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ABSTRACT

Malfunction of oxygen regulation in kidney and liver may lead to the pathogenesis of chronic diseases. The un-
derlying mechanisms are poorly understood. In kidney, it is hypothesized that renal gas shunting from arteries
to veins eliminates excess oxygen. Such shunting is highly dependent on the structure of the renal vascular net-
work. The vascular tree has so far not been quantified under maintenance of its connectivity as three-dimensional
imaging of the vessel tree down to the smallest capillaries, which in mouse model are smaller than 5 pm in diam-
eter, is a challenging task. An established protocol uses corrosion casts and applies synchrotron radiation-based
micro-computed tomography (SRuCT), which provides the desired spatial resolution with the necessary con-
trast. However, SRpCT is expensive and beamtime access is limited. We show here that measurements with a
phoenix nanotom@®m (General Electric, Wunstorf, Germany) can provide comparable results to those obtained
with SRuCT, except for regions with small vessel structures, where the signal-to-noise level was significantly
reduced. For this purpose the nanotom@®m measurement was compared with its corresponding measurement
acquired at the beamline P05 at PETRA III at DESY, Hamburg, Germany.

Keywords: post mortem imaging, computed microtomography, vessel microstructures, vascularization, capil-
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1. INTRODUCTION

Chronic kidney disease (CKD) is a major and worldwide public health problem with a high and rising prevalence,
with more than 26 million cases in adults within the United States according to the National Kidney Foundation
[1]. Patients with CKD suffer from deteriorating kidney function to the point of renal failure and are at high
risk for cardiovascular mortality [2]. Hypoxia has been identified as a factor in pathogenesis and progression of
CKD and acute kidney injury [3,4]. To identify the most effective strategies for the treatment of hypoxia, we
intend to use computational modeling based on three-dimensional images of the kidney vascular structure to
simulate the effects of various parameters (e.g., renal blood flow rate, oxygen consumption and hematocrit) on
renal oxygenation. This, however, requires a detailed and complete image of the vessel tree down to the smallest
capillaries, which in the mouse model are smaller than 5 pm in diameter.

As the absorption coefficient of a blood vessel is almost equal the one of its surrounding tissues, the contrast
provided by synchrotron radiation-based micro-computed tomography (SRuCT) in conventional absorption-
contrast mode is poor and a segmentation of the blood vessels is challenging. Other methods such as magnetic
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resonance tomography and grating-based phase-contrast computed tomography do not yet provide the necessary
spatial resolution. A possible alternative could be to use single-distance inline phase-contrast tomography and use
a reconstruction algorithm developed by Paganin et al. [5]. However, proof whether the latter method is able of
providing the necessary contrast for the segmentation of the smallest capillaries does not yet exist. An established
protocol for investigating kidney vasculature is vascular corrosion casting [6], in which the blood vessels of the
organism of interest are perfused with a hardening material, typically a plastic resin. The surrounding tissues
can then be removed by corroding with a potassium hydroxide solution, allowing imaging of the blood vessel
casts with scanning electron microscopy (SEM) or similar. While SEM is capable of acquiring very detailed
pictures of the cast surfaces [7], it does not confer true 3D data and can not image obstructed deeper regions of
a tissue. Recently, it has been shown that with low photon energy, below 20 keV, corrosion casts can also be
used for SRuCT [8-12]. Since it produces high-resolution three-dimensional images, SRuCT presents itself as
an excellent alternative if such data is required. However, SRuCT is expensive and beamtime access is limited.
Therefore we intend to show here the potential of high-resolution laboratory CT-scanners as a complementary
approach to absorption-based computed-tomography at synchrotron facilities in the low photon energy range.
Comparison of this kind have already been made [13], but only for photon energies considerably higher than in
this study.

2. METHODS
2.1 Specimen preparation

A balb/c nude mouse (Charles River Laboratories, France) weighting 24 g at an age of 10 weeks were used for the
casting. Approval was obtained from the cantonal ethics committee and the experiment was performed in strict
adherence to the Swiss law for animal protection. The mouse was casted according to the procedure described
by Krucker et al. [7]. Thus, the mouse was anaesthetized with a penobarbital and perfused through the left
ventricle of the heart with 10 ml PBS with Heparin (25000 units / 1), then with 10 ml formaldehyde solution
4 % and finally with 10 ml of polyurethane PU4ii-mixture (vasQtec, Switzerland). The resin was left to cure
for several days, and then the body was corroded in a bath of 10 % potassium hydroxide solution at 55 °C. Any
remaining bone was removed with 5 % formic acid solution and the left over plastic cast washed with water,
freeze-dried, and then osmium coated for enhanced contrast.

It is important that the specimen undergoes as few deformations as possible during measurement. For that
purpose the sample was fixed within a cylindric straw allowing alignment over multiple height steps, which is
advantageous when height steps have to be merged.

2.2 Synchrotron radiation-based micro-computed tomography

The absorption contrast-based SRuCT was carried out at the beamline P05 at the DESY PETRA III storage
ring operated by the Helmholtz-Zentrum Geesthacht [14]. The photon energy was set to 9 keV with the help
of a double crystal monochromator (Si-crystall with Bragg modes 111 and 311). During the measurement 1800
projections with equidistant angular position over 360° were acquired with an asymmetric rotation axis [15].
Images were acquired with a CCD-camera with 3056 x 3056 pixels and a magnification of 10.453 resulting in a
field of view of 3.508 mm x 3.508 mm and an effective pixel size of 1.148 pm respectively.

In order to obtain a comparable pixel size with the nanotom measurement, the tomographic data sets were
reconstructed with a binning factor of 2. A filtered back-projection algorithm was used for the reconstruction
implemented in Matlab ®(2014a, The MathWorks, Natick, USA). Due to the huge size of the data sets the GPU
implementation of the inverse radon transform — iradon.m — was used with a linear interpolator and a Ram-Lak
filter. The evaluation of the correct flat-field necessary for the beamline P05 is described by S.E. Hieber et al. [16].

2.3 Nanotom

The phoenix nanotom®m (General Electric, Wunstorf, Germany) is an X-ray tube-based high-resolution CT
system with cone-beam geometry and transmission source. It is equipped with a 15 — 180 kV X-ray source with
up to 200 nm detail detectability and internal cooling — optimized for long-term stability [17] — and is operated
with a tungsten or a molybdenum target. Since corrosion casts exhibit low X-ray attenuation, the molybdenum
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Figure 1: Illustration of the segmentation process performed to remove the straw from the data sets for
registration purposes. The filters used are available in the open-source library provided by the National
Library of Medicine Insight Segmentation and Registration Toolkit (ITK) [22].

target was chosen for the measurement, as the high dose in the bremstrahlung characteristic of the target has
a lower photon energy compared to tungsten. The acceleration voltage was set to 40 kV, and the beam current
to 230 pA. Lower acceleration voltges gave rise to a beam with insufficient photon flux. The 1401 projections,
acquired over 360°, resulted in images with an effective pixel size of 2.5 pm, which is significantly smaller than in
previous studies [18-20], especially with regard to the objective of visualizing the smallest capillaries. For each
projection 10 images where acquired with an exposure time of 1 s each and averaged. The tube operation mode
was 0, which corresponds, according to the manufacturer, to a focal spot size of 2.7 pm. This was the maximal
source size possible for our setup and was still sufficient for our experiment.

The reconstruction was performed with the software phoenix datos x 2.0.1 - RTM (GE Sensing & Inspection
Technologies GmbH, Wunstorf, Germany). The implementation of the reconstruction is based on Feldkamps
cone-beam reconstruction approach [21]. For optimization, the reconstruction software includes several tools for
artifact removal including drift and beam hardening correction.

2.4 Registration

Registration of the data sets is indispensable for direct comparison. During the transport between the two
measurements the sample was exposed to shocks and vibrations, which caused small deformations and relative
rotations of the sample around the axis perpendicular to the main axis of the specimen container. The volume
of the container was large compared to that of the specimen and therefore became dominant in the registration
process. Thus, the straw had to be artificially removed from the data in order the get reasonable results in the
registration process [9]. For low photon energies, the absorption coefficient of the straw is almost equal to the
one of the specimen and therefore prevented segmentation by thresholding. However, slices where the specimen
touches the container wall were rare. Furthermore, edge enhancement effects clearly outlined the container bor-
der. Thus, a slice-wise region-growing algorithm with a specific adjusted range was able to capture most, but not
all points within the straw. The missing pixels were then found by a smart hole-filling algorithm, provided by
the open-source library Insight Segmentation and Registration Toolkit [22] (ITK / VotingBinarylterativeHole-
FillingImageFilter). The filter was executed from Matlab by the help of the open-source software gerardus [23].
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Figure 2: A selected slice of the nanotom reconstruction (left) after a post reconstruction binning with a
binning factor of 4 and the corresponding SRuCT-slice (right) after rigid registration.

The straw and all the exterior pixels were replaced by background noise. Therefore, we chose a small region
within the straw that did not contain the sample. The histogram then gave the probability-distribution for the
random number selection within the spectrum of the noise. A schematic of the straw removal is displayed in
Figure 1.

After the removal of the straw, a section of the SRuCT-measurement was intensity-mapped on the nanotom
measurement by means of rigid registration. The sectioning was necessary since registration is a time-consuming
process and could take weeks with data sets several hundred gigabytes large. Nevertheless, the section is assumed
to be large enough to make a qualitative statement. The program used was developed in-house [24] and was
executed using the cross-correlation metric and the trilinear interpolation.

3. RESULTS AND DISCUSSION

To assess whether both SRpCT and X-ray tube data sets yield the same amount of cast material, we compared
the area below the Gaussian related to the respective material in the histogram of the respective data sets.
Because of the huge size of the data sets, we restrict ourselves only on a region of interest (ROI) and not on
the whole three-dimensional image. To select a common volume, three-dimensional rigid registration of data
sets was performed where the specimen container was artificially removed, see Section 2.4. For ease of handling
the ROIs were binned by a factor of 4 before registration. The post reconstructed binned data sets were only
used for this specific kind of analysis. Histogram distortion by interpolation was prevented by using nearest-
neighbor interpolation. Figure 2 shows a slice of the nanotom tomogram and the corresponding slice of the
SRuCT after rigid registration. The fitted histograms are displayed in a semi-logarithmic plot in Figure 3 and
the corresponding fitting parameters are listed in Table 1. The histograms in Figure 3 contain only voxels of
a region with high specimen prevalence. This has only demonstrative effect, as the ratio of the two Gaussian
peaks could be kept small.

Fitting was performed with the software pro Fit 6.2.14 (QuantumSoft, Biihlstrasse 18,8707 Uetikon am See,
Switzerland). Advanced laboratory micro-computed tomography was performed with a polychromatic beam,
and therefore did not yield fully quantitative attenuation coefficients. For comparison reasons the histogram of
the nanotom measurement was scaled such that the two air-peaks coincide (cf. Figure 3). Both histograms could
not be fitted by the ansatz of two Gaussians as they strongly deviate from such a theoretical situation. Partial
volume effects are prominent because of the high surface-to-volume ratio due to the presence of numerous thin
vessels the sample did consist of, and edge enhancement occurs due to phase propagation. Both phenomena
contribute to the deviation from the theoretical Gaussian shape of the peaks. Determination of the cast-volume
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Table 1: Fitting parameters used for the Gaussian fitting f(z) = A % exp (“’;;g) ) of the histograms in
Figure 3
Cast A o s
Nanotom | 775.33 £1.29 | 12.49 +0.006 | 2.56 £ 0.01
SRuCT | 1036.34 £1.42 | 8.83+0.006 | 1.87£0.01
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Figure 3: Fitted histogram of a distinct section of the nanotom measurement (left) and of the corresponding
SRpuCT-histogram (right) after registration.
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Figure 4: Joint-histogram of a selected region after rigid registration with the SRpuCT-measurement as a
float

Proc. of SPIE Vol. 9212 92120Y-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/20/2014 Terms of Use: http://spiedl.or g/terms



Attenuation [a. u.]
Attenuation p [cm-1]

100um
—

Attenuation p [cm-1]

0 125 250 375 500 625 750 875

Distance [um]

Figure 5: (a) shows a section from a two dimensional slice of the nanotom measurement (left) and the
SRuCT-measurement (right) after rigid registration. A line plot of the black line is displayed in (b).

by using the fitting parameters in Table 1 resulted in a cast-volume of 0.2 % + 1.5 % larger for the SRuCT
measurement. However, due to deviation from a Gaussian behavior, the results only serve as an indication and
values should not be considered as absolute.

The findings can also be detected in the joint-histogram. In the following we used a smaller ROI than in the
histogram analysis, but without post-reconstruction binning - meaning without the execution of a mean-filter.
Figure 4 shows the joint-histogram of a smaller selected region - only 500 pm in height - where the SRuCT-image
was mapped on the nanotom data by rigid registration using trilinear interpolation. The final similarity value
was 0.122316. One can clearly identify two peaks, surrounded by scattering, and a tail, running horizontally
from the center of the image to the right border. The small counts within the tail indicate that some vessels that
could be visualized by SRpCT but not with the nanotom®-CT system are present. The scattering originates
from imperfect registration, as shown in Figure 5a. The specimen underwent a slight deformation between scans,
due to commotion during transport. However, the casts are elastic and therefore the external influences while
transporting could have also caused a small distortion of the specimen. In such a case vessels with a larger
volume are dominant in the registration process and cause an improper mapping of the smaller ones, as can be
seen in Figure 5a. Therefore a comparison of such dislocated vessels is an extremely difficult task and for further
three dimensional analysis non-rigid registration needs to be taken into consideration. A line plot through a
region with reasonable registration and a smaller feature is shown in Figure 5b. The line plots show two almost
identical profiles. The spatial resolution is almost identical for both profiles. Furthermore, the signal-to-noise
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Figure 6: (a) shows a section from a two dimensional slide of the nanotom measurement (left) and the
SRpCT-measurement (right) after rigid registration. A line plot of the black line is displayed in (b).

ratio is high for both measurements, but slightly lower in the nanotom measurement. This is partially due to
the strong edge enhancement present in the SRuCT data. Even though edge enhancement is favorable to vessel
segmentation, it also causes an artificial magnification of the objects, which makes the determination of vessel
sizes challenging.

Figure 6a suggests lower contrast of the nanotom-data sets in regions with numerous small vessels. If we
compare the line plot of the SRpCT-slices in Figure 5b and Figure 6b, we can see a small loss in the signal-to-noise
ratio as more noise is present in regions with a high number of small vessels. Nevertheless, the signal-to-noise ratio
is still high, favorable for the segmentation, which is necessary for the characterization of the specimen’s vessel
structure. In contrast, the nanotom line plot shows only weak signal, which is expected to be caused by photons
with higher energies. The peaks from the vessels are still distinguishable from the noise, but segmentation is
challenging. Furthermore, manual investigation of individual vessels allowed for the the detection of missing
vessels as indicated by Figure 4. However, due to the distortion of the sample a quantitative analysis regarding
the missing vessel was not yet possible. As oxygen regulation occurs mainly at the smallest capillaries, it is of
great importance to resolve this isssue before advanced labarotory X-ray sources are used for the characterization
of the complete vessel structures. A target with a more appropriate bremstrahlung characteristic, e.g. a copper
target, which was not available in our lab, is expected to improve the laboratory data.

Spatial resolution estimation by means of Fourier analysis as described in [25], resulted in a spatial resolution
of 2.48 pm + 0.5 pm for the SRuCT and of 5.53 pm =+ 0.5 pm for the laboratory nCT.
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4. CONCLUSIONS

Despite its broad energy spectrum, the nanotom®-CT system allowed for the visualization of the low X-ray
absorbing specimen with high precision. The images obtained from the nanotom®-CT system were comparable
to those achieved with SRuCT at the beamline P05 at the DESY PETRA III storage ring. For regions with
small vessel structures, the signal-to-noise level was significantly reduced for the X-ray tube data. It is expected
that results can be improved by a more appropriate setup, e.g, a copper-target.

It is unclear to what extent advanced lab-source pCT is able to visualize the smallest capillaries. A direct
comparison with SRpCT data allows to assess the precision of the conventional pCT, and therefore to investigate
the statistical negligibility of missing or incomplete vessels. However, since the corrosion casts are elastic and
even slight external influence may alter the shape, rigid image registration is capable of matching only large
vessels. For a direct comparison of the smaller vessels non-rigid registration needs to be taken into consideration.
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