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ARTICLE INFO ABSTRACT

Several complementary methods able to visualize the internal structures of eyes are used in the clinical practice
in the diagnosis of pathologies affecting a specific zone of the eye. Despite the significant technological progress,
Eye the visualization of the entire eyeball at micrometric resolution is yet an unsolved task both in clinical diag-
Three-dimensional micro-tomography nostics and in laboratory research. With this respect, high resolution 3D images of the eyeball would be ex-
ﬁ%g;?;iii:tjs;:‘gﬁ;g tremely useful, in the study of various pathologies of the retina, the lens, and of the optic nerve. In this work we

combined the state-of-the-art of micro computed tomography technology with phase-contrast imaging, a recent
highly sensitive technique well adapted to investigate soft tissues without the use of contrast agents; we applied
the technique in the post-mortem analysis of monkey eyes, which share several similitudes with the human
organ. We reported here vascular, nervous and anatomical details of monkey eyes imaged with a
3.1 x 3.1 x 3.1 um® voxel size as well as the first 3D visualisation of the entire globe of Macaca’s fascicularis
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eye. Results have also been compared with, and validated by, histological analysis.

1. Introduction

The clinical procedures for the visualization of the internal struc-
tures of eyes include several complementary techniques like biomi-
croscopy, optical coherence tomography (OCT, [1]), confocal scanning
laser ophthalmoscopy (cSLO, [2]), ultrasound scanning in the A- and B-
mode (A- and B-scan), as well as ultrasound biomicroscopy (UBM), X-
ray micro-computed tomography (X-ray microCT, [3]) and magnetic
resonance imaging (MRI). A detailed description of all these techniques
can be found in [4]. A complementary method to analyse tissues at
(sub)microscopic resolutions is the histological analysis; however this
procedure is destructive and is only carried out on excised organs ex-
vivo. Moreover, during the preparation process, tissues can be altered
by mechanical actions and chemical reagents, with consequent mod-
ification of their anatomy. Each clinical imaging method is particularly
suited in the diagnosis of pathologies affecting a specific zone of the
eye; all methods also present specific requirements for their application.
In fact, both OCT and cSLO require a high optical transparency of the
sample and can be used in the study of structures in the anterior
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segment of the eye or in the fundus. The application of UBM is instead
limited to the cornea and the anterior chamber angle. B-scan, X-ray
microCT and MRI have no optical transparency requirements and are
the only techniques potentially allowing the visualization of the entire
eyeball. Unfortunately, the resolution of the clinically available in-
struments, always exceeding 100 pm, is far from that necessary to
provide a diagnostically significant image quality of the eye. High re-
solution images (particularly the ones that show cellular structure of
tissue) of the eyeball would be extremely useful even in preclinical
trials in the study of different pathologies of the retina, the lens and of
the other structures including the optic nerve.

In order to overcome the present limitations encountered by pre-
clinical ophthalmological research a completely different approach has
been recently developed in laboratories. It consists in recording the
phase variations of X-rays passing through the matter; this signal adds
to the weak absorption signal always present in the images [5-7] and
does not require the use of additional contrast agents. For a more de-
tailed description of the technique we refer to the Material and Methods
section.
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To our best knowledge, there are only four works in the literature
describing the post-mortem application of X-ray to eye imaging either
in radiography [8] or using microCT [9-11].

Kelly et al. [8] reported on the results of the study of formalin-fixed
porcine eyes using a phase-contrast imaging technique. All images were
acquired in radiographic mode, which suffers from structure overlap
and does not allow a high resolution discrimination of the tissues. This
was a seminal work, demonstrating the interest of applying the phase-
contrast imaging techniques in the study of the eye anatomy. Yin et al.
(in Chinese) [9] also discussed the use of phase-contrast imaging ap-
plied to the post-mortem visualization of the internal structures of New
Zealand rabbit eye by microCT; the short paper does not report any
detailed anatomical description of the findings. In the work of Hoshino
et al. [10] the analysis focus on the optical properties of the eye lenses
for different animal species by mean of Talbot interferometry. In the
article of Ivanishko et al. [11], the results of 3D intra-cranial computed
tomography of rabbit eyes has been reported; however no comparison
with respect to histological data is reported. In this work we applied the
state of the art high resolution microCT using monochromatic X-rays
and the state of the art phase-contrast imaging data reconstruction
methods we have developed in the past years [5,12-14].

We present here a full 3D acquisition of formalin-fixed monkey eyes
(Macaca fascicularis) enucleated post-mortem from adult specimens at
an isotropic voxel size of 3.1 um>. The results presented here aim at
providing for the first time a high resolution 3D model of a monkey eye
anatomy, showing the potential of phase-contrast imaging as a com-
plementary preclinical diagnostic technique applied to the vision organ.

2. Methods
2.1. Phase-contrast imaging

In life sciences, samples consist very often of weakly absorbing
tissues and structures composed by low Z elements (< 20). For such
materials, the sensitivity of conventional radiography drastically de-
creases because of the small differences (few percent) in the X-ray ab-
sorption coefficients of the elements composing the different tissues
(NIST database [15]).

The use of contrast agents, like iodine or gadolinium, both injected
in vivo, can enhance the contrast generated by the vascular system;
tissues can also be marked post-mortem using specific commercial
markers or other heavy metal-based dyes [16]. A 3D imaging method
able to image full organs at resolutions able to discriminate the smallest
capillaries and/or the neuronal morphology, without the injection of
invasive contrast agent (in vivo), or without applying an aggressive
tissue preparation (post-mortem), is still required [17].

X-ray phase contrast imaging represents a novel way to overcome
the limitations of conventional absorption-based imaging without the
need of contrast agents. The behaviour of X-rays as they travel through
an object can be described in terms of a complex index of refraction
defined as n = 1-6 + if8, whose real part, §, and the imaginary part, f3,
are related to the X-ray phase shifts and attenuation in the object, re-
spectively.

In the energy range typically used in X-ray diagnostics
(15-100 keV), the phase term is orders of magnitude higher than the
absorption one [18]; therefore radiographic techniques sensitive to
variations of the § term may potentially provide an increased image
contrast with respect to those methods based only on the X-ray ab-
sorption process [6].

Several techniques have been developed for exploiting the phase
effects in X-ray imaging. They include the propagation-based imaging
technique (PBI) [19-21], the analyzer-based imaging technique
[22,23], the grating interferometric [24,25] and the grating non-in-
terferometric methods [26-28]. All modalities have been widely used in
preclinical X-ray radiology; an extensive review of the theoretical basis,
of the required technology as well as example of the application in
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different fields of medicine can be found in [6,29].

The phase-contrast technique applied in this study was the PBI,
which makes use of a highly spatially coherent and quasi-monochro-
matic X-ray beam. Briefly, the X-ray wavefront distorted by traversing a
sample, generate characteristic interference patters; at well determined
directions, described by the Fresnel diffraction [30], these distortions
are transformed in detectable intensity variations that can be recorded
by a detector placed at a convenient distance from the sample [19,21].
These intensity variations highlight the borders of the sample or of the
details embedded in the sample itself, therefore enhancing their visi-
bility.

2.2. Experimental setup

The experiment was carried out at ID17 BioMedical beamline at
European Synchrotron Radiation Facility (ESRF, France). A quasi-
monochromatic (AE/E ~ 10~ %) and quasi-parallel X-ray wave (diver-
gence < =1 mrad horizontally, and «0.1 mrad, vertically) beam (en-
ergy 35keV) was selected using a Si(1 1 1) double Laue crystal from a
beam produced by a 21-pole wiggler [31]. The propagation distance
between the sample and the detector was 11 m. The detection system
was composed by a 350 um thick YAG scintillator screen coupled with a
1:2x optics and a Scientific Complementary Metal-Oxide Semi-
conductor (sCMOS) PCO edge 5.5 camera [32]. The final pixel size was
of 3.1 x 3.1 um? In order to evaluate the real spatial resolution at
which the images are obtained it is necessary the knowledge of the
Modulation Transfer Function of the detection system. Previous mea-
surements, reported in [32] show that the system used in this work
shows an effective spatial resolution of about 8 um.

2.3. Image acquisition and reconstruction

The computed tomography (CT) was performed by acquiring 5000
angular projections over 2m. Each angular projection presents an ex-
posure time of 0.4 s. Due to the limited ID17 vertical beam size (7 mm)
three different CTs were performed at different heights of the organ to
acquire the whole volume. The overall image acquisition of a single
vertical step lasted about 1h; such long image acquisition time was
linked to an un-optimized methodology applied in this pilot study.

However, as also reported in the discussion section, a fast acquisi-
tion procedure can be applied to reduce the acquisition time down to
~ 2 min for a single tomographic vertical step, without a significant loss
of information in the regions of interest. Such times have been achieved
by reducing the number of angular projections to 500 with an in-
tegration time of 0.1s.

The extraction of the phase information was performed using the
quasi-particle phase-retrieval approach described in [33,34]. The fil-
tered-back projection algorithm [35] was then applied to perform the
tomographic reconstruction and to create the 3D volume.

For histopathological examination, samples fixed in 10% neutral
buffered formalin (NBF) for 24-48 h, were processed with a Tissue
Processor Leica ASP300 S, and paraffin embedded (Embedding Center
Leica EG1160). Four micron thick sections were cut, stained with
Haematoxylin-Eosin (H&E) and evaluated under a light microscope
(Leica DM 2500). Representative images were captured with a digital
camera (Leica DFC310 FX).

2.4. Samples and ethical statement

In this experiment we used four formaline-fixed monkey eyes en-
ucleated from adult (4-5years old) Macaca fascicularis. During the
imaging procedure the samples were embedded in an agar-agar pre-
paration and included in a transparent cylindrical plastic container of
3 cm in diameter. The average diameter of the eye inside the container
was about 1.5cm. Samples did not undergo any other specific pre-
paration and, in particular, were not in contact with any contrast agent
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Fig. 1. 3D rendering of one of the imaged eyes. The representation of the whole
volume was obtained after binning the original dataset by a factor of 20. In the
first plane there is the frontal region of the eye, showing the iris, pupil and lens.
The central width of the organ is ~15 mm.

neither in vivo nor post-mortem. Samples were provided by the CEA-
Leti/Clinatec, Institute (Grenoble, France) from animals sacrificed
within other experimental protocols. No live animals were used for this
experiment or sacrificed for the aim of this study.

3. Results

The 3D reconstruction of the eye allows visualizing the smallest
internal structure details thanks to the high image contrast provided by
the PBI method. The rendering of one of the eye is reported in Fig. 1. It
has been obtained using the software Amira 6.2 (FEI), after an isotropic
binning of the original data; the application of binning was mandatory,
because a single dataset is as large as ~600 Gb.

Separate 3D volume sections extracted from the high resolution un-
binned volume are reported in Fig. 2. Fig. 2a shows a frontal section of
the optic nerve at the point of its entry into the eyeball with an en-
hanced visualization of the choroidal vessels. Fig. 2b shows the same
area in the sagittal plane. The optic nerve, its fibers and vessels, the
perineural space, the place of perforation of sclera by the optic nerve,
the choroid, and detached retina fixed to the optic disk are all perfectly
depicted. On the retina, more layers are distinguishable, which are
characterized by varying reflectivity; because of the postmortem tissue
degradation and of the anatomical changes due to the formalin fixation,
a comparison of these images with the results of the application of in-
travital methods on the same samples would be meaningless (and it is
outside the purpose of this pilot work).

Fig. 2c shows the optic nerve cross-section (diameter ~3.1 mm) a
few (2-4) millimetres posterior to the eyeball. We can observe the
central artery and vein, bundles of nerve fibers and the optic nerve
sheathes. Rounded black formations around the nerve correspond to air
bubbles embedded in the agar-agar. Fig. 2d shows detailed cross-section
of the optic nerve in the frontal plane at the point of its entry into the
eyeball. Of particular significance is the extremely detailed depiction of
the optic disc and of the cribriform plate.

Fig. 3 reports a cross-section of the eyeball; we can appreciate the
lens with the capsule, the iris with the pupil and ciliary processes of the
ciliary body. Moreover, in the area called anterior chamber angle, the
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Schlemm’s canal (scleral venous sinus of the eye) is visible. The total
retinal detachment is instead a clear sign of postmortem degeneration.

In Fig. 4 the preliminary result of a scan performed in ~2 min using
only 500 projections (integration time: 0.1s per angular view) are
shown. Some artefacts appear in the images: they are generated by the
strong undersampling in terms of angular projections as well as by the
higher overall noise due to the reduced exposure time. However, these
artefacts do not obscure any of the features of interest, as reported in
image 4b. Image 4 has been obtained at a reduced radiation delivered
and acquisition time with respect to the images presented in Figs. 2 and
3 (reduction factor ~40).

Fig. 5 reports the comparison of the CT slice of the onset of the optic
nerve (a), of the retina (b) and of the ciliary processes of the ciliary
body (c) with the corresponding histological sections. The CT images
contain the anatomical information present in the histological slices
with similar resolution. The anatomical differences are ascribed to the
not perfect matching of the location of the image with the histology.
These results, even if limited to four samples, provide an exhaustive
overview of the performances of high resolution phase-contrast CT to
represent the main anatomical, vascular, and nervous features of the
eye ball.

The images here reported refer to one single eye (left eye); none-
theless similar results in term of quality and depiction of structures have
been obtained with all our datasets; results are not reported to avoid
unnecessary duplication.

Measurements of the incident photon flux at the sample position
have been performed prior to the experiment. The dose delivered
during the scans has been calculated by means of Monte Carlo simu-
lations using the method proposed in [36]. The results of the simula-
tions indicate an average dose of ~49.2 Gy for the scans performed
using 5000 angular projections. The dose delivered is reduced to
~1.2Gy in case of the fast scans (500 projections and shorter in-
tegration times). Besides these values greatly exceed the clinical stan-
dards, they are still sufficiently low to avoid structural changes within
the organ and therefore suitable for ex-vivo preclinical studies. It must
be highlighted that the dose reduction was outside the scope of this
pilot and demonstrative work.

4. Discussion and conclusions

In this work, we report the results of the visualization of the 3D
structure of a primate eyeball obtained using an X-ray computed to-
mography imaging technique without the use of contrast agents. Images
show an unprecedented spatial resolution and high contrast, thanks to
the application of the PBI technique. This imaging modality has been
already validated by our team in ex-vivo and preclinical research of
various pathologies of the breast [5], spinal cord [13,37] and cartilage
[12]. However some aspects must be still improved and developed for
future broader application in ophthalmology. First, the long acquisition
time, and therefore high doses delivered, required to obtain Figs. 1-3,
which was as long as ~3h (5000 projections, 0.4 s of integration time,
3 vertical CT steps). Preliminary results of time reduction down to few
minutes to image the whole volume (500 projections, 0.1 s of integra-
tion time) are reported in Fig. 4. It shows that such reduction does not
compromise the diagnostic significance of the images: despite the ap-
pearance of some artefacts due to the data undersampling and a higher
noise level, the general image quality is preserved and, most im-
portantly, all ultrastructure the structural details of nerve fibers and the
nerve sheathes are fully visible.

The long integration time of the here presented images is the con-
sequence of the extremely high spatial resolution of the detection
system, which is at the cutting edge of the present technology to image
an entire eye. In order to obtain the same image quality (same statistics
per pixel) with another pixel size, it should be considered that the in-
tegration time increases with the inverse of the square of the pixel size.
In order to reduce the acquisition time and dose delivered, several
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Fig. 2. (a) Frontal view of the insertion region of the
optic nerve; (b) Sagittal view of the optic nerve in-
sertion; (c) Frontal view of the optic nerve; (d)
Detailed sagittal view of the optic nerve and of the
lamina cribrosa. (1) Central artery and vein of the
retina; (2) Optic nerve sheath; (3) Vessels of the
choroidea; (4) Lamina cribosa (area of the optic
nerve insertion); (5) Detached retina; (6) Choroid
and sclera.

Fig. 3. Cross-section of the monkey eye, centered on the lens. (1) the pupil and
pupillary zone of the iris; (2) ciliary processes of the ciliary body; (3) detached
retina; (4) sclera; (5) lens; (6) Schlemm’s canal. The central part of the image
look slightly blurred due to the ring artifact correction applied.

strategies could be adopted, for instance the use of a detection system
more efficient of the here described, like a single photon counting.
Unfortunately, such detectors (ex: Maxipix, described in [38]) are not

10

Fig. 4. Preliminary results obtained with a fast scan. (a) Overview of the whole
region, (b) magnified region indicated by the red square of figure (a). The ex-
ternal black regions, on the right of image (b) are air bubbles present in the
agar-agar medium.

yet available with pixels size smaller than 50 um. Therefore the only
way to use them in a high resolution application is to include in the
setup a divergent X-ray optical system, able to magnify the image
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500 pum

Fig. 5. Comparison of phase contrast imaging with histology (H&E staining). (a)-(c) sub-regions obtained using phase-contrast imaging. (d)-(f) histological results.
The images used for the comparison do not represent exactly the same sections. (a), (d) onset of the optic nerve; (b), (e) retina; (c), (f) ciliary processes of the ciliary

body.

before acquisition.

Another possibility in reducing the total time consists in limiting the
number of acquired angular projections, to be then processed using
iterative reconstruction algorithms like Equally Sloped Tomography
(EST) [39]. It has been already shown that this algorithm allows ob-
taining CT images of equivalent noise using 4 times less projections. By
implementing these technical modifications, the total imaging time
might be reduced down to a few minutes, which is compatible with a
preclinical in vivo work on animal models.

One more possibility in reducing the acquisition time is given by the
spiral CT [40] modality of data acquisition.

The vertical beam size used here represents also a limitation if the
whole eye has to be imaged. In fact, three CT at different sample heights
were needed to acquire the data necessary to visualize the whole vo-
lume. In most of practical cases, however, only a certain region of the
eye needs to be investigated, thus reducing the problem of this vertical
stitching.

If we consider only the problem of a reduction of the image ac-
quisition time, a suitable alternative is provided by a polychromatic X-
ray spectrum instead of the monochromatic radiation; a pink beam
setup is available at different SR facilities (SLS, LNLS) [41,42] as well at
the ID17 and ID19 beamlines at the ESRF. At ID17 the pink beam fa-
cility provides an intense beam, suitable for high resolution imaging, in
the energy range (25-70 keV). This modality will be employed in our
planned tomographic scans of different regions of the eye using sub-
micrometric pixel sizes, to better characterize the vascular and neu-
ronal network.

Some artefacts are visible in the Figs. 3 and 5; in particular in the
pupillary region (Fig. 3, label 1) and in the ciliary body (Fig. 5¢). These
artefacts are related to the sample drying out during the image acqui-
sition. Considering the anatomy of our object, these artefacts, and

11

especially the rings, do not represent a limitation in the image inter-
pretation because are located outside of the region where the features
of interested are located. Furthermore, faster acquisition will contribute
to reduce these artefacts, especially the ones related to the drying of the
sample.

In conclusion, this pilot study show the potential of using high re-
solution X-ray CT imaging in the 3D visualization of the internal
structures of primate eyes. We have discussed the further technical
developments necessary to further enhance the significance of the
images, also because only the in vivo application could provide func-
tional information in addition to the anatomical one.
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