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Abstract
Imaging the visual systems of bumblebees and other pollinating insects may
increase understanding of their dependence on specific habitats and how they
will be affected by climate change. Current high-resolution imagingmethods are
either limited to two dimensions (light- and electronmicroscopy) or have limited
access (synchrotron radiation x-ray tomography). For x-ray imaging, heavymetal
stains are often used to increase contrast. Here, we present micron-resolution
imaging of compound eyes of buff-tailed bumblebees (Bombus terrestris) using a
table-top x-ray nanotomography (nano-CT) system. By propagation-based phase-
contrast imaging, the use of stains was avoided and the microanatomy could
more accurately be reconstructed than in samples stained with phosphotungstic
acid or osmium tetroxide. The findings in the nano-CT images of the com-
pound eye were confirmed by comparisons with light- and transmission electron
microscopy of the same sample and finally, comparisons to synchrotron radiation
tomography as well as to a commercial micro-CT system were done.
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1 INTRODUCTION

Bumblebees and other pollinating insects are crucial for
maintaining biodiversity and food production, but their
numbers are drastically declining across the globe,1,2 due to
habitat destruction and climate change.3,4 In order to pro-
tect these pollinators, we need to get a sense of how they
interact with their environment. This can be achieved, at
least in part, by studying their visual systems, since the eye
morphology in insects is closely linked to habitat type.5 To
be able to forage efficiently within a specific habitat type,
pollinators such as bumblebees need to navigate between

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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spatially distributed food sources and their nest, which
requires visual guidance. Their large facetted compound
eyes contain thousands of photosensitive subunits (omma-
tidia) that are used to control flight and to detect flowers by
providing temporal, spatial and colour vision.6,7 A special-
ized region that is sensitive to polarized light, known as
the dorsal rim area (DRA), plays a particularly important
role in helping them to navigate between flower patches
and their nest.8 Understanding the visual systems of bum-
blebees and other insects will help us to better understand
how climate change will affect their foraging and pollinat-
ing abilities.
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Different imaging methods play different roles in
increasing the understanding of the anatomy and ulti-
mately function of the compound eye. Histological
analysis through electron microscopy or light microscopy
(LM) can provide excellent resolution in two-dimensional
sections but is destructive and labour-intensive; the
preparations required before viewing the sample in a
microscope includes fixation, embedding, sectioning and
staining. The sections are viewed one by one and the
volume information is limited due to sample deformation
and a finite thickness when slicing. Another difficulty is
determining the orientation when slicing, to ensure that
structures are not cut off obliquely, which may complicate
the image interpretation.
X-ray computed tomography (CT) can instead be used

to non-destructively recreate a three-dimensional image
of a specimen.9,10 The resulting data can either be viewed
as a volume or sliced in arbitrary directions to perform
a virtual histological analysis. The method of acquiring
x-ray projection images of a sample at different viewing
angles and then creating a cross-sectional reconstruction
has been used for decades11 but is constantly seeing new
developments in terms of contrast and resolution. Micro-
and nano-CT, that is tomographic imaging with microme-
tre and sub-micrometre resolution, are available both in
commercial laboratory systems and at large-scale syn-
chrotron facilities (see, e.g. Refs.12–14). Applications range
from medicine and biology to geology and material sci-
ence.Micro-CT is also a valuable tool for studying themor-
phology of insect brains15 and has been used to assess prop-
erties such as the visual field, resolution and optical sensi-
tivity of the eye.10,16
In conventional CT, image contrast arises from the dif-

ference in attenuation the x-rays experience as they pass
through the sample. Hard and dense materials with high
atomic number, such as bone andmetal, show strong atten-
uation, while x-rays more easily penetrate materials with
low atomic number. Soft biological tissues and water are
difficult to image in a conventional x-ray arrangement due
to their low, and very similar, x-ray attenuation coeffi-
cients. To overcome this lack of contrast, biological sam-
ples are often stained with different heavy metals, such
as tungsten, lead, silver, osmium or uranium.17–19 Even
though it is a good way to increase the image contrast,
staining can have several disadvantages: (i) Heavy metals
are a potential hazard, both for the scientist handling the
sample, and for the environment if not disposed of cor-
rectly; (ii) If the staining solution does not penetrate the
tissue uniformly, we may get images that are difficult to
interpret; (iii) Introducing heavy metals into our sample
may change the biological tissue under examination, and
raises the question: Do we see a true representation of the
sample, or artefacts from the stain?

To avoid staining biological tissues, x-ray phase-contrast
imaging can be used. Instead of only detecting how
much the x-rays are attenuated, a phase-sensitive imag-
ing arrangement also measures how much the phase of
the radiation is shifted when the x-rays pass through the
sample. The phase shift is typically orders of magnitude
stronger than absorption for light materials at hard x-ray
energies, which means that we can get enhanced con-
trast in our images by choosing a phase-sensitive imag-
ing arrangement rather than conventional attenuation
contrast.20 There are some different approaches to detect-
ing the phase. The most widely used arrangements are
grating-based imaging (GBI)21,22 and propagation-based
imaging (PBI).23 In GBI, the first-order spatial deriva-
tive of the phase is measured by grating interferometry.
Attenuation and dark-field images can be independently
reconstructed.24 Grating-based imaging enables quantita-
tive imaging of the phase, but image quality is dependent
on high-quality gratings.25
The PBI arrangement enables higher resolution and is

simpler, as no components besides x-ray source, sample
and detector are needed. The second-order derivative of
the phase shift is detected by placing the camera at a dis-
tance from the sample. The propagation distance allows
an interference pattern to be formed in the detector plane,
caused by the small angular deviations that arise from the
phase shift in the sample. Although PBI does not need any
optics, the requirements on x-ray source and detector are
somewhat higher. The x-ray source needs to provide radia-
tion with enough spatial coherence to enable interference,
and therefore this type of imaging has mainly been per-
formed at synchrotron facilities.26 Recent developments
in electron-impact x-ray sources have enabled laboratory
phase-contrast imaging using PBI, with promising results
in, for example, zebrafish muscle,27 mouse brain,28 vel-
vet worm myoanatomy29 and mummified soft tissue.30
A few cases of phase-contrast imaging of insects have
been reported, but they are to date limited to fossils in
amber and stained or dried specimens (see, for example,
Refs.31,32).
Here, we present x-ray phase-contrast imaging of the

compound eyes of bumblebees, without the use of any
staining agents. An in-house phase-contrast nano-CT sys-
tem built with a tabletop nanofocus x-ray source has pri-
marily been used. We describe the appearance of the com-
pound eyes − from cornea and CC to photoreceptor cells
− and compare phase-contrast nano-CT images to histol-
ogy by light and electron microscopy. As an example, we
also present CT imaging of the specialized DRA of the
compound eye. For a comparison of x-ray CT systems, the
same specimenswere imagedwith a commercialmicro-CT
machine, and finally at a synchrotron facility. Focusing on
laboratory systems, we also compare samples stained with
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phosphotungstic acid (PTA) and osmium tetroxide (OsO4)
to samples where no staining was used.

2 MATERIALS ANDMETHODS

2.1 Sample preparation

Buff-tailed bumblebees (Bombus terrestris) were dissected
and compound eye samples were fixed in paraformalde-
hyde (3%), glutaraldehyde and glucose (2%), in a phos-
phate buffer for 1–3 h. One sample was then stained with
osmium tetroxide (OsO4), one with PTA and one was left
unstained. A graded alcohol series was used for dehydra-
tion and finally the samples where embedded in epoxy
resin (Agar 100), whichwas cured at 60◦C for 2 days. Exter-
nal resin was removed and tissue surrounding the com-
pound eyewas trimmeddown tominimize the sample size.
The eyes were glued onto needles suitable for mounting in
the sample holders of the respective systems.

2.2 High-resolution tomographic
imaging

Tomography was primarily performed using an in-house
nano-CT systembuilt upon a nanofocus x-ray source (Nan-
oTube N1, Excillum AB).33,34 For comparison, the samples
were also scanned with a commercial laboratory micro-CT
system (Zeiss Xradia 520 Versa, Zeiss Microscopy),35 and
at a synchrotron facility (Swiss Light Source).36 The proce-
dure for performing a CT scanwas similar across the imag-
ing systems used in this study: the sample was put on a
rotation stage, and x-ray projection images were acquired
at different angles. Flat-field images, without the sample in
the field-of-view, were acquired and used for correcting for
inhomogeneous illumination and detector imperfections.
Transverse reconstructions were created, and finally the
stack of reconstructed slices was combined into a volume
representing the sample.

2.2.1 The NanoTube N1 nano-CT system

For high-resolution laboratory imaging of the compound
eye, an in-house nano-CT system was used. This arrange-
ment uses a cone-beam geometry, and is depicted in Fig-
ure 1. The system was built with a nanofocus transmis-
sion x-ray source NanoTube N1 (Excillum AB) which has
a tungsten anode and gives a round x-ray emission spot
with a diameter down to 300 nm. While a small spot
size is necessary for high resolution, it also means lower
power. The spot size should thus be chosen to the largest
acceptable in order to minimize exposure times. For this

F IGURE 1 Phase-contrast imaging with the NanoTube N1
nano-CT system. The compound eye sample, glued on a needle, was
placed on a rotation stage close to the x-ray source

work, acceleration voltage of 60 kV and a 500-nm spot was
used. To fully utilize the resolution of the x-ray source,
the imaging distances 𝑅1 (source-to-sample distance) and
𝑅2 (sample-to-detector distance) were chosen to give a
large geometric magnification, 𝑀geom = (𝑅1 + 𝑅2)∕𝑅1. To
enhance small, low-absorbing features within the sample,
we also adjust the effective propagation distance, given by
𝑧ef f = 𝑅2∕𝑀geom = 𝑅1𝑅2∕(𝑅1 + 𝑅2). With a large magnifi-
cation, the propagation distance 𝑧ef f ≈ 𝑅1, which means
the distance between the source and the sample, will gov-
ern the effects of the phase shift in the images. The effec-
tive propagation distance will give a maximum contrast
for spatial frequency 𝑢, at a given wavelength 𝜆 accord-
ing to 𝑧ef f = 1∕(2𝑢2𝜆).37 With the distance 𝑅1 = 6.2 mm
and 32× magnification, the propagation distance 𝑧ef f =
6.0 mm was tailored for imaging micron-sized structures.
A sCMOS camera (Photonic Science) with a 10-𝜇m thick
Gadox scintillator was used. The sample-plane pixel size
was 280 nm and the effective field-of-view 1.1 mm. After
acquisition of projection images at 2001 different angles,
a short scan was performed to detect sample drift during
acquisition. Further details are given in the Supplemen-
tary Materials.

2.2.2 Zeiss Xradia 520 Versa

The Zeiss Xradia 520 Versa system offers imaging in a vari-
ety length scales and resolution. Instead of pure geometric
magnification (𝑀geom), the charge-coupled device (CCD)
detector comes with different objectives with magnifica-
tions 𝑀obj = 0.4, 4, 20 or 40×, giving a total system mag-
nification𝑀 = 𝑀geom ⋅ 𝑀obj.
The x-ray source of the Versa system is similar to the

NanoTube; it has a transmission anode made of tungsten,
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and was also run at 60 kV acceleration voltage. Emission
spot size is not available to adjust in the Versa system,
but otherwise as many scan parameters as possible were
kept comparable with the nano-CT scans. The 20× objec-
tive and shortest possible imaging distances gave a sample-
plane pixel size of 370 nm, up to 760 𝜇m field-of-view and
an effective propagation distance of 5.2 mm. The exposure
time for the Versa scan (7 s) was matched to give approxi-
mately the same dose as with the nano-CT system. Details
of the nano-CT and Versa scanning parameters can be
found in the Supplementary Materials.

2.2.3 The TOMCAT beamline at Swiss Light
Source

Fast imaging is beneficial for avoiding artefacts such as
thermal drift, but is rarely possible with laboratory sys-
tems at micron resolution. At the beamline for TOmo-
graphicMicroscopy andCoherent rAdiology experimentTs
(TOMCAT), Swiss Light Source, the bumblebee eyes were
scanned with 200-ms exposure time per projection at a
beam energy of 20 keV. With a 20× objective, the pixel
size was 325 nm and the field-of-view 830 𝜇m wide. The
sample–detector distance was 80 mm. Since the imaging
distance was longer and the dose much higher, the result-
ing images from TOMCAT are not directly comparable to
those of the laboratory systems, but are shown here to give
a view of the gold standard method.

2.2.4 Image processing and analysis

All projections were first flat-field corrected to account
for detector imperfections and inhomogeneous x-ray illu-
mination. For the nano-CT data, phase retrieval was per-
formed to recover the phase information from the edge-
enhanced projection images. This was done in MATLAB,
based on Paganin’s method.38 The ratios between 𝛿 (com-
plex refractive index decrement) and 𝜇 (attenuation coef-
ficient) of the unstained, PTA stained and osmium stained
samples were assumed to be 10−6, 5 ⋅ 10−7 and 10−7, and
the average energy 15 keV. The choice of these parame-
ters, which decided the degree of filtering, was done by
visual inspection. During phase retrieval, all projections
were corrected to account for sample motion due to ther-
mal drift. See SupplementaryMaterials for more details on
phase retrieval and drift correction.
The Xradia 520 Versa reconstruction software does not

include any phase retrieval, but directly generates a 3D vol-
ume. For a fair comparison to the in-house nano-CT sys-
tem, the images of the unstained sample from the Versa
systemwere also phase retrieved, using the same algorithm
as above, but applied to the already reconstructed data.

While phase retrieval is normally performed on projec-
tion images, the order of the Paganin filter and the recon-
struction filter, both applied in the Fourier domain, can
be changed.39 Phase retrieval of Versa data has previously
been reported successful.40,41
To reconstruct a 3D volume from the nano-CT projec-

tion images, a cone-beam variety of the filtered back pro-
jection (FBP) was used (Feldkamp–David–Kress, FDK).42
For the synchrotron data, the gridrec reconstruction algo-
rithm was used.43 The reconstructions of the compound
eyes were visualized in two different ways: As volume ren-
derings, and sliced to perform virtual histological analysis.
ImageJ (National Institute of Health) and Amira Software
(Thermo Fisher Scientific) were the main tools for visual-
ization and analysis.

2.3 Histology

For comparative histology by LM and transmission elec-
tronmicroscopy (TEM), the unstained sample was cut into
three pieces: The dorsal part of the eye, containing the
DRA, and two piecesmore ventral. These three pieceswere
individually embedded and sliced inmicron-thick sections
for LM, and sections about 80 nm thick for TEM. The
DRA and the neighbouring piece were sliced transversally
to the photoreceptors, and the most ventral part approx-
imately longitudinally. For LM, Toluidine blue was used
as staining, and for TEM the slices were first stained with
Reynold’s lead citrate followed by uranyl acetate.

3 RESULTS

3.1 The compound eye

The in-house nano-CT system enabled imaging with 280-
nm isotropic voxels in a 1.1 × 1.1mm field-of-view, allow-
ing for detailed analysis of the whole width of the com-
pound eye. Figure 2(A) shows the sample mounted on a
needle with the approximate field-of-viewmarked (dashed
rectangle). Volume renderings from a reconstruction of the
unstained compound eye are shown virtually sectioned in
two different orientations. This gives an overview of the
different parts of the eye: The outermost layer of corneal
lenses (Co), recognized through their characteristic hexag-
onal pattern, focuses the incident light. The crystalline
cones (CC) further focus the light into the retina (R), where
it is detected by photoreceptor cells. The photoreceptor
cells transmit their signals to axons through the basement
membrane (BM) at the back of the eye. One photorecep-
tor unit (lens, CC and photoreceptor cell) is known as an
ommatidium and its appearance in CT images is described
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F IGURE 2 Overview of the compound eye. (A) Photo of the mounted eye indicating the field-of-view of the nano-CT scans. Volume
renderings from the nano-CT scan are virtually cut in two different orientations, where cornea (Co), crystalline cones (CC), retina (R),
basement membrane (BM) and the approximate position of the dorsal rim area (DRA) are marked. (B) Virtual nano-CT slice and (C)
corresponding microscopy image. Scale bars: 100 𝜇m

further below. The approximate position of the specialized
DRA is also indicated. A virtual slice through theCTdata is
shown in Figure 2(B). Microscopic structures, such as CC
and BM can be captured non-destructively in high resolu-
tion. As comparison, an LM image is shown in Figure 2(C).

3.1.1 Ommatidia

There are thousands of ommatidia in one compound eye,
with the task of focusing and detecting incident light. Fig-
ure 3(A-C) summarizes the appearance of these structures
imaged with our laboratory nano-CT system. TEM images
(Figure 3D-F) from the same sample are presented as ref-
erence.
When the light incident on the eye passes the corneal

lens, it is focussed through a CC down to the retina
(seen in longitudinal sections in Figures 3A and D, and

transversal in Figures 3B and E). To prevent the light
from going through one CC into neighbouring photore-
ceptors, the cone is surrounded by pigment cells, with the
task of absorbing any stray light. The screening pigment
(P) appears brighter than the surrounding material in the
phase-contrast nano-CT image, indicating higher electron
density. The individual pigment granules are seen as black
dots, the size of a few tens to a few hundred nanometres,
in the TEM images. Figures 3(B) and (E) show transver-
sal sections through the CC in CT and TEM, respectively.
Here, the pigment is visible as a ring around the circu-
lar cross-section of the cone. Deeper into the eye, one sin-
gle ommatidium consists of eight elongated photoreceptor
cells, that resembles a flower pattern if sectioned transver-
sally, as seen in Figures 3(C) and (F). The eight cells
(marked by numbers 1–8) together contribute to the light-
sensitive rhabdom (Rh), which consists of microvilli from
these eight cells, in the centre of the ommatidium. The
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F IGURE 3 Ommatidia imaged with nano-CT (A–C, unstained) and TEM (D–F, lead citrate and uranyl acetate staining). (A) and (D)
Longitudinal sections through crystalline cones (CC). Pigment (P) surrounding the cones is seen in both CT and TEM. (B) and (C) show
virtual CT sections at positions I and II, respectively, and (E) and (F) are TEM sections at similar positions. The sections in (C) and (F) are
taken transversally to the photoreceptor cells, showing the flower patterns formed by the eight cells of each ommatidium, here marked with
numbers 1–8. The rhabdom (Rh) consists of microvilli from all eight cells. Scalebars: 10 𝜇m

rhabdom is clearly visible in TEM images, and is shown
in more detail when discussing the DRA characteristics
below. With phase-contrast nano-CT, the contrast within
the retina mainly arises from differences in pigmentation.
The outline of the group of photoreceptor cells in each
ommatidium is thus captured, as there is screening pig-
ment also surrounding the photoreceptor cells. The indi-
vidual cells are barely distinguishable since the walls sep-
arating them are thinner than what the system can resolve
(<0.5 𝜇m). The rhabdom, which is about 1–2 𝜇m in diam-
eter, cannot be seen in the CT images, possibly due to the
weak natural contrast between the microvilli and the cell
bodies, and the relatively high noise level.

3.1.2 Dorsal rim area

The DRA, which is found on the dorsal edge of the eye
as indicated by Figure 2(A), is a region of the eye con-
taining a subset of photoreceptors that are specialized
anatomically44,45 and physiologically46–48 in detecting the
orientation of electric field vector distribution of skylight
due to scattering by air molecules in the atmosphere.49,50

The ommatidia in this area will usually appear different
to those in the non-DRA regions, particularly in rhab-
dom shape, microvilli oreintation and optics. One way to
determine the presence of polarization sensitivity, partic-
ularly in insects, is by looking for the mentioned anatom-
ical differences in rhabdom shape and microvillar orien-
tation through transverse sections of the photoreceptors
with TEM.
For B. terrestris, the DRA anatomical profile has not

yet been well established,51 but here we can report on
some differences between the DRA and the rest of the
eye, found with nano-CT. The first thing to note is that
the lenses, which are best visualized in a volume render-
ing, are almost square or irregularly shaped at the posi-
tion of the DRA, and not hexagonal as in the rest of the
eye (Figure 4A). Although this is not always an indication
of where to find polarization sensitive ommatidia,52 it may
roughly show the position of the DRA and thus provide
guidance on where to perform a high-resolution region-
of-interest CT scan or make a section for histology. Vir-
tual sections through the CC, shown in Figures 4(B) and
(C) show that the DRA cones are both thinner and shorter
than the non-DRAones, aswell asmore irregularly spaced.
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F IGURE 4 Characteristics of the DRA compared to the non-DRA: nano-CT and TEM. (A) Nano-CT volume rendering (approx.
90 × 90𝜇m) showing the different shape of the facets. (B) Virtual transversal section through the volume in (A), showing the cones. In the
DRA, cones are smaller and irregularly spaced. Arrow marks dense structure, possibly pigment. (C) Length of the crystalline cones in the
DRA (LDRA) is about 30 𝜇mwhile non-DRA cones are about 40 𝜇m long (LnDRA). Scalebar: 50 𝜇m. (D) TEM images of the DRA- and
non-DRA rhabdoms. Scalebar: 1 𝜇m

Denser structures, which in the CT reconstruction resem-
ble pigment, could be seen between some of the cones in
the DRA (arrow in 4B). Electron microscopy of the pho-
toreceptors, shown in Figure 4(D), confirms the difference
in shape between the DRA rhabdoms (elongated rectangu-
lar) and non-DRA rhabdoms (round).

3.2 Comparisons

The majority of the imaging in this work was done with
a laboratory nano-CT system but comparative measure-
mentswere also donewith the commercially available Xra-
dia 520 Versa micro-CT system and at the TOMCAT beam-
line at the Swiss Light Source. Virtual sections through the
unstained compound eye imagedwith all three systems are
shown in Figure 5. The sections are taken at approximately
the same position in all data sets, and give an oblique view
through the cornea, CC and photoreceptors. Cones and
photoreceptors are shown in detail in the enlarged view of
the marked regions (dashed and solid rectangles, respec-
tively). With the nano-CT system (Figure 5A), the outline
of the groups of photoreceptor cells can be seen, and cones
and pigment cells can be distinguished (see also Figures 3B
and C). The Versa system (Figure 5B) does not manage
to capture much of the details of the eye structure using
their standard reconstruction software, which is made for
attenuation-based micro-CT. Vague outlines of the pho-
toreceptor cells and the cones can be seen, but the attenua-

tion in these structures is very low and signal-to-noise ratio
not high enough for any further analysis. If a Paganin filter
is applied after reconstruction, more details appear (Fig-
ure 5C). The shape of photoreceptor groups can be seen,
and also the CC. There is no distinction between the cones
and the surrounding pigment here, due to the low spatial
resolution. In Figure 5(D), synchrotron radiation CT of the
same sample is shown.Here, the photoreceptors and cones
with pigments are clearly identifiable. Note that the imag-
ing geometry and dose for this scan was different, and that
no phase retrieval filter was applied.
Samples stained with osmium and PTA were imaged

using the same settings as for the unstained samples on
each of the laboratory systems. These results are summa-
rized in Figure 6; osmium in the left column and PTA
in the right. For the nano-CT scan (Figure 6A-B) a very
modest phase retrieval filter was applied while the Versa
images (Figure 6C-D) were produced using the standard
reconstruction. Osmium appears to target the cones and
retina, while PTA gives a somewhat increased contrast for
the cones. In the nano-CT reconstructions, fewer details
are seen in the stained samples than in the unstained. The
image quality for both osmium and PTA stained eyes are
comparable between the nano-CT andVersa systems, how-
ever the Versa images show fewer artefacts. While not use-
ful when imaging with the phase-contrast nano-CT sys-
tem, staining greatly increases the quality of the images
that can be produced by the Versa system, if only using
their built-in software.
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F IGURE 5 Unstained eye imaged with the three different systems. (A) NanoTube N1 nano-CT system. (B) Xradia 520 Versa (standard
reconstruction). (C) Xradia 520 Versa (reconstruction with phase retrieval). (D) Synchrotron radiation tomography at the TOMCAT beamline,
Swiss Light Source. Scalebars represent 50 𝜇m in the main figures and 10 𝜇m in zoomed in views

It should be noted that the Versa field-of-view at compa-
rable voxel sizes is much smaller than that of the nano-CT
system (about 700 𝜇mcompared to 1.1 mm). The black, cir-
cular border in the images from the Versa system is due to
limitations in the field-of-view. For a full reconstruction of
the sample, the Versa software offers a wide-field mode,
where two scans are performed and the projection images
are stitched together before reconstruction. This modewas
not used here since the whole eye just fit into the field-of-
view, but must be used when scanning larger samples. If
running two scans to cover the field-of-view is not an alter-
native, the optical magnification can be decreased, with
the risk of sacrificing resolution.

4 DISCUSSION

High-resolution 3D imaging in a laboratory setting enables
virtual histological analysis of biological specimens and
provides an alternative or complement to classical his-
tology and synchrotron radiation tomography. We have
shown that the photoreceptors of buff-tailed bumblebees
(B. terrestris) can be imagedwith laboratory phase-contrast
nano-CT, with resolution close to 1 𝜇m in a 1-mm sam-
ple. We also showed that this imaging is preferably done
without using any x-ray staining agents. Furthermore, we
present details of the DRA of B. terrestris and compare
the findings in nano-CT with conventional histological
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F IGURE 6 Stained compound eye samples imaged with the two laboratory systems. Left column: OsO4 staining. Right column: PTA
staining. (A–B) NanoTube N1 nano-CT system. (C–D) Xradia 520 Versa (standard reconstruction)

methods, using light- and electron microscopy, as well
as with the gold standard CT available at synchrotron
facilities. Finally, we compare our in-house phase-contrast
nano-CT system with a commercial x-ray system, imaging
samples with and without x-ray stains.
Imaging biological samples without using any x-ray

staining is beneficial for several reasons. The sample is
closer to its natural state, which means that we are more
likely to image actual biological features and not artefacts
caused by the stain. Introducing heavy metals into bio-
logical tissues is an invasive process with known adverse
effects. As can be seen when comparing images of the
unstained samplewith the stained ones,microscopic struc-
tures are more accurately represented if staining is omit-
ted. The sample preparations before scanning the speci-
men can thus be faster, since there is no need to wait for
a staining agent to penetrate the tissue. Avoiding heavy
metal stains, such as osmium, also reduces the risk for the
scientist. Omitting the staining is one step towards imag-
ing samples in their natural state, but there are several
additional improvements to bemade. Using laboratory sys-
tems, it is still necessary to use fixation and embedding
due to the long exposure times, as any small deformation
of the sample during the scan will impair image contrast.
Developments of x-ray sources, as will be further discussed
below, can give reduced scan times andwill be another step
towards completely non-invasive scanning.

The use of phase contrast in CT is what enables imag-
ing of very weakly attenuating materials. The microstruc-
tures in the compound eye absorb too little of the inci-
dent x-rays to give rise to much contrast in conventional
micro-CT, but more details can be depicted using phase
contrast. We have shown that phase-contrast nano-CT of
the compound eye acquired with a laboratory system gives
comparable image quality to synchrotron radiation tomog-
raphy as well as LM. The comparison of phase-contrast
CT images to TEM of the same sample gives insights into
which parts of the eye contributes the most to the phase
signal; in particular, it seems that the CC and the pigment
has higher electron density than their surroundings. The
central rhabdom, on the other hand, did not appear in any
of the CT scans performed in this work, probably because
of lack of contrast rather than resolution (diameter is about
1.5 𝜇m according to TEM images). If the contrast between
the rhabdom and the rest of the photoreceptor cells is too
weak, the signal would be drowned in the relatively high
noise that is a result from using a nanofocus x-ray source
− to gain resolution, x-ray flux is sacrificed due to the need
for a small emission spot. Increasing the exposure, and
thus scan time, is not desirable as there are also artefacts
from sample drift. Higher x-ray source power is the pre-
ferred solution, and this is indeed possible with newer ver-
sions of the NanoTube, which will be discussed further
below.
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Scanning unstained specimens may not work on all sys-
tems. Comparing the phase-contrast nano-CT systemwith
the Zeiss Xradia 520 Versa, it is clear that the Versa system
does not give a satisfying reconstruction of the photorecep-
tors when imaging under the same dose as with the nano-
CT system. This may have several reasons. First, the emis-
sion spot of the x-ray tube, although not reported explicitly
by the Versa software, is most likely larger. This will limit
the resolution and may also have an impact of the spatial
coherence of the x-rays, which is crucial to be able to prop-
erly reconstruct the phase. Secondly, there is no built-in
phase retrieval algorithm in the reconstruction software,
as has previously been noted by others.40,41 By applying a
Paganin filter after the reconstruction, we can more fairly
compare the systems. It is clear that resolution in the Versa
system is much lower, which again most likely is due to a
large x-ray source emission spot. The detector scintillator
is also unknown, both what material it consists of and its
thickness, and this will also affect what resolution the sys-
tem can ultimately achieve. However, even with lower res-
olution than comparable nanofocus systems, implemen-
tation of a simple phase retrieval algorithm such as the
Paganin filter would greatly enhance the imaging perfor-
mance of the Versa system for weakly attenuating samples.
In the samples stained with PTA or OsO4, the contrast

primarily arises from attenuation instead of phase shift.
Details within the compound eyes are not properly cap-
tured by any of the systems, and it is difficult to saywhether
that is due to lack of contrast or if the microscopic struc-
tures within the eyes have been negatively affected by the
stains. What is clear here, is that the difference in quality
between the nano-CT and the Versa images is much less
apparent. Roughly the same structures can be seen, and
here the Versa gives a cleaner reconstruction, probably due
to shorter exposure times and thus less sample drift. Even
though our nano-CT system outperforms Versa in phase-
contrast imaging and resolution, the overall image quality
for attenuation-based images is comparable between the
two systems. Exposure times for the nano-CT were how-
evermuch longer. This first nano-CT systemwas built with
a NanoTube N1, which is one of the early models of the
NanoTube. The currently available model, NanoTube N2,
offers three times higher power at the same emission spot
size, which means that future NanoTube-based systems
can perform the same kind of imaging as presented here,
in just a third of the time. This means exposure times in
the same range as, or even shorter than the Versa system.
A reduction of exposure time enables higher throughput
as well as improving the image quality, as the artefacts cur-
rently present in the nano-CT reconstructionsmainly arise
from sample drift over time. The simple drift correction
method used here should also be further developed, as it
does not completely remove the motion artefacts for these

samples. Other improvements to the imaging arrangement
include upgrading the rotation stage and to better control
the temperature in the sample environment, andwill allow
for sub-micron 3D resolution in unstained biological sam-
ples.
To summarize, we have shown that laboratory nano-

CT using phase contrast enables virtual histology of com-
pound eyes, and demonstrated its potential by imaging
individual ommatidia and characteristics of the special-
izedDRA. Images comparable to both LMand synchrotron
radiation tomography were captured using a laboratory
system, without the need for any sectioning, staining or
applying for beamtime at large-scale facilities. Laboratory
phase-contrast CT thus opens up for either completely
non-destructive imaging of unstained tissue at resolution
around 1 micron, or multimodal imaging in combination
with TEM at specific sections pinpointed in
a CT volume. This increases the number of imaging

methods available and may provide new standards of how
we analyse the visual systems of insects, and other biolog-
ical specimens.
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