernible (Figure 4f).

3.2.2. Diptera

Diptera belonging to the following genera were reconstructed: Aedes, Anopheles, Culex,
Culiseta, Microdon.
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Because mosquitoes have a much thinner outer cuticle than beetles, the individuals
scanned and reconstructed presented some problems regarding the level of gray on the body
compared to that of the surrounding environment. Specifically, the abdomen could not be
completely preserved following the 3D image analysis procedures with Avizo (Figure 5a),
while the head and the thorax presented a good level of detail, even after cleaning the
noise that surrounded the models freshly imported into the software. The ommatidia are
easily discernible (Figure 5b), as well as the antennae and legs. The considerable hairiness,
however, was not possible to maintain in the final model.
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Figure 5. Critical-point dried mosquitoes. (a) External surface of a 3D Culiseta, with the abdomen
not completely reconstructed due to a cuticle too thin for the differentiation of the gray level from
the external environment; (b) Focus on the finer details, like the ommatidia of the compound
eyes and part of the antennae; (c) The contrasted Malpighian tubules visible in the virtual slices;
(d) The Malpighian tubules once they had been 3D reconstructed. AN—antenna; OM—ommatidia;
MT—Malpighian tubules. Scalebars: (a)—2 mm; (b)—0.5 mm; (c)—2 mm; (d)—2 mm.

Regarding the internal organs, the Malpighian tubules showed a great contrast as
opposed to other organs/apparatus, and this allowed us to visualize them perfectly in all
scanned genera (Figure 5c,d).

The first and third larval stages (abbreviated as L1 and L3) of Microdon were recon-
structed starting from critical-point dried samples. As with the beetles just described, L1
and L3 were scanned using synchrotron light. This resulted in the final 3D models with an
excellent level of detail both internally and externally.

Regarding the external morphology, despite the extremely small size of L1, all major
distinguishing features are visualized in the model. The same is true for the third-stage
larva, L3. Indeed, the spiracle, the marginal band, and the dorsal reticulation were all
observable (Figure 6a–c).

The internal areas of the two larvae presented peaks of absorption that were very
poorly differentiated from those of the outside, causing some problems in distinguishing
some internal organs (Figure 6d). Despite this, it was still possible to segment all the main
organs and apparatus of both larval stages (Figure 6b).
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Figure 6. Critical-point dried Microdon larvae. (a) External 3D view of the first larval stage (L1)
of Microdon mutabilis, with the spiracle, marginal band, and dorsal reticulation visible; (b) Dorsal
view of L1 (left), virtual section (right, above) of the internal structures visible and segmented
musculature (right, below) isolated from the rest of the body; (c) External 3D view of the third
larval stage (L3) of Microdon mutabilis, with the spiracle and marginal band reduced from L1, but
still easily discernible; (d) Virtual section of L3, with a similar peak of absorption that caused to
render the internal organs and structures not clearly visible. SP—spiracle; MB—marginal band;
PC—pseudocephalon; DR—dorsal reticulation. Scalebars: (a)—0.5 mm; (b)—0.5 mm; (c)—0.5 cm;
(d)—0.5 cm.

3.2.3. Hymenoptera

Hymenoptera belonging to the following genera were reconstructed: Messor, Pheidole.
For these genera, both minor and major were scanned. In the case of Messor, the large

size of these insects made the final model rich in details, such as the frontal ridges that
characterize this genus and allow (together with other characters) its identification. The
level of detail on the external surface was very high (Figure 7a).

As for the interior, once all the external cuticle was removed virtually, the musculature
remained perfectly intact along the entire length of the animal’s body (Figure 7b). The
digestive system also appears to be well preserved and could be easily segmented. Part
of the internal organs of the abdominal area could be identified in the final 3D model. As
in the case of mosquitoes, the Malpighian tubules were well distinguishable thanks to a
lighter shade of gray than the other surrounding parts.

The models belonging to the genus Pheidole (P. Pallidula) presented a similar situation
to what has been described so far. Despite the smaller size compared to Messor, the external
surface showed a good resolution and the main features useful for the identification of this
genus were perfectly visible, such as the clypeus and the frontal triangle (Figure 7c). In
this case, especially for the major caste, the musculature was well visible and recognizable
(Figure 7d) as for Messor, as well as the main internal organs. However, the external part of
the abdomen could not be preserved during the cleaning procedure with Avizo, being too
thin and too similar in gray values to the background noise. This resulted in most of the
outer cuticle of this body part being impossible to visualize.
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Figure 7. Critical-point dried Hymenoptera. (a) External 3D view of Messor sp. with the main
characters for the identification visible; (b) Internal musculature of Messor sp., after virtually removing
the external cuticle; (c) 3D head of Pheidole pallidula, with the frontal triangle, clypeus and ridges all
visible and preserved; (d) Virtual section with the cephalic musculature, colored in red. CE—compound
eye; SC—scape; FU—funicle; PET—petiole; PPD—propodeum; FR—frontal ridges; AS—antennal
socket; MD—mandible; CL—clypeus. Scalebars: (a)—0.5 cm; (b)—0.5 cm; (c)—1 mm; (d)—1 mm.

3.3. Resin Embedded Samples
Coleoptera

Half of the transversally cut abdomen of a beetle of the genus Paussus (P. turcicus) has
been reconstructed (Figure 8).
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volume threshold level, the antenna itself was also lost. Therefore, it was necessary to 
export the model into Geomagic Design X, to attempt to remove the noise manually, using 
the “Lasso Selection Mode”. The result was better than that obtained with Avizo, but 
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Figure 8. Resin embedded Coleoptera. (a) External 3D surface of the abdomen of Paussus turcicus. The
arrows indicate the anterior part that got deformed during the cut; (b) internal rendering, with most
of the internal structures exposed and visible, such as the pygidial explosive glands. SL—secretory
lobe; RE—reservoir; VA—valve; RC—reaction chamber. Scalebars: (a)—1 mm; (b)—1 mm.

The process for TEM preparation of the sample has made the external surface par-
ticularly deformed, especially in its most anterior part, near the cuts (Figure 8a). On the
contrary, the inner parts of this specimen are perfectly visible and with a well evident
contrast (Figure 8b), while only very few parts present a peak of absorption too similar to
the outside, thus was going to be almost completely lost during the setting of the threshold
values of the rendered volume. To be more specific, the reservoir and the reaction chamber,
typical of beetles belonging to this group, are visible in sections and allow us to perfectly
appreciate these structures. The musculature presents a different absorption peak than the
rest, making the various muscle groups clearly recognizable. The only problem was that in
a few areas of the internal segment, some air bubbles did not allow the resin to infiltrate
completely, thus creating a few artifacts.
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3.4. Sputter Coated Samples
Coleoptera

Antennae of species of the genus Paussus were reconstructed.
Once imported into the Avizo software, these structures presented background noise

(Figure 9a), due to artifacts caused by the metal, which coated the antennal surface of these
samples. This determined that by attempting to remove the noise, by going to change
the volume threshold level, the antenna itself was also lost. Therefore, it was necessary
to export the model into Geomagic Design X, to attempt to remove the noise manually,
using the “Lasso Selection Mode”. The result was better than that obtained with Avizo, but
sometimes it was not possible to completely remove the noise surrounding the antennae
without losing too much detail. In a few cases, otherwise, all the noise was removed while
preserving the antennal surface (Figure 9b).
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Figure 9. Sputter coated Coleoptera. (a) 3D render of Paussus antenna. Notice the surrounding noise,
probably due to the artifacts caused by the gold-coating; (b) The same antenna, after being manually
and semi-automatically cleaned from the external noise. Scalebars: (a)—1 mm; (b)—1 mm.

4. Discussion

Here, we presented our results using micro-CT and synchrotron micro-CT on 84 samples
that belonged to 3 orders of insects: Coleoptera, Diptera and Hymenoptera. The samples
had been stored and treated in different ways: air-dried, critical point dried, metallized
and resin embedded. This allowed us to evaluate what could be the advantages and
disadvantages of reconstructing models in 3D by using samples not specifically stained
for micro-CT analyses [25], determining if it was possible to utilize specimens that had
previously been used for other purposes (e.g., electron microscopy) with regard to 3D
reconstruction.

Out of 84 total specimens, procedures for 3D image analysis and visualization could
be performed on almost all of them. This is very important, as many samples used were
coming from collections where they were the only specimens, preserved for many years
without any treatment. Moreover, in the case of species belonging to the genus Paussus, the
extreme rarity of these insects meant that no other specimens were available and that it was
not possible to perform destructive procedures, such as dissections [32]. The latter, in fact,
irreparably damage the specimen, which is not always possible in the case of holotypes
or extremely rare species and is difficult to obtain in the field or from museums and other
private collections [18,33,34].

Thanks to 3D scanning and reconstruction techniques, today it is possible to study in
detail many animal species without damaging their morphology [19,27,35]. In addition,
scans by micro-CT do not appear to damage DNA or hinder further molecular analysis,
although additional studies would need to be conducted as museum specimens vary widely
in preservation methods and organism types [36].

In our case, the samples that allowed to obtain the best results were those that had
been first fixed in absolute alcohol and then prepared by critical point drying. This, in fact,
allowed for the almost perfect preservation of internal organs and musculature, also making
the 3D volume creation procedure less troublesome. The gray value of these specimens
was often well differentiated from the background, and this allowed to easily segment all
parts that were of interest, such as the cephalic musculature. In the case of ants from the
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genus Messor, for example, it was sufficient to remove (virtually) the outer cuticle to get an
overview of all the body musculature without having to perform other operations.

In the Coleoptera, a very important taxonomic character is the aedeagus. With the
samples preserved by critical point drying, it was possible to segment and isolate this
important organ without having to extract it manually (thus ruining the sample). However,
even with air-dried samples, it was possible to extrapolate this type of information.

Insects coming from museum collections, prepared by gluing them on cards, presented
a few more problems than described so far. In some cases, the amount of glue covering
some parts of the animals (such as the mouthparts, the thorax, the legs, and part of the
abdomen) proved difficult to remove digitally, without also removing some parts of the
animal itself. In fact, the glue had a gray value like that of the external cuticle of the
beetle, and this, therefore, forced a meticulous manual removal of the glue. The tag, on the
other hand, proved to be easier to remove without having to resort to complex workflows
both in Avizo and Geomagic software. Obviously in this type of specimen, unlike those
described above, the internal organs and apparatus were collapsed and therefore could
only be partially used for further analyses. Studies concerning the external surface are
instead perfectly feasible, thus allowing to make the most of even old samples of museum
collections.

Sputter-coated samples, previously used for electron microscopy, can hardly be used
for works that require scanning by micro-CT and subsequent 3D visualization. In fact,
the high absorbing quality of the gold layer that covers this type of sample has led to
an excessive production of artifacts, which were extremely difficult to remove without
affecting the surface of the insect itself. It would therefore be better to scan first and only
later proceed with metallization.

Finally, in this work, there was also a portion of the abdomen of Paussus turcicus
embedded in resin, for histological studies. In this case, as could be expected, the organs
and internal tissues were well preserved and therefore usable for further analysis, following
segmentation. However, since the specimen was only partially thus prepared (half of the
abdomen), studies on external morphology are not possible.

5. Conclusions

Scanning techniques using micro-CT have now become increasingly common over the
past 20 years, starting with primarily medical applications [36], and then extending into
paleontology [34], the geosciences [37], and finally into entomology [26,38,39].

This has allowed samples from different sources to be used and further exploited,
from a morphological/functional/evolutionary perspective [40,41].

With this work, we wanted to demonstrate the power of this technique, using samples
of very rare insects and difficult to find (in nature or museums), prepared in different ways.
We can resume our findings in the following points:

• 3D models will have the best details, especially for the interior organs when the
samples are scanned with an SR-micro-CT, thanks to the higher resolution it can
achieve, despite its higher pixel size value.

• When possible, it would be best to specifically prepare the samples for micro-CT (for
example, with the staining methods reported in [25]).

• If the interest is mainly on the external surface of a specimen, even an old museum
sample can be used (after the removal of dust on its cuticle).

• When is important to visualize and segment internal organs and structures, critical-
point dried specimens produce the best results.

• The removal of the glue and cardboard in museum specimens, if possible, will yield
better results in the final 3D model, and eliminate a lot of work to digitally remove
those parts in the mesh.

• Finally, samples specifically prepared for Electron Microscopy (as in sputter-coated)
will present a lot of artifacts in the final model, rendering them not easily usable.
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Our resulting 3D models can and will be used in the future for new interesting
morphological analyses, and will guide additional histological and electron microscopy
studies.
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