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ABSTRACT

The brain has an outstanding functional importance in the human organism. Therefore, there is a strong need for
three-dimensional brain imaging modalities. Magnetic resonance imaging provides deep insights but its spatial
resolution is insufficient to study the structure on the cellular level. X-ray absorption microtomography yields
the necessary spatial resolution, but shows only marginal contrast between the different types of brain tissue.
Alternatively, differential X-ray phase contrast obtained with grating interferometry, which is known for much
better differentiations between soft tissues can be used for the visualization of the human brain. As important
structures of the human brain such as the human thalamus have dimensions of several centimeters, a large field
of view is required. In the present communication, we report an evaluation of grating-based X-ray phase contrast
microtomography in the off-axis modus which allows to expand the field of view up to a factor of two but may
reduce the image quality. We demonstrate that tomograms with comparable contrast-to-noise values, about 10%,
and 50% inferior spatial resolution can be generated with off-axis measurements. As one can reduce the effective
pixel size up to a factor of two, the choice of an asymmetrical rotation axis can give rise to an improvement of
the spatial resolution by 20%.

Keywords: spatial and density resolution, grating interferometer, synchrotron radiation-based microtomogra-
phy, half acquisition, asymmetric rotation axis reconstruction, brain tissue

1. INTRODUCTION

For the visualization of the human brain on the cellular level, microimaging techniques with large field of views
(FOV) are of high interest. Depending on which structure is investigated sometimes FOVs of several centimeters
are required. Using absorption contrast X-ray tomography, the effective FOV can be increased by means of an
off-axis scan where the rotation axis is shifted from its usual position near the center of the image to a position
near the left or right edge of the field and a 360° scan is performed [1,2], a technique sometimes referred to as
“half-object acquisition” or simply “half acquisition” [3]. Unfortunately, absorption contrast microtomography
(uCT) only shows marginal contrast for soft tissues, in particular for brain tissues. Magnetic resonance imaging
(MRI) which is well known as a non-destructive three-dimensional (3D) imaging technique with high contrast
between white and gray matter. Unfortunately, the limited spatial resolution of around two magnitudes larger
than that of microtomography inhibits investigation on the cellular level.

A better contrast compared to absorption-based studies can be obtained by synchrotron radiation-based
phase-contrast uCT (PC-uCT) [4,5] which was recently applied to human brain [6]. X-ray phase-contrast is
based on the phase shifts of X-ray waves penetrating the specimen. Different PC-uCT methods based on crystal
interferometry [7, 8], propagation-based contrast [9,10] or analyzer-based imaging (ABI) [11,12] are available
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Figure 1. Orthogonal magnetic resonance imaging slices illustrate the position of the cerebellum within the head. The
photograph shows the position of the specimen within the extracted cerebellum.

today. Because of its high sensitivity, the more recently developed grating interferometry [13-15] (also known
as Talbot interferometry) seems to be a better choice for identifying structures with small differences in electron
density as is the case in soft tissues [16], especially in brain tissues [6,17-19].

As we are interested in large FOVs, the question arises if it is possible to image large human brain specimens
using an off-axis scan modus. So far images of the human thalamus [20] and human urethra [21] were acquired
using asymmetric rotation axis scans. The aim of this manuscript is to directly compare a full-view scan (i.e.,
with the axis near the center of the image and a field of view covering the full object width) with an off-axis
scan and to quantify the differences.

2. MATERIALS AND METHODS
2.1 Specimen preparation

After the extraction of the brain from the donated body of a 68-year-old male at the Institute of Anatomy
(University of Basel, Switzerland), within 48 h after death the whole brain was transferred into a container filled
with 10% formalin solution for fixation. The procedures were conducted in accordance with the Declaration
of Helsinki and according to the ethical guidelines of the Canton of Basel, Switzerland. The extraction of
the cerebellum block (6 x 6 x 11 mm?) was carried out at the University Hospital Zurich, Switzerland, after
approximately three months of fixation. During the measurements the specimen was placed in an Eppendorf
container filled with 4% formalin solution for PC-uCT. The position of the cerebellum within the brain can be
recognized by the orthogonal MR slices in Fig. 1. The photograph of Fig. 1 shows the position of the extracted
specimen within the cerebellum. It should be noted that the brain tissue exhibits expansion after removal from
the cranium and shrinkage after formalin fixation [22].
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Figure 2. The selected sinogram of the full-view scan (top left) and the line plot through it illustrate artifacts arising from
inaccuracies of the grating postions which can be corrected by the linewise subtraction of the mean values (bottom).

2.2 Grating-based phase contrast

X-ray phase contrast microtomography provides information about the three-dimensional distribution of the
real part of the decrement of the refractive index of an object d(z,y, z). For X-ray energies far away from the
absorption edges, ¢ relates to the electron density distribution p(x,y, z) via equation

reA2

27
containing the classical electron radius 7. and the X-rays wavelength A. A grating interferometer is not sensitive

to the phase shift ®(y, z) itself but to the X-ray deflection angle a(y, z) which is proportional to the first derivative
of the phase shift and is related to d(z,y, z) by

A 0%(y, 2) _/°° d0(x,y, )
e el —8y dx. (2)

plx,y,2), (1)

6(z,y,2) =

a(y, Z) =

A detailed description of grating interferometry, in particular the phase-stepping method, can be found in
literature [14,15].

The phase contrast experiments were carried out at the beamline ID19 (ESRF, Grenoble, France). Using
the interferometer installed there [23] X-rays were taken from a U32 undulator with a gap set to 15.15 mm.
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Figure 3. The correction of the off-axis sinogram cannot be performed as represented in Fig. 2. Here the line plots can
be corrected by subtracting the mean value of the background signal (middle). For the combination of the sinogram
the blocks A and B were multiplied by (-1) and reflected horizontally. After that they were placed as illustrated in the

sinogram on the bottom.

Using a double-crystal Si(111)-monochromator in Bragg geometry the photon energy of 23 keV was selected.
The imaging of the entire specimen required two scans to obtain a field of view 11 mm high and 6 mm wide. The
beam-splitter grating ¢g; (Paul Scherrer Institut, Villigen, Switzerland) had a periodicity of p; = 4.785 um and a
Si structure height of 29 pm, which corresponds to a phase shift of 7 for 23-keV X rays. The analyzer grating g
(Karlsruhe Institute of Technology, Eggenstein-Leopoldshafen, Germany) consisted of lines of gold with a peri-
odicity of po = 2.400 um and a Au structure height of 50 ym. This resulted in an intensity transmission of only
about 6 x 1073 through the lines of the analyzer grating, corresponding to a contrast of 100%. With a distance
between source and interferometer of 150 m and a distance between the gratings of d = 479.4 mm, corresponding
to the 9*" Talbot order, the ratio of the grating periods py/p; was matched to the beam divergence [24]. During
the measurements, the Eppendorf container was placed in a water tank with parallel polymethylmethacrylate
plates in order to minimize artefacts due to X-ray phase curvature induced by a conical container-air interface.
The water tank was located 10 cm upstream of the beam-splitter grating. The detector was a lens-coupled scin-
tillator and charge-coupled device (CCD) system using a FreLoN 2K (Fast-Readout, Low-Noise, ESRF Grenoble,
France) CCD with 2048 x 2048 pixels and an effective pixel size of 5.1 pm. It was placed approximately 3 cm
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Figure 4. Line plots through the full-view sinogram (red) in comparison to the off-axis sinogram (blue). Besides small
differences of the deflection values «, the line plots show an equivalent distribution, in particular the positions of the
peaks are unchanged.

downstream of the analyzer grating. Projection radiographs were taken in 1501 steps over a range of 360°. At
each projection angle, four phase-stepping images with an exposure time of 1 s each were taken over one period
of the interference pattern.

2.3 Data treatment

The first step after the acquisition of the data was the processing of the projections and the generation of the
sinograms. The differential phase-contrast sinograms contain artifacts in the form of an offset value added to
each projection. These offsets vary from projection to projection. They can be corrected simply by a line by line
subtraction of the mean values (see Fig. 2).

The generation of the off-axis sinograms was arranged by taking half projections. After producing the off-axis
sinograms (Fig. 3 top left) they can not be corrected by the linewise subtraction of the mean values as the failure
of information on the opposite side of the histogram would lead to wrong offsets of the line plots. However the
correction can be arranged by subtracting the mean value of the background signal (in this case a mean value
of 50 pixels of the water values), which theoretically should be zero (see Fig. 3 center). After the correction
the sinograms were assembled by multiplying the parts A and B of the half sinogram with (-1), reflecting them
horizontally and placing them on the positions shown in Fig. 3 bottom left.

In order to obtain comparable scan conditions (in particular comparable angular sampling and photon statis-
tics) every other line of the full-view scan sinograms were deleted. After the generation of the sinograms the
reconstruction was carried out using a modified filter kernel (Hilbert transform) in combination with standard
back-projection algorithm [25-27]. All the data treatment steps were performed using Matlab 7.8 (MathWorks,
Natick, USA).
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Figure 5. One selected slice of the cerebellum block reconstructed using the full-view (left) and the off-axis (right) data
sets. Line plots through the two slices (bottom) illustrate the differences of the differently reconstructed data sets.

3. RESULTS AND DISCUSSION
3.1 Creation of sinograms

Fig. 4 shows a comparison of, a) the line plots of the full-view scan (red), corrected by the mean value of the
whole line and, b) the line plot of the off-axis scan (blue), corrected by the mean value of the background signal.
The the sinogram was assembled by the two blocks A and B of the half sinogram (cp. Fig. 3). The positions of
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Figure 6. Histograms of the 3D data sets reconstructed using the full-view sinograms (red triangles) and the off-axis
sinograms (blue squares). Only slight changes of the positions and widths can be recognized.

the peaks within the line plots are well reproduced whereas some slight changes in the deflection angle o can be

detected.

3.2 Morphology of the human cerebellum

The morphology of the human cerebellum can be properly visualized by the reconstructed slices in Fig. 5. On
the left hand side one selected reconstructed slice of the full-view data set and on the right hand side a slice
of the off-axis data set are shown. Both slices allow a clear differentiation between four structures. The inner

R=(7.7%0.4) exp(-v/(9.9 + 0.9)) + (1.03£0.08) 1t R =(6.6+0.5) exp(-v/(10.3 + 1.2)) + (1.90 + 0.09)
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Figure 7. The calculation of the spatial resolution by means of Fourier analysis of the data sets. There, the ratio R
between rSPgiruc of a tomogram ROI with a fine structure and rSPpack of a tomogram ROI with background (water) was
plotted over spatial frequency of the full-view data set (left figure) and the off-axis data set (right figure).
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Table 1. Quantitative comparison of the data sets by means of parameters of the fitted Gaussians. Using the FWHM of
the background signals and the mean values (center positions of the histogram peaks) z. of the Gaussian peaks of stratum
moleculare (A), white matter (B) and stratum granulosum (C) and contrast-to-noise ratios ¢ between the structures were
calculated.

FWHM Xc Xc Xc c c c
formalin A B C A-B B-C A-C
[107°]  [107°] [107°] [1077]
conventional reconstruction 1.08 14.98 15.96 19.12 091 291 3.82
off-axis reconstruction 1.22 14.74 15.94 19.07 098 257 3.54

dark gray structure corresponds to white matter, the bright gray structure to stratum granulosum and the dark
gray outer structure to stratum moleculare. Both stratum granulosum and stratum moleculare are types of gray
matter. Beside these three structures it is possible to detect blood vessels, which appear white. The plot at the
bottom of Fig. 5 presents a comparison between section profiles through these two slices. Here a slight difference
between the line plots can easily be detected. It is noticeable that the positions of the different features within
the slices seem to be equal. However, the A§ values differ up to 2:1077.

In order to quantify these differences histograms of the 3D data sets were performed, as illustrated in Fig. 6.
Using multi Gaussians fits through the histograms the peak positions (z.) of the structures and the full width
at half maxima (FWHM) of the formalin were calculated (see Tab. 1). Using the definition

|xcl - xc2|

‘= FWHMformalin (3)

the contrast-to-noise ratios ¢ between the different structures were determined. Using this definition a value
¢ > 1 is required in order to distinguish anatomical structures using intensity-based algorithms. A comparison of
the contrast-to-noise ratios shows that the values for the full-view reconstruction are very similar to the off-axis
values.

3.3 Spatial resolution

Twice the absorption grating period ps gives the lowest limit of the spatial resolution which can be achieved using
a grating interferometer [15]. For higher Talbot distances this values becomes higher. Furthermore the detection
system limits the spatial resolution. In order to compare the spatial resolution between the two differently
reconstructed data sets an estimation by means of Fourier analysis of the reconstructed slices was performed.
There, the radial spectral power (rSP) of a structure (rSPgtuc) within the specimen was determined and divided
by the rSP of the background signal (rSPpaex) [28]. The ratio R is then plotted against the spatial frequency
(cp. Fig. 7). Using a exponential decay fit the baseline of the diagram (Rpase) can be determined. Finally, the
spatial resolution was estimated as the first observed frequency greater than twice the mean value of the baseline
Rpase. For the full-view reconstruction this value was 19.9 line pairs per millimeter (LP mm™1!), for the off-axis
scan 12.8 LP mm™!. These values correspond to peak to peak distances of around 50 pum for the full-view scan
and 78 pum for the off-axis scan. The spatial resolution was taken as half of these values, resulting in 25 pym and
39 pm as given in literature [29].

4. CONCLUSIONS

This study confirms that X-ray phase tomography obtained by a combination of SRuCT with a grating inter-
ferometer is a unique tool for imaging human brain tissue with cellular resolution. The specific investigation of
half-object data acquisition with the tomography rotation axis positioned off-center (near the edge of the field)
undertaken in this study, and its comparison with the full-view case, show that the data treatment procedures -
especially the offset correction of the differential phase projections - can be adapted to the off-center case without
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noticeable loss in contrast-to-noise ratio of the phase tomograms, though - at least in the case investigated here
- at 50% loss in spatial resolution. In summary, the results show that, for tomography of objects wider than
the instrument field of view, half-object acquisition with an off-centered rotation axis is just as interesting for
grating interferometric phase tomography as it has been proved in the past years to be for absorption-contrast
tomography.
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