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Abstract: A crucial issue in the development of therapies to treat pathologies of the central
nervous system is represented by the availability of non-invasive methods to study the three-
dimensional morphology of spinal cord, with a resolution able to characterize its complex
vascular and neuronal organization. X-ray phase contrast micro-tomography enables a high-
quality, 3D visualization of both the vascular and neuronal network simultaneously without
the need of contrast agents, destructive sample preparations or sectioning. Until now, high
resolution investigations of the post-mortem spinal cord in murine models have mostly been
performed in spinal cords removed from the spinal canal. We present here post-mortem phase
contrast micro-tomography images reconstructed using advanced computational tools to obtain
high-resolution and high-contrast 3D images of the fixed spinal cord without removing the bones
and preserving the richness of micro-details available when measuring exposed spinal cords. We
believe that it represents a significant step toward the in-vivo application.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The spinal cord (SC) is exposed to a wide variety of diseases. In particular, the incidence of
spinal cord injuries in the world is about 40-80 new cases per year per million inhabitants [1],
corresponding to 250,000-500,000 new cases per year of people suffering from traumatic and
non-traumatic spinal cord injuries. The non-traumatic injuries are due to neuroinflammation
and neurodegeneration of the spinal cord. In this context, it emerges the need of identifying
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and introducing non-invasive methods, with the ability to investigate the spinal cord anatomical
conditions at a spatial resolution allowing the evaluation and the optimization of pharmacological
or rehabilitation treatments.

A variety of imaging techniques such as magnetic resonance imaging (MRI), ultrasound,
positron emission tomography (PET) and X-ray computed tomography (CT) are in daily use
for the investigation of the spinal cord. However, the high-resolution 3D visualization of intact
spinal cord in the vertebral canal is a challenging aim for these techniques. Indeed, the dense
material composing the vertebrae surrounding the spinal cord scatters and attenuates the signal,
thus making some imaging techniques inefficient without invasive procedures including the
complete, or at least partial, removal of the vertebral bone [2—4]. Magnetic resonance and X-ray
computed tomography imaging are well established techniques applied to SC preclinical studies.
Magnetic resonance imaging at a microscopic level (micro-MRI) non-invasively penetrates the
bones and yields reasonably well-resolved 3D images of the spinal cord inside the spinal canal
[5]. However, the spatial resolution and contrast of micro-MRI are insufficient to reveal the SC
neuronal and vascular networks [6]. X-ray micro-computed tomography (micro-CT) imaging has
anoticeable advantage in the depth-to-resolution ratio with respect to other imaging techniques. It
permits in fact to visualize large tissue volumes (up to the whole organ) at high spatial resolution
(5-50 pm to 100 nm) [7-9] and high contrast between different absorbing tissues [10]. The
technique has been used with great success in post-mortem and in-vivo small animal models
[7,10-12]. Micro-CT is a relevant tool for imaging highly absorbing mineralized structures, such
as bone [11,13], and soft tissue after administration of X-ray-absorbing contrast agents [14,15].
Combined with angiography contrast agents, micro-CT has been widely used in the investigation
of vascularization and angiogenesis in different organs, including the brain and the spinal cord
[16,17]. The main drawback of micro-CT is the poor contrast resolution of soft tissues when
applied without invasive contrast agents [10].

X-ray Phase Contrast micro-Tomography (micro-XPCT), based on the phase modulation
induced by a sample in a coherent or partially coherent X-ray beam, is highly sensitive to small
density variations in weakly absorbing materials, without the need of exogenous contrast agents.
Different X-ray phase imaging techniques such as analyzer-based imaging [ 18], propagation-based
imaging (PBI) [19,20], crystal interferometry [21], grating-based [22] and edge illumination
imaging [23], have been developed and several of them have been demonstrated to be compatible
with the high resolution 3D imaging of large biological samples. However, some imaging
techniques requiring additional X-ray optical elements have limit in the spatial resolution above
several micron due to a fabrication issue. The PBI has received a great interest due to the simple
optics-less set-up exploiting only X-ray propagation in free space and achievable spatial resolution
of micron level with large field of view. Moreover, single-distance PBI significantly reduces
the acquisition time compare with other imaging techniques. Recently, the macro- and micro-
morphology of post-mortem entire mice spinal cords, including the complex organization of
their vascular and neuronal networks, has been successfully imaged in Refs. [24-26]. However,
despite the great potential of micro-XPCT, until now the attainment of high-resolution, contrast
agent-free 3D images of the SC microvascular and neuronal networks has been done only in
the case of exposed spinal cords fully removed from the vertebral column [25,26]. Clearly, this
has limited the application of the method to post-mortem measurements. Another critical issue
for in-vivo models is radiation tolerance, which at the moment sets a limit to the obtainable
resolution in computed tomography down to a few tens of micron for living animals [27,28].

In this work, we present the potentiality of the micro-XPCT to obtain high-resolution and
high-contrast 3D images of post-mortem fixed mouse SC without the need to extract the SC from
the vertebral canal. Moreover, by exploiting a suitable computational platform, we demonstrated
that micro-XPCT with sparse set of tomographic projections and, therefore, a reduced delivered
dose on the sample, preserves details typically achievable when the exposed spinal cord is
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imaged. Our findings constitute, as a whole, an important step towards the implementation of the
micro-XPCT technique for future central nervous system (CNS) analysis in-vivo.

2. Results

The main goal of our research was to attain high-resolution, contrast agent-free 3D images of
the intact post-mortem murine SC inside the spinal column. We analysed three different types
of specimens: samples A were prepared without contrast agent, while sample B and sample C
were injected with Iodixanol and Microfil NW-130 contrast agents, respectively. Samples B&C
were perfused with radio-opaque agents to validate the SC microvasculature. The images were
acquired during XPCT imaging experiments at the synchrotron beamlines ID17 (ESRF, France)
and TOMCAT (PSI, Switzerland). Different experimental parameters (e.g. beam energy and
pixel size, see Table 1) were adopted in order to increase the visibility of different features (e.g.
spinal cord grey matter and white matter, the vascular network etc.) in 3D images of the SC. The
summary of experimental parameters is given in the Table 1 and in the Materials and methods
section.

Table 1. Experimental parameters used to the imaging of the presented samples.

Setup Sample Contrast agent  Energy (keV)  Pixel size (micron?)  Distance Sample/detector (m)
ESRF ID17 Sample A saline solution 30 3.50%3.50 2.30
ESRF ID17 Sample A saline solution 60 3.50x3.50 2.30
ESRFID17 Sample B Todixanol 60 3.50%3.50 2.30
ESRFID17 Sample B Iodixanol 60 1.00x 1.00 0.60
PSITOMCAT  Sample A  saline solution 24 0.64 x0.64 0.05
PSITOMCAT  Sample A  saline solution 24 1.60x 1.60 0.21
PSITOMCAT  Sample C Microfil 24 1.60x 1.60 0.21

During the step-scan tomography image acquisition, data were taken at a fixed sample-to-
detector distance. Starting from the acquired intensity map we obtained the image of the
object by retrieving the phase map by using the Paganin’s method extended for multi-materials
[29-33]; subsequently, the retrieved images were used for volume reconstruction. Tomographic
reconstruction was performed using the conventional Filtered-Back-Projection (FBP) algorithm
and the advanced Simultaneous Iterative Reconstruction Technique (SIRT) [34,35] with Total
Variation regularization [36,37]. We applied the FBP algorithm to the full set of angular
projections evenly spaced over the 180 degrees rotation angle (2000 and 1601 projections in
Figs. 1-2 and in Figs. 3-5, respectively) to obtain the 3D image of the spine and spinal cord
preserving the richness of micro-details (see Figs. 1-5). The application of FBP to sparse
projections data led instead to a complete loss of information while the regSIRT [38,39] method
allowed keeping the morphological information (the results for Sample A are reported in Fig. 6).

2.1. ESRF ID17 experiment

Figure 1(a,b) shows 3D axial views of the reconstructed lumbar part of the SC with the vertebrae
(sample A) measured at 60 keV in the ESRF ID17 experiment. This figure reports the average
intensity through a slab of 50 slices (the image processing procedures were performed using the
open source ImagelJ/Fiji [40] tools). Figures 1(a), 1(b) show two different spinal cord regions of
the Sample A measured at a sample-detector distance of 2.3 m using a detector pixel size of 3.5
micron. High energy and relatively low resolution put in evidence only the structure of the highly
absorbing backbone and the features comparable with vascularization in the tissue surrounding
the spinal cord, while the low absorbing soft tissue of the spinal cord inside the spinal canal gave
only some morphological information such as the shape of the SC.
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Fig. 1. Micro-XPCT reconstruction of the murine spinal cord (axial view) recorded at
60 keV: (a-b) unstained sample (sample A, lumbar part of spine), pixel size of 3.5 micron,
sample-detector distance 2.3 m, (c) sample B (cervical part of spine) perfused with iodine
contrast agent, pixel size of 3.5 micron and the sample-detector distance 2.3 m, (d) sample
is the same as in Fig. 1(c), pixel size of 1 micron, sample-detector distance 0.6 m. A 50
slices volume of the sample is presented in the figure. ESRF ID17 beamline experiment.
The number of tomographic projections was equal to 2000.
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The perfusion of the sample with iodine (sample B) provided some additional details on the
vascularization, as it can be seen in Fig. 1(c) showing the cervical part of spine. However, the
features of vascular and neuronal networks cannot be distinguished with a pixel size of 3.5
micron. With an increased spatial resolution (pixel size of 1 micron) and with the corresponding
adjustment of the sample-detector distance to 0.60 m, the details of the stained vascular network
(segmented in black) in Sample B clearly appear together with the central canal, as reported in
Fig. 1(d). However, the details of white/grey matter and the micro-morphology of the SC soft
tissue, in particular neuronal network, remain invisible.

By decreasing the incident energy from 60 keV to 30 keV we obtained additional details in
the soft tissue image, without using any contrast agent (sample A) at a relatively low spatial
resolution (pixel size of about 3.5 micron). Figure 2(a) is the average intensity through 50 slices
and it shows the axial view of the sample A (the cervical part of spine). The typical H-shape
of the spinal cord starts to be visible. In addition, the meninges (blue arrows) are discernible.
Figure 2(b) is the SC area tagged in Fig. 2(a) with a rectangular frame. It was obtained through
the maximum intensity over 50 slices, which allowed us to better distinguish the morphology and
microarchitecture of the organ.

pm b

Fig. 2. (a) Micro-XPCT reconstruction of the vertebrae and spinal cord of the sample A
(the cervical part of spine), axial view. Average intensity Z-projection through 50 slices;
(b) zoom of the area tagged in Fig. 2(a) with the rectangular frame. Maximum intensity
Z-projection through 50 slices. ESRF ID17 beamline experiment. The image was obtained
from projections acquired at 30 keV, pixel size of 3.5 micron and the sample-detector distance
2.3 m; the number of tomographic projections was equal to 2000.

2.2. PSI TOMCAT experiment

In the experiment at PST TOMCAT beamline with incident energy 24 keV, pixel size of 1.6
micron and corresponding adjustment of the sample-detector distance to 0.21 m, we obtained a
detailed image of the healthy spinal cord with vertebral canal of the sample A (the cervical part
of spine), as it can be seen in Fig. 3(a). The Nissl-stained histological section in Fig. 3(c) shows
the shape and details of the white-grey matter interfaces of the spinal cord, which is in a good
agreement with the tomographic data.

Figure 4 reports a virtually selected region of interest including the SC (axial view of the cervical
part). In this case, even without contrast agent, the features comparable with vascularization, the
nerve fibers and cells can be clearly seen as demonstrated by the comparison with the histology.
Figures 4(a) and 4(f) show the tomographic reconstruction of the sample with a pixel size
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Fig. 3. (a) Micro-XPCT reconstruction of 50 slices volume (average intensity Z-projection)
of the sample A (the cervical part of spine). (b) average intensity Z-projection through
a 10 micron thick slab; (c) histological slice with Nissl staining (dark field) of the same
area in (b). (a-b) PSI TOMCAT beamline experiment. The projections were acquired at 24
keV, sample-detector distance 0.21 m, pixel size of 1.6 micron; the number of tomographic
projections was equal to 1601.
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Fig. 4. (a) The tomographic image of the spinal cord of the sample A, the same as shown in
Fig. 3, (average intensity Z-projection through a 30 micron thick slab). The details, at the
white/grey matter interface show features comparable with the micro-vascularization and
nerve fibers in the ventral (b) and in the dorsal horns (d). The areas with the ventral and
the dorsal horns are shown in (a) with white and red rectangular frames correspondently.
Dark field photomicrographs of Nissl-stained 10 micron thick section of the ventral (c)
and dorsal horns (e). Red and white arrows are pointed at features comparable with blood
vessels and nervous fibers, respectively. (f) Axial view of the spinal cord. Maximum
intensity Z-projection through a 30 micron thick slab. The details in a 10 micron thick
section show cells in ventral (g) and in the dorsal horns (i) visualized after segmentation.
The areas corresponding to the ventral and the dorsal horns are shown in (f) with white
and red rectangular frames correspondently. Bright field photomicrographs of Nissl-stained
sections of the ventral horn (h) and dorsal horn (j). (a, b, d, f, g, i) PSI TOMCAT beamline
experiment. The images were obtained using 24 keV X-rays, sample-detector distance 0.05
m, pixel size of 0.64 micron, the number of tomographic projections was equal to 1601;
(c.e,h,j) histological sections.
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reduced down to 0.64 micron and at sample-detector distance 0.05 m ((a) average intensity and (f)
maximum intensity through a slab of 30 micron). The images in Figs. 4(b,d) are 10 micron thick
sections (average intensity) of the ventral horn (white frame) and of the dorsal horn (red frame)
of Fig. 4(a). We compared them with histological photomicrographs reported in Fig. 4(c,e). For
visualization purposes we imaged the Nissl-stained sections in the dark-field contrast, where the
vascularization appears black due to the lack of tissue, and by extension, staining. Figures 4(g,i)
are 10 micron-thick sections (maximum intensity) of the ventral (white frame) and the dorsal
horns (red frame) of Fig. 4(f). The bright spots in Fig. 4(g,i) represent the neuronal cells, as
clearly identified also in the Nissl slices in Fig. 4(h,j).

Figures 5 reports the results of sample C (the cervical part of SP previously injected with
Microfil). Figures 5(a-c) show the 3D rendering of the micro-XPCT reconstructed sample
with a voxel size of 1.6 x 1.6 x 1.6 um>. The sketch of the spine shown in Fig. 5(d) explains
the orientation of the sample. In Fig. 5(c), outside the backbone, the ascending vertebral
arteries partially filled by the contrast agent are clearly seen (marked with red arrow). Both

Fig. 5. (a), (b), (c) 3D view of the sample C (the cervical part) perfused with Microfil.
The ascending vertebral arteries, partially filled, by the contrast are clearly seen, (c) the
unstained small vasculature is virtually segmented and rendered in blue. (d) the sketch of
the spine explains the orientation of the samples. (a-c) PSI TOMCAT beamline experiment.
The images are obtained at incident energy 24 keV, pixel size of 1.6 micron and the
sample-detector distance 0.21 m. The number of tomographic projections is equal to 1601.
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Fig. 6. (a) Single slice in the axial view of the sample A corresponding to Fig. 2,
reconstructed with full data set of 2000 projections; b) the zoom of the area tagged in (a)
with the rectangular frame; (c, d) application of RegSIRT with regularization (see Eq. (4))
with sparse data set: (c) 500 angular projections, (d) 100 angular projections; (e) FBP
reconstruction with sparse data set of 100 angular projections. RegSIRT allows recovering
the morphological information lost by FBP. Pixel size is 3.5 micron.
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the low absorbing tissue of the blood vessels and the high absorbing contrast agent are clearly
distinguished. The small vasculature, not filled by the stain, is well visible too; it is segmented
and rendered in blue in Fig. 5(c). These results demonstrate that in micro-XPCT vessels are
clearly visible without the need of contrast agent, which, when present, further enhances the
contrast.

2.3.  Tomographic reconstruction with sparse data set

In order to investigate the possibility of reducing the number of projections needed to reconstruct
computed tomographic images maintaining a significant diagnostic level, we tested, in addition
to FBP, also the RegSIRT iterative algorithm. Reconstructions in Fig. 6(c-e) were performed
using the data set with evenly spaced omitted projections to reduce the number of projections.
Figure 6(a) shows a single slice of the sample A (the cervical part of SP, axial view) in the same
experimental conditions used for Fig. 2, reconstructed with the full data set of 2000 projections;
in Fig. 6(a) we reported the results for FBP; RegSIRT gave an equivalent result (not shown). The
zoom of the area tagged in Fig. 6(a) with the rectangular frame is shown in Fig. 6(b). Figures 6(c),
and 6(d) show the results obtained using 50 iterations of RegSIRT with 500 and 100 projections,
respectively. The RegSIRT reconstruction with sparse set of projections reported in Fig. 6(c,d)
preserves morphological details of the SC. The FBP reconstruction with a sparse data set of 100
projections is reported in Fig. 6(e) showing a complete loss of information.

3. Discussion

The micro-XPCT in PBI geometry has enabled us to obtain detailed high spatial resolution
3D images of intact fixed post-mortem healthy murine spinal cord surrounded by vertebrae.
The imaging technique used in our research does not require invasive preparations such as
laminectomy (removal of the vertebral bone), sample drying, sectioning. We have shown
that X-rays passing through the SC inside the spinal column preserve information about SC
architecture at a multiscale level. Therefore, we were able to simultaneously characterize the
three-dimensional morphology of the spinal cord at scales spanning from the whole organ to the
vascular and neuronal organization. In the perspective of preparing the way to high resolution
in-vivo neuroimaging, we have also shown that the application of advanced iterative tomographic
reconstruction methods allows significantly reducing the number of tomographic projections.

The possibility to study the alterations of the CNS and in particular of the spinal cord without
removing the vertebrae, in post-mortem and, in perspective, in-vivo experiments at high spatial
resolution will be of fundamental importance in the development of effective therapies to alleviate
pathological or traumatological effects of spinal cord injuries.

This work was performed on fixed SC tissues. Although fixation preserves the tissues, however,
it may induce tissue alterations that significantly modify the SC morphology with respect to
the in-vivo pattern. Before extending and generalizing the significance of these results further
investigations with unfixed samples are therefore required.

Until now, high-resolution 3D X-ray imaging of the intact spine resulted to be a challenging
task. In this work, we have evaluated different experimental conditions, i.e. different incident
energies, sample-to-detector distances and spatial resolutions, to attain high-resolution, contrast
agent-free 3D images of the intact SC in the spine canal.

In this regard, we have shown post-mortem experiments using 60 keV X-rays. The resulting
images at a pixel size of about 3 micron show only the macroscopic morphological structure
of the SC. As expected, by increasing the spatial resolution (pixel size of about 1 micron) and
by injecting a contrast agent (Iodixanol) in the blood vessels of the sample B, the image of the
vascularization network appeared, however micro-morphology of the soft tissue, in particular
neuronal network, was indistinguishable.
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By decreasing the X-ray energy down to 20-30 keV, even without any contrast agent and at low
spatial resolution, the features comparable with the vascularization and neuron cells were visible;
the visibility was further enhanced by using a higher spatial resolution (pixel size of about 1
micron). Finally, we can deduce that the contrast agent is not a necessary requirement for SC
imaging with XPCT. Moreover, we can conclude that the incident energy plays an important role;
lower incident monochromatic energy provides better SC visualization. However, we should
highlight that, when in-vivo experiments will be considered, the trade-off between visibility of
SC micro-morphology and absorbed dose in the sample have to be taken into consideration.

The spatial resolution is a fundamental parameter in spinal cord imaging; in the future
perspective of in-vivo experiments, the pixel size should not be too small because this would
determine an increased image acquisition time and accordingly, also the delivered dose. In
general, the exposure time in our experiments has been optimized in order to obtain the best
signal-to-noise ratio on a single projection. At this stage we did not care about the total time
necessary to measure the whole region of interest, which is, however, still quite reasonable for
standard post-mortem experiments (~5-10 min depending on the image and the energy used).

We have tested different algorithms to preserve the details visibility using a limited number
of projections. In particular, we applied FBP and the RegSIRT algorithms. RegSIRT is based
on a simultaneous algebraic approach, which is highly flexible to the specific problems: any
prior information can be incorporated in the reconstruction model, providing better quality of 3D
images with undersampled and/or noisy data. We applied the approach with independent phase
retrieval and tomographic reconstruction steps. Generally, the phase retrieval process can be
directly integrated into a tomographic reconstruction procedure [41,42], but, considering the
complexity of the samples under investigation, we adopted a two-step reconstruction approach.

FBP provides fast and good quality image reconstruction — with high signal-to-noise ratio
(SNR) — using projections acquired at a sufficiently large number of angles, evenly spaced over a
180 or 360 degrees rotation angle. However, FBP provides poor results and leads to image artifacts
for undersampled and noisy data, which is typical in low-dose in-vivo imaging. The algebraic
approach is one of the promising numerical techniques under development to solve this problem
[34,43,44]. On the other hand, as an iterative method, SIRT is computationally expensive, which
starts to be a bottleneck for its application in biomedicine. This problem has been alleviated by
using the computer accelerator technology, and, in particular, the GPU-based High-Performance
Computing. The computational time per single iteration of RegSIRT algorithm is comparable
with that of an FBP reconstruction but the total computational time of RegSIRT increases as
several iterations are needed to reach convergence. Results show a quite fast convergence of
RegSIRT with 50 iterations. Thanks to modern parallel GPU architectures, a single iteration of
RegSIRT require a few seconds to reconstruct a 2560 X 2560 pixels image. Thus a few minutes are
required to reconstruct a single slice of the whole scanned volume. The total computational time
for the reconstruction of the whole volume is basically dependent on the degree of parallelism
offered by the available hardware.

In our paper we have shown that the RegSIRT allows reducing the number of projections by
up to 20 times with respect to the original 2000 set; the same reduction applied to FBP leads
instead to meaningless data. It should be noted that some regions of the sample in the regSIRT
reconstruction look patchy and oversmoothed that worsen the final spatial resolution. Different
strategies have been proposed to reduce the undesired artifacts in images with sparse projections,
one of the most interesting and promising of them is super resolution technique [45].

The dose to the sample in XPCT imaging with 100 projections has been estimated using the
data acquisition parameters and applying the algorithms reported in Ref. [46]. The dose is
still a roughly a factor of 20 higher than that suited in longitudinal studies, however the steps
made to allow the full visualization of intact samples, and the significant dose reduction possible
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by acquiring data at a 20 times reduced projection number, represent important results in this
perspective.

It has been shown in Refs. [47,48] that for a biological sample signal-to-noise ratio lowering
per view impacts the conventional CT reconstruction less than artifacts due to the reduced
sampling. This result requires further accurate experimental and quantitative study to approve it
for in-vivo spinal cord XPCT imaging.

Another big challenge in the 3D visualization is the removal of artifacts generated by the strong
absorbing areas of the sample or/and by a low dynamic range and resolution of the detector. This
problem can be resolved only partially with pre-/post- processing procedures. In some areas
of our samples the residual artifacts prevent the interpretation of the reconstructed image. The
optimization of experimental parameters and further development of a computational platform to
reduce the radiation dose and to minimize reconstruction artifacts are the next challenges to be
dealt.

4. Material and methods

4.1. Sample preparation

All procedures involving animals and their care were conducted according to European Union
(directive 2010/63/EU) and Italian (Decreto Legislativo n.26, 4 March 2014) laws and policies.
The research protocol was approved by the Ethical Committee for Animal Experimentation of
the University of Genoa (Prot. 319).

Adult male C57 Black mice (20-22 g, body weight) were purchased from Charles River, Calco,
Italy and kept at 22°C and humidity of 40% on a 12-h light/dark cycle with food and water ad
libitum. Mice were divided into three groups (A, B, C): Samples A were perfused with saline
solution, while Samples B and Samples C were perfused with Iodixanol and Microfil, (Flow
Tech, Inc., Carver, MA), respectively.

Samples A & C: were anesthetized by an intraperitoneal injection of ketamine (80 mg/kg)/xylazine
(10 mg/kg) mixture and then perfused transcardially with saline solution containing heparin (50
U/ml) using a catheter inserted into the left ventricle connected to a pressure-controlled pump.
The blood in the cerebral vessels was drained out through an incision on right atrium. Samples
A, after flashing the blood, were perfused with 4% PFA in 0.1 M PBS (at room temperature) at
50 mmHg for 5 min at a filling rate of 2 mL/min. Samples C were perfused transcardially by
Microfil.

After the perfusion, the intact mouse spine was extracted and placed in 4% PFA for 24h
overnight at 4°C for the solidification process, and then maintained in 70% ethanol [49].

Sample B: was anesthetized using solution of ketamine (80-100 mg/kg)/xylazine (10-12.5
mg/kg), administered by intraperitoneal injection. The perfusion system was prepared as follows:
a medium-small diameter needle was connected to a small-diameter tube carrying the perfusion
fluids, the other tube end being immersed in the flask of filtered, degassed heparinized saline
connected to a peristaltic pump. We pushed off all the air bubbles remaining in the tube by acting
on the pump, while discharging the accompanying liquids into a discard beaker until a continuous
liquid flux was detectable at sight. With the pump switched-off, the liquid-filled needle was
inserted into the left ventricle of the animal. By switching-on the pump, the solution was pushed
into the circulatory system, washed out through a hole made in the right atrium. All the blood
was progressively pushed off by the saline solution that was continuously circulated into the
circulatory system (up to 70-80 cc) for some 10/15 minutes to clean thoroughly all the vessels.
After, the peristaltic pump was turned off in order to substitute the heparinized saline solution
with the tissue fixing 10% formalin solution (70-80 cc). The Iodixanol was then infused at the
completion of the operations, the pump was turned off and the needle was extracted from the
ventricle. 48 hours after the tissue fixation, the SCs were extracted and then immersed in PBS.
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4.2. XPCT set-up

XPCT measurements were performed using the PBI set up [50] after having fixed the samples on
a suitable holder to avoid samples movement during the acquisition.

Samples A and B were measured at the ID17 beamline (ESRF) with a monochromatic incident
beam of 30 keV (sample A) and 60 keV (sample A&B), see Table 1. The tomography was
acquired with 2000 projections and an exposure time of 0.4s for each projection covering a total
angle range of 180 degrees.

Sample A was positioned at 2.3 m from the imaging system having a pixel size of 3.5 micron.
The tomographic images of Sample B, on the other hand, were acquired using the 3.5 micron and
1-micron pixel size detectors placed at 2.3 m and 0.60 m from the sample, respectively

In addition, we measured the samples A & C at the TOMCAT beamline (SLS, Switzerland)
using a monochromatic X-ray beam of 24 keV. An imaging system connected with a PCO.5.5
camera with a pixel size of 1.6 and 0.64 micron was set at 0.21 m and 0.05 m from the sample,
respectively. The tomography has been acquired with 1601 projections (with exposure time of
0.2 s for each projection) covering a total angle range of 180 degrees. Sample C was measured
using a pixel size of 1.6 micron, while sample A with pixel size of 1.6 micron and 0.64 micron
(see Table 1).

4.3. Detectors and optics

ESRF: The detection system was composed by a YAG-based scintillator screen coupled with a
visible-light optics and a PCO.Edge5.5 sCMOS detector (2560 x 2160 pixels) [S1]. The study
was carried out using both 2x and 10x optical magnification systems to determine a final pixel
size of 3.5 and 1.0 micron, respectively (FOV: 8.9 x 7.5 mm? and 1.8 x 1.5 mm?).

PSI: The detection system was composed of a LAG:Ce scintillators (20 um thick) coupled
with a PCO.Edge 5.5 (sCMOS-technology, 2560 x 2160 pixels, 6.5um pixel size and a 16-bit
nominal dynamic range) and microscope system based on diffraction-limited optics. The study
was carried out using both 4x and 10x optical magnification systems to determine a final pixel
size of 1.6 and 0.64 micron, respectively (FOV: 4.2 x 3.5 mm? & 1.7 X 1.4 mm?).

4.4. Histology

After the measurements, spinal cord samples were first sectioned into cervical, thoracic, and
lumbar parts. Then, each part was first dehydrated through a series of graded ethanol baths
to remove the water, and then infiltrated with paraffin wax, and embedded into wax blocks.
Samples were cut in a sliding microtome at 10 um-thick sections in the axial plane, and six
series of sections were collected. After paraffin removal, the first series of sections were stained
with thionin (Nissl) to identify the cytoarchitectonic boundaries of various areas in the spinal
cord. Nissl-stained sections were examined at 5x and 10x magnification in brightfield in a
light microscope (Leica DMRB, Wetzlar, Germany). Additionally, sections were studied under
darkfield to increase the contrast of boundaries between white and grey matter, and non-stained
structures, such as blood vessels in the same microscope. Photomicrographs of cervical part of
the spinal cord were taken with a digital camera attached to the microscope (DXM1200F, Nikon
Instruments Inc., Japan).

4.5. Data processing

Data processing procedures include: pre-processing of the detected images, phase retrieval and
tomographic reconstruction and post-processing of the reconstructed data.

The pre-processing included raw data flat- /dark-field correction and normalization with the
average value of background outside the object and ring artefact reduction.
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Phase contrast retrieval algorithm is based on the solution of the transport of intensity equation
in the near field for paraxial monochromatic wave. It assumes that the object is composed of
one or two distinct quasi homogeneous materials (bone and spinal cord tissue in our case). The
logarithm of the retrieved intensity is calculated from the intensity / (r,,z = d) measured at the
detector plane z =d, according to Refs. [29,32,33]:

) 1 I(r.,z=4d)
T= /u(r)dz= —log, (Fllszuz{FL{LI—o}}) v

where Iy is the incident beam intensity, r, are lateral coordinates perpendicular to the optical axis
z, u is spatial frequency reciprocal to 7, , and F, and F, ~! respectively are the two-dimensional
forward and the inverse lateral Fourier transforms. We introduced the parameter p>=472dAd/Ap,
where Ad/Ap is the ratio of the differences in decrements Ad=(61—095) and in the linear attenuation
indexes Ap=(u;—M2) of two adjoining materials with indexes 1 and 2 correspondently. The phase
retrieval algorithm valid in the high energy range 60-500 keV can be found in Ref. [52].

After retrieval procedure Eq. (1) at each projection angle, the resulting set of data is combined
to reconstruct the 3D volume of the object.

After tomographic reconstruction, the post processing procedure has been applied to enhance
visibility of the spinal cord inside of vertebrae. Standard tools and plugins of open source image
program Imagel/Fiji were used [40]. In particular, average intensity and maximum intensity
projection options of the standard tool “Z Project” of ImagelJ/Fiji were used.

The regSIRT algorithm was adopted for volume reconstruction with sparse set of projections.

In the algebraic approach, the inverse tomography problem reduces to a solution of a linear
system of equations:

Ap=T 2)

where A is projection matrix accounting for the geometry of the tomographic system including
pixel weights, vector p is the object function that gives the spatial distribution of the reconstructed
value (see Eq. (1)). T is the image vector given by the retrieved images at the object plane Eq. (1).
Generally, the solution of Eq. (2) reduces to the solution of a minimization problem written in
the form:

1 .
§||Au—T||2 — min 3)
M

We used Total variation regularization [36] to increase the extension of piece-wise smooth zones
while their number decreases:

1
E”A,U_THZ"'Q/”V,U”I — min, “

where @ >0 is a regularization parameter, that controls the influence of the regularization process
on the final result. We applied the conjugated gradient method to solve the optimization problem
[53]. The gradient Vu computed with the finite difference method was optimized in the central
node of each 9 neighbour-nodes patch and includes only the direct orthogonal neighbours.

4.6. Convergent rate of the regSIRT algorithm

We carried out a computer experiment based on the data obtained by measuring an unstained
most-mortem mouse spinal cord with spine using XPCT technique at the biomedical beamline
ID17 of the ESRF. During tomographic scanning a set of images is taken at different illumination
angles evenly spaced over a 180 degrees rotation angle (the total number of projections was
2000), sample-to-detector distance was 2.3 m, energy of X-ray radiation was 30 keV, exposure
time was 0.4 s for each projection. After a phase retrieval procedure, we reconstructed 3D image
of the sample with a conventional non-iterative algorithm FBP and with the iterative algorithm
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regSIRT. We applied both FBP and regSIRT algorithms to the full angular projections set with
2000 projections and to the sparse angle set with 50, 100, 200, 500, 1000 projections evenly
spaced over a 180 degrees rotation angle. We estimated the convergent rate of RegSIRT algorithm
with different number of sparse projections.

The convergent rate was calculated using two approaches.

First approach. Residual error after k iterations was calculated with the following equation:

Erry = Z (i — pe-1)? &)

for pixel in object

where L is the reconstruction result after « iterations, py—; is the reconstruction result after the
(k—1) iterations.
Second approach. Error after k iterations was calculated with the following equation:

Erry = > (Ap = T)? (©)

for pixel in sinogram space

where A is corresponding element of projection matrix accounting for the geometry of the
tomographic system including pixel weights, Ly is the reconstruction result after k iterations, T is
logarithm of the correspondent element of the retrieved image (see Eq. (1)).

The convergent rate graphs computed with Eq. (5) in the RegSIRT experiment with 50 and 100
projections are presented in Fig. 7(a,b) on a linear scale. The logarithm of the error computed
with Eq. (5) and Eq. (6) in RegSIRT reconstruction with 50, 100, 200, 500, 1000 projections
is shown in Fig. 8 as graphs on a semilogarithmic scale. Convergence rate graphs presented in
Fig. 7 and Fig. 8 show that 50 iterations are a reasonable value for the convergence of RegSIRT
reconstruction procedure.

As a next step we used 50 iterations of RegSIRT algorithm to reconstruct 3D image of the
sample with different number of projections and we compared these images with FBP algorithm
reconstructions. We found that RegSIRT for the selected sample provides qualitatively better
result compare with FBP for projections number less than 500. Tomographic reconstructions of
the sample obtained with FBP (2000 and 100 projections) and with regSIRT algorithm (100 and
500 projections) are shown in Fig. 6.
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Fig. 7. Convergent rate computed with Eq. (5) in the RegSIRT experiment with (a) 50 and
(b) 100 projections.

4.7. Computational platform

Data pre-processing, artefact removal, phase retrieval and FBP reconstruction were done with
the open-source software toolkit SYRMEP Tomo Project (STP) [54,55].
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Fig. 8. Convergence rate graphs of regSIRT algorithm on a semilogarithmic scale. Graphs
at the left column are calculated with Eq. (5), graphs at the right column is calculated with
Eq. (6); (a, b) 50 projections; (c, d) 100 projections; (e, f) 200 projections; (g, h) 500
projections ; (i, j) 1000 projections.
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RegSIRT reconstruction were done with software developed by Shubnikov Institute of
Crystallography (Moscow, Russia) [38,39]. ASTRA toolbox was applied for GPU-accelerated
computation of forwards/backwards operations in tomographic reconstruction [56].

Post-processing and 3D rendering procedures were done using image processing program
Fiji /ImageJ [40]. Function “Intensity Z-projection” (Imagel/Fiji) allows the 3-D dataset to
be visualized in 2-D. It is useful to highlight specific details from the stack. Both maximum
and average z-projections have been used for the comparison with the histology, which is a 2D
technique and the information in depth is averaged within 10 microns.
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