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Human brain tissue belongs to the most impressive and delicate three-dimensional structures
in nature. Its outstanding functional importance in the organism implies a strong need for
brain imaging modalities. Although magnetic resonance imaging provides deep insights, its
spatial resolution is insufficient to study the structure on the level of individual cells. There-
fore, our knowledge of brain microstructure currently relies on two-dimensional techniques,
optical and electron microscopy, which generally require severe preparation procedures
including sectioning and staining. X-ray absorption microtomography yields the necessary
spatial resolution, but since the composition of the different types of brain tissue is similar,
the images show only marginal contrast. An alternative to absorption could be X-ray
phase contrast, which is known for much better discrimination of soft tissues but requires
more intricate machinery. In the present communication, we report an evaluation of the
recently developed X-ray grating interferometry technique, applied to obtain phase-contrast
as well as absorption-contrast synchrotron radiation-based microtomography of human
cerebellum. The results are quantitatively compared with synchrotron radiation-
based microtomography in optimized absorption-contrast mode. It is demonstrated that
grating interferometry allows identifying besides the blood vessels, the stratum moleculare,
the stratum granulosum and the white matter. Along the periphery of the stratum
granulosum, we have detected microstructures about 40 mm in diameter, which we associate
with the Purkinje cells because of their location, size, shape and density. The detection of
individual Purkinje cells without the application of any stain or contrast agent is
unique in the field of computed tomography and sets new standards in non-destructive
three-dimensional imaging.

Keywords: synchrotron radiation-based microtomography; absorption contrast;
X-ray phase contrast; X-ray grating interferometry; X-ray Talbot interferometry;

human brain tissue
1. INTRODUCTION

With more than 50 billion neurons, most of them
located in the cerebellar cortex, the human cerebellum
includes around 50 per cent of the neurons of the
entire brain (Trepel 2008). Purkinje cells are the largest
cells of the cerebellum exhibiting spherical shapes with
diameters of about 40–70 mm. These cells form the
orrespondence (georg.schulz@unibas.ch).
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nerve centre where the impulses of almost all neurons
of the cerebellar cortex converge and are transferred
to their destination beyond the cortex. Today, only
two-dimensional methods, such as conventional his-
tology and fluorescence microscopy, serve for Purkinje
cell visualization. They include serious preparation
steps, namely sectioning and staining. Sectioning
destroys the three-dimensional nature of the brain
specimens and the subsequent preparation steps
induce local shrinkage, which requires correction of
This journal is q 2010 The Royal Society
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the images (Germann et al. 2008). Therefore, non-
destructive three-dimensional imaging techniques
should be identified that provide enough contrast
between internal features of the human cerebellum
and also offer sufficient spatial resolution for uncovering
individual cells—if possible, without selective staining.

Magnetic resonance tomography (MRT) is well
established for imaging human brain tissue. It yields
superb contrast between white and grey matter, but
only limited spatial resolution. At present, the best
medical MRT scanners produce voxel lengths at least
one order of magnitude larger than the typical diameter
of Purkinje cells. Although clinical X-ray computed
tomography (CT) can give better spatial resolution it
also does not reach the level of individual cells.
Osmium-stained, individual ganglion cells encircled by
soft tissue of the human inner ear, however, have been
made visible by synchrotron radiation-based microcom-
puted tomography (SRmCT), recently (Lareida et al.
2009). Together with the calculations on absorption
contrast between white and grey matter (Brooks et al.
1980), we hypothesize that SRmCT with the advan-
tages of high monochromatic photon flux and spatial
coherence could generate detailed images of human
cerebellum that give deep insight into the anatomy at
the cellular level.

Nonetheless, considerable doubt remains as to
whether the density resolution in absorption contrast
mode will actually result in high-quality images of
unstained brain tissue. Consequently, the phase-
contrast mode should be evaluated as well. X-ray
phase-contrast approaches apply a variety of different
principles but are all based on the phase shifts of
X-ray waves penetrating the specimen (Fitzgerald
2000; Momose 2005). Set-ups based on a crystal interfe-
rometer (Bonse & Hart 1965) provide a direct measure
of the profile of phase shifts induced into the X-ray
wave by the specimen. Such instrumentation was suc-
cessfully applied to mouse kidney (Beckmann et al.
1995) and rat cerebellum (Momose & Fukuda 1995).
The obtained data clearly visualize subtle differences
in tissue density. Unfortunately, the field of view is lim-
ited as the result of technological constraints in building
the crystal interferometer. Moreover, it is a fact that the
requirements for the experimental conditions are more
restrictive. The second, and probably most widely
used, class of X-ray phase-contrast techniques is propa-
gation-based or inline methods. They emerged in the
mid-1990s, after the first third-generation synchrotron
light sources went into operation (Snigirev et al. 1995;
Cloetens et al. 1996). Inline phase contrast does not
need additional optical components as the Fresnel dif-
fraction in the space between the sample and detector
creates the contrast. This approach works only reason-
ably well for the third-generation synchrotron light
sources, which possess a sufficient degree of spatial
coherence. One particularly successful implementation
of quantitative inline phase contrast is a technique
known as holotomography, in which images recorded
at several distances behind the specimen are combined
to quantitatively retrieve the phase shift (Cloetens
et al. 1999). A prominent, recent example is the imaging
of a fossilized fish (Pradel et al. 2009), containing the
J. R. Soc. Interface
only known three-dimensional representation of a fossi-
lized brain so far. The third approach, particularly
relevant for soft tissues, is analyser-based imaging
(ABI). Here, an analyser crystal is incorporated
between the specimen and the detection unit to uncover
the specimen-induced phase shift of the monochromatic
X-rays (Förster et al. 1980; Davis et al. 1995). Com-
bined with suitable data analysis, as shown for the
diffraction-enhanced imaging (DEI) (Chapman et al.
1997), ABI gives access to absorption, refraction and
scattering. Nevertheless, ABI requires a monochromatic
X-ray beam with small divergence and high-quality,
sufficiently large analyser crystals.

The recently developed grating or Talbot interfero-
metry (David et al. 2002; Momose et al. 2003;
Weitkamp et al. 2005; Pfeiffer et al. 2007c) is another,
powerful phase-contrast technique. The X-ray interfe-
rometer consists of two line-grid structures placed
between the specimen and the detector. Experiments
on extracted rabbit liver (Momose et al. 2006), rat
heart (Weitkamp et al. 2008) and rat brain (Pfeiffer
et al. 2007a, 2009) have been performed. It has to be
demonstrated, however, whether the spatial resolution
of grating interferometry allows visualization of
human brain tissue down to the level of individual cells.

The present communication aims at evaluating the
potential of SRmCT in absorption and phase-contrast
mode to reveal morphological features in human cer-
ebellum, especially the white and grey matter as well
as Purkinje cells.
2. MATERIAL AND METHODS

2.1. Preparation of the brain specimen

The specimen was extracted from the donated body of a
68 year old male. All procedures were conducted in
accordance with the Declaration of Helsinki and accord-
ing to the ethical guidelines of the Canton of Basel.
The brain was extracted at the Institute of Anatomy
(University of Basel, Switzerland) within 48 h after
death, and subsequently transferred to 10 per cent for-
malin for fixation. After approximately three months of
fixation, a small block of the cerebellum was extracted
at the University Hospital Zurich, Switzerland.
The size of the block is about 6 � 6 � 11 mm3. For
the measurement, the block was placed and fixed in a
0.5 ml Eppendorf container filled with 4 per cent
formalin solution.
2.2. Grating interferometry

The three-dimensional distribution of the complex
refractive index of an object for X-rays of a given
wavelength and photon energy can be written as

nðx;y;zÞ ¼ 1� dðx;y;zÞ þ ibðx;y;zÞ: ð2:1Þ

The imaginary part b(x,y,z) describes the absorption
of X-rays in the sample. It is related to the widely used
linear X-ray attenuation coefficient m(x,y,z) by

mðx;y;zÞ ¼ 4p
l
� bðx;y;zÞ; ð2:2Þ
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Figure 1. Top view of the experimental set-up consisting of the detector and the grating interferometer composed of a beam-
splitter and an analyser grating. The x- and y-axis form a horizontal plane in which the coordinate x corresponds to the beam
direction. The z-axis is oriented parallel to the x–y-plane in the direction of the viewer. The tomography rotation axis is oriented
parallel to the z-axis. A phase object causes slight deflection of the incoming X-rays.
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where l is the wavelength of the incident X-rays.
Conventional absorption tomography yields virtual
slices or volume data corresponding to the local X-ray
absorption coefficient m(x,y,z).

Phase-contrast CT, on the other hand, provides the
real part of the refractive index, often expressed in
terms of its decrement from unity d(x,y,z). It is related
to the electron density distribution re(x,y,z) by

dðx;y;zÞ ¼ rel
2

2p
reðx;y;zÞ; ð2:3Þ

for X-ray energies far away from the absorption edges.
Here, the constant re is the classical electron radius.

For the detection of d(x,y,z) a grating interferometer
as schematically illustrated in figure 1 was used. Two
gratings are arranged perpendicular to the incident
X-ray beam. The beam-splitter grating g1 consists of
silicon stripes with the periodicity p1 and a phase shift
of Dw ¼ p in the X-ray wave. The requirements of the
grating thickness D and absorption contrast C are
determined by equation (2.4) using spectral data of
the real part of the refractive index decrement d(l)
and the linear X-ray absorption coefficients m(l) for
the grating materials.

Df ¼ 2p
D � dðlÞ

l
; C ¼ 1� exp �m lð Þ �Dð Þ

1þ exp �m lð Þ �Dð Þ : ð2:4Þ

At the X-ray photon energy of 23 keV used, a Si
grating g1 with D ¼ 28.4 mm provides p phase shift
and negligible absorption contrast of Cg1

¼ 1.1 � 1022.
The grating lines induce fringe patterns in the X-ray
J. R. Soc. Interface
intensity distribution downstream. At distances from
the beam-splitter grating of

dn ¼
np2

1

8l
; ð2:5Þ

the intensity fringe contrast takes extreme values, with
maximal contrast for odd Talbot orders n ¼ 1, 3, 5, . . . ,
and vanishing contrast for even values of n (Weitkamp
et al. 2006). The grating g2, termed analyser grating,
with a periodicity p2 � p1/2, should have strongly
absorbing stripes with a contrast of Cg2

�1, here made
of gold. The absorption requirement to the X-ray
analyser grating is important to obtain the maximum
visibility of the moiré fringes and to demonstrate the
extreme resolution of Dd ¼ 1028–1029 of the real part
of the refractive index decrement for this X-ray
Talbot interferometry phase-contrast CT imaging of
fine structures of the brain specimen. The distance
from grating g1 to grating g2 equals the Talbot distance
dn with an odd Talbot order n.

The beam-splitter grating g1 was fabricated at the
Paul Scherrer Institut (Villigen, Switzerland) in a
process involving lithography and anisotropic wet-
etching into ,110.-oriented silicon (David et al.
2007). The analyser grating g2 was fabricated at
the Karlsruhe Institute of Technology (Karlsruhe,
Germany) by soft X-ray lithography of SU-8 resist
(Reznikova et al. 2008). The unique planar technology
provides aspect ratios of more than 50 for SU-8 polymer
lamellar submicron grating matrixes that are filled uni-
formly with electroplated gold. The SU-8 polymer

http://rsif.royalsocietypublishing.org/
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created during the X-ray exposure and post-exposure-
bake processes has unequalled mechanical, chemical
and radiation stability.

A phase object between the X-ray source and the
grating interferometer disturbs the interference pattern
by deflecting the X-rays (figure 1b). These deflections
cause slight spatial shifts of the stripes in the pattern.
The distortions cannot be detected directly, as the
detector pixel size is larger than the displacements.
Grating g2 has the function of detecting the displace-
ments by using a phase-stepping method. As
additional information, the phase-stepping method
also provides the relative attenuation factor besides
the relative object’s phase shift. A detailed description
of grating interferometry and of the phase-stepping
method is given in Weitkamp et al. (2005). The quanti-
tative relation between local beam propagation
direction a(y,z), wave phase shift F(y,z) and decrement
of X-ray refractive index d(x,y,z) is

aðy;zÞ ¼ l

2p
@Fðy;zÞ
@y

¼
ð1

�1

@dðx;y;zÞ
@y

dx: ð2:6Þ

Analysis of the phase-stepping data from the inter-
ferometer yields a(y,z). The projection of d along the
beam propagation direction can then be obtained by
calculating the indefinite integral (or, in terms of dis-
crete values, the cumulative sum) of a along y.
Tomographic reconstruction then yields the three-
dimensional distribution of d. If the filtered backprojec-
tion method is used for the tomographic reconstruction,
the integration of a can be included in the filter kernel
(Pfeiffer et al. 2007c). This is different from most
implementations of analyser crystal-based tomography,
first demonstrated by Dilmanian et al. (2000), in which
the tomographically reconstructed phase-related quan-
tity is usually the gradient @d/@z, owing to the fact
that both the tomography rotation axis and the diffrac-
tion plane are usually vertical, although occasional
exceptions are reported (Maksimenko et al. 2005).

The influence of small angle scattering on the
d(x,y,z) distribution was neglected. This was justified
because the scattering by the analysed specimen
(human brain tissue) is very weak. In addition, while
scattering affects the signal-to-noise ratio, it has no
influence on the retrieved value of d.

The grating interferometry experiments were per-
formed at the beamline ID19 (ESRF, Grenoble,
France; Weitkamp et al. 2010). X-rays were taken
from a U32 undulator with its gap set to 15.15 mm.
The photon energy of 23 keV was selected using a
double-crystal Si(111) monochromator in Bragg geo-
metry. During the experiment, the photon flux
density at the beamline ID19 corresponded to
1011 photons mm22 s21. With a resulting field of view
of 10.4 mm width and 6.1 mm height, two scans at
different height position of the specimen were acquired
in order to image the entire cerebellum piece. The inter-
ferometer consisted of a beam-splitter grating g1 with a
periodicity of p1 ¼ 4.785 mm and a Si structure height
of 29 mm, and an analyser grating g2 with a periodicity
of p2 ¼ 2.400 mm and a structure height of 50 mm corre-
sponding to an absorption contrast value of Cg2

¼

J. R. Soc. Interface
0.993. With a distance between source and interferom-
eter of 150 m and a distance between the gratings of
d ¼ 479.4 mm (9th Talbot order), the ratio of the
grating periods, p2/p1, was matched to the beam diver-
gence (Weitkamp et al. 2006). The width of the contrast
curve of a phase-stepping scan in this configuration was
p2/(2d) ¼ 2.5 mrad (full width half maximum
(FWHM)). This is comparable to the rocking curve
width of a Si-333 analyser crystal at the same energy
(2.4 mrad FWHM), which could thus be expected to
yield images of similar angular sensitivity in an analy-
ser-based imaging set-up. However, since the energy
bandwidth of Si-333 at 23 keV is more than 15 times
narrower than that of Si-111, such an ABI set-up
would be substantially less photon efficient than the
grating-based set-up used here.

The Eppendorf container with the cerebellum in for-
malin solution was fixed at the high precision rotation
stage and immersed in a water tank with parallel poly-
methylmethacrylat plates for the measurements. Note
that the water-filled tank is fixed during the whole
experiment. For this reason, all the changes in the pro-
jections during the scan should have been cancelled by
the flat-field projections. In addition, no visible changes
on the polymer were seen after multiple days of
measurements. This arrangement ensured minimized
artefacts owing to X-ray phase curvature induced by
the container surface. Specimen and tank were located
about 10 cm upstream of the beam-splitter grating.
The detector, placed about 3 cm downstream of the
analyser grating, was a lens-coupled scintillator and
charge-coupled device (CCD) system using a FReLoN
2K (Fast-Readout, Low-Noise, ESRF Grenoble,
France) CCD with 2048 � 2048 pixels. The effective
pixel size corresponded to 5.1 mm. Projection radio-
graphs were taken in 1501 steps over a range of 3608
(i.e. step size 0.248). At each projection angle, four
phase-stepping images were taken over one period of
the interferometer fringe pattern. The exposure time
for each image was 1 s.

Repeated measurements on the formalin fixated soft
tissue showed reproducibility. No influence of X-rays on
the specimen was detected.
2.3. SRmCT in absorption-contrast mode

SRmCT experiments in absorption-contrast mode were
carried out at the beamline BW2 operated by the
GKSS-Research Center at the DORIS storage ring
(HASYLAB at DESY, Hamburg, Germany; Beckmann
et al. 2004, 2008) using a monochromatic beam of
14 keV. The wiggler source was set to a gap of 40 mm.
The photon flux density during the experiment at the
beamline BW2 is estimated to be about 2 � 1010

photons mm22 s21). In order to enlarge the field of
view, the experiment was performed with an asym-
metric rotation axis position, shifted by 2 mm from
the centre of the detection unit as used previously
(e.g. Müller et al. (2007)). Using a detector with a
field of view of 4.57 � 3.05 mm2, 1440 projections were
recorded during the rotation of the specimen by 3608.
The pixel size amounted to 3.0 mm. The spatial resol-
ution of the entire absorption-contrast set-up was

http://rsif.royalsocietypublishing.org/
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determined by 10 per cent of the modulation transfer
function (MTF) (Müller et al. 2002b) corresponding to
6.48 mm. The twofold binning of the projected highly
X-ray absorbing edge led to a reduced spatial resolution
of 8.77 mm again determined by 10 per cent of the MTF.
a

Dd /10–8
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Figure 2. One reconstructed slice plus the appropriate histo-
gram of the phase-contrast results showing three different
strata and several blood vessels (bright regions in the slices
that exceed the grey-scale range) of the human cerebellum.
The mean value of the blood vessels amounts Dd ¼ 3.6 �
1028. The formalin peak (left peak in the diagram) has the
value Dd ¼ 5.03 � 1029 with the standard deviation sform ¼

0.32 � 1029. Thus, the grey-scale range corresponds to 34
standard deviations of the formalin peak. The standard devi-
ation is a measure of the homogeneity of the tissue or solution:
the narrower the width the Gaussian is, the more homo-
geneous the substance. (a) Scale bar, 1 mm. (b) Orange line,
stratum moleculare (a); green line, white matter (b); navy
blue line, stratum granulosum (c).
2.4. Data processing

In order to improve the density resolution of the absorp-
tion-contrast dataset, the projections were binned
twofold (Thurner et al. 2004). This consequently led to
a pixel size of 6.0 mm comparable to the 5.1 mm pixel
size of the phase-contrast data. The absorption-contrast
tomograms were obtained by means of the standard
filtered back-projection reconstruction algorithm
(Kak & Slaney 2001). The phase-contrast projection
dataset was reconstructed using a modified filter kernel
(Hilbert transform) in combination with standard fil-
tered back-projection algorithm (Faris & Byer 1988;
Pfeiffer et al. 2007b,c). Grating interferometric tomogra-
phy provides, along with the decrement of the real part
of the refractive index, the absorption-contrast tomo-
grams at the selected photon energy, i.e. the imaginary
part of the refractive index. For the reconstruction of
these absorption-contrast projections, the same standard
filtered back-projection reconstruction algorithm as for
the BW2 data was used.

As it is important to compare identical volumes, the
datasets obtained from the different facilities were regis-
tered using a three-dimensional rigid algorithm
(Andronache et al. 2008; Fierz et al. 2008) with six
degrees of freedom, namely three translation and three
rotation degrees. For the registration, the more precise
values of the pixel sizes, namely (5.95+ 0.02) mm for
the absorption contrast and (5.06+ 0.02) mm for the
phase-contrast results had to be used. These values cor-
respond to averaged pixel sizes that were determined by
the defined moving of a narrow object over several thou-
sand pixels. Because of the different nature of image
modalities, the registration was performed using the
classical maximization of mutual information (MI)
principle (Viola & Wells 1995; Maes et al. 1996). For
robust registration, the absorption-contrast dataset
had to be filtered using a 5 � 5 pixel median filter.
This filtered dataset was only used for the registration.
As a result of the registration and the determination of
the common volume, we obtained three equally oriented
sets of three-dimensional data of the cerebellum termed
‘absorption contrast BW2’, ‘absorption contrast ID19’
and ‘phase contrast ID19’.

For the analysis of the datasets, the histograms were
approximated with a multi-Gaussian fit (Müller et al.
2002a) using the Levenberg–Marquardt algorithm in
OriginPro 7.5 (OriginLab Corporation, Northampton,
USA). The centre positions of the Gaussians on the
abscissa then correspond to the absorption or decre-
ment of the real part of the refractive index, and, for
homogeneous objects, their width, expressed in terms
of standard deviation, to the statistical errors of these
values. For inhomogeneous objects, the standard
deviation is basically dependent on the variation of
the m- or d-values inside the different components.
J. R. Soc. Interface
3. RESULTS

3.1. Phase-contrast SRmCT

The reconstructed slice of the grating-based SRmCT
measurement (figure 2a) allows clear differentiation
between the four morphological features, i.e. stratum
moleculare, stratum granulosum and white matter, as
well as blood vessels. The value Dd ¼ dH2O 2 d describes
the decrement of the real part of the refractive index
relative to water dH2O. The related histogram
(figure 2b) shows besides the formalin peak at Dd ¼

0.5 � 1028, two clearly distinguishable peaks with
maxima at Dd ¼ 1.6 � 1028 and Dd ¼ 1.9 � 1028.

http://rsif.royalsocietypublishing.org/
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Figure 3. Grating interferometry phase-contrast reconstruction with a grey-scale range corresponding to 34 standard deviations of
the formalin peak (a) compared with accordant BW2 absorption-contrast reconstruction with a grey-scale range corresponding to
34 (c) and 3 (d) standard deviations of the formalin peak. Figure (b) shows the absorption-contrast reconstruction obtained from
grating interferometry with a grey-scale range of 3 standard deviations. Figure (e) demonstrates the histogram of the whole three-
dimensional dataset whereas figure ( f ) illustrates the histogram of the areas labelled in figure (d), summed over 50 slices. ROI,
region of interest.
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Using a function composed of five Gaussians the histo-
gram is reasonably well fitted, as shown by the solid red
line in figure 2. The fit shows that the Gaussians corre-
sponding to stratum moleculare and the white matter
overlap so that a purely intensity-based segmentation
is impossible. Fortunately, the stratum granulosum
separates the two features and hence allows for
segmentation of stratum moleculare and white matter.

The grey-scale range of the reconstructed slice corre-
sponds to 34 standard deviations of the formalin peak
sform � FWHMform/2.35 ¼ 3.2 � 10210. As it can be
assumed that the distilled water has no significant den-
sity fluctuations, the standard deviation of the
background signal in the reconstructed slice can be
interpreted as the measurement resolution of the
J. R. Soc. Interface
real part of the refractive index. Using the value of
sH2O ¼ 2.3 � 10210 in equation (2.3), the corresponding
electron density resolution is 0.15 electrons per nm3 and
the mass density sensitivity for aqueous specimens is
0.25 mg cm23. The standard deviation of water in the
processed projections of sH2O ¼ 1.7 � 1028 rad can
then be interpreted as the measurement sensitivity of
the deflection angles.

The Gaussian fit (figure 2b) was also used to quantify
the values of the decrement of the real part of the refrac-
tive index for the features inside the human cerebellum
plus formalin. Here the values Ddform ¼ (0.50+0.03) �
1028 for the formalin, Ddmed ¼ (1.61+0.08) � 1028 for
the white matter, corresponding to the green-coloured
Gaussian, Ddmol ¼ (1.54+0.17) � 1028 for the stratum
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Figure 4. A 100-fold binning of the phase-contrast results
reveals the distinction of the spatial resolution between
SRmCT and contemporary medical MRT. For that, we
assumed a pixel size of 0.5 mm for nowadays common medical
high-resolution MR-results. The black bar corresponds to
1 mm.
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Figure 5. For the calculation of the spatial resolution, the ratio
between rSPstruc of a tomogram ROI with a fine structure and
rSPback of a tomogram ROI with background (water) was
plotted over spatial frequency.
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moleculare (orange Gaussian) and Ddgran¼ (1.90+
0.09) � 1028 for the stratum granulosum (blue Gaus-
sian) were obtained.
3.2. Density resolution in absorption
and phase-contrast SRmCT

As it is impossible to calculate the precise absorption
values of the three different substances, formalin and
white and grey matter, by plotting Gaussian fits in the
histogram of the whole dataset (figure 3e), volumes
representing the corresponding substances were chosen
as represented in figure 3d. The dimension of the selected
blocks was 65 � 135 � 50 voxels. Using Gaussian plots,
we obtained the values mform¼ (1.86+0.13) cm21 for
the formalin, mmed ¼ (1.79+0.14) cm21 for the white
matter and mgrey ¼ (1.90+0.14) cm21 for grey matter
(figure 3f ). Thus, the measurement sensitivity of the
‘absorption contrast BW2’ results in a value of
0.13 cm21.
3.3. Spatial resolution of SRmCT

The internal stresses in formalin fixed bone were shown
to be in the range of 50–70 MPa (Almer & Stock 2007).
In order to quantify the shrinkage of the human brain
during formalin fixation, the whole brain was addition-
ally scanned on a Verio 3 Tesla whole body MRT
scanner (Siemens HealthCare, Erlangen, Germany)
with 0.7 mm isotropic pixel size before the extraction
of the explored cerebellum block and compared with
scans at different steps of fixation. The preliminary
results show that the volume shrinkage of the whole
human brain during 10 per cent formalin fixation is
around 8 per cent.

Because of the huge differences in the pixel sizes, it
was impossible to rigidly register the MRT results
with the grating interferometry volume (figure 4a) in
order to find the exact position and orientation of the
small block inside the brain. To demonstrate the huge
discrepancy of the pixel sizes between the clinical
MRT- and SRmCT-results and resultant failure of the
registration, a 100-fold binning of the grating-based
phase-contrast results was performed (figure 4b). The
J. R. Soc. Interface
resulting pixel size of 0.5 mm matches the current
typical medical high-resolution data.

The lowest limit of the spatial resolution achievable
with a grating X-ray interferometer (Weitkamp et al.
2005) is given by twice the absorption grating period p2.
In general, it becomes worse for higher Talbot orders. Res-
olution can be further limited by the detection system.
An estimation of the spatial resolution of the experimental
data was obtained by means of Fourier analysis of the pro-
cessed projections and reconstructed tomograms. For that
purpose, the radial spectral power (rSP) of a fine structure
containing slice region of interest (200� 200 pixels) was
calculated (rSPstruc) and divided by the rSP of a back-
ground region of the same size (rSPback) (Modregger
et al. 2007). This ratio R was plotted against the spatial
frequency in figure 5. The baseline observed for frequen-
cies higher than 50 line pairs per millimetre (LP mm21)
was associated with noise. Finally, the spatial resolution
was estimated as the first observed frequency greater
than twice the mean value of the baseline Rbase. This
value (25 LP mm21) corresponds to a peak to peak dis-
tance of 40 mm. The spatial resolution was taken as half
of this value, amounting to 20 mm as given for instance
by Wang et al. (1991). Other calculations with different
regions of interest of the tomograms resulted in an uncer-
tainty of only 1 mm. The same procedure was followed
to determine the spatial resolution of the processed
projections. The estimation resulted in a better spatial res-
olution of the projections compared with the tomograms,
amounting to (16.5+0.5) mm. This value indicates the
spatial resolution averaged over the two dimensions of
the projection. The larger value of the reconstructed
slices arises from the blurring during the application of
the reconstruction algorithm.
3.4. Three-dimensional visualization of the
grating-based phase-contrast results

The representation in the upper part of figure 6 is a vir-
tual cut through a three-dimensional rendering of the
phase-contrast tomogram. Using an intensity-based
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Figure 6. The phase-contrast three-dimensional rendering of the whole specimen with a virtual cut through it (a,b) demonstrates
the feasibility to segment one of the shown structures by simple intensity-based segmentation. For the segmentation of the
stratum granulosum the quantitative threshold values correspond to the grey-scale values of figure 2a. These values are also
shown in the histogram of the whole dataset (c).
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labelling of the dataset one can differentiate between
the stratum granulosum (blue), the stratum moleculare
(green–yellow–red gradient) and the white matter
(mainly red). For the labelling, the threshold values of
the histogram of the tomogram shown in figure 2 were
J. R. Soc. Interface
applied. The intensity-based segmentation of the stra-
tum granulosum as represented in the middle of
figure 6 was generated increasing the transparency of
voxels with Dd-values in the green–yellow–red gradient
labelled range. This choice of the segmentation
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Figure 7. Another phase-contrast three-dimensional rendering of the specimen presumably shows the so-called Purkinje cells. The
grey-scale values correspond to the white bar in the histogram in figure 6c.
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highlights the characteristic course of blood vessels
inside the cerebellum with an entrance angle of 908 to
the surface of the stratum granulosum. The character-
istics of the blood vessels can be seen even better in
figure 7. The grey-scale range of this representation cor-
responds to the Dd-values illustrated by the white bar in
the histogram of figure 6. Besides the blood vessels, one
can detect spherical microstructures with diameters of
around 40 mm, 7–10 pixels wide, along the surface
of stratum granulosum. On the basis of the location
and the size of these features they are identified as the
Purkinje cells.
4. DISCUSSION

Examining the histogram of one reconstructed
slice (figure 2b), one observes that only four of the five
Gaussians can be clearly related to known morphological
structures of the human cerebellum. The fifth Gaussian
with the largest half width describes the Dd-values lying
between the formalin and stratum moleculare related
peaks. Therefore, this Gaussian basically corresponds to
the partial volume between these two components.
Aside from the partial volume one finds an additional
peak at Dd¼ 1.3 � 1028, which appears rather as a
shoulder. This shoulder becomes more obvious in the
histogram of the entire three-dimensional dataset
(figure 6c). The quantitative analysis of the shoulder
reveals that the related Dd-values are located in areas of
the cerebellum that were in direct contact with the forma-
lin solution during the whole fixation period. Obviously,
J. R. Soc. Interface
the formalin treatment of the human cerebellum changes
the electron density at the tissue periphery.

The usefulness of the absorption-contrast data of
the second-generation synchrotron radiation source is
restricted because intensity-based segmentation is in
fact fairly complicated. The histogram of figure 3f illus-
trates the crucial overlap of the absorption values of the
three components. Note that the formalin solution
yields absorption values just between those of white
and grey matter. Hence, another solution with higher
or lower absorption should be applied. Phosphate
buffer, for example, leads to higher absorption values
(Germann et al. 2008) and is, therefore, better suited.
The intensity-based segmentation of white and grey
matter, however, remains difficult, since the
green-coloured and blue-coloured peaks overlap in a
significant manner.

The detailed comparison between the absorption-
contrast data obtained from grating interferometry
(figure 3b) and the conventional ones (figure 3d),
both grey-scaled to three times the standard deviations
sform of the formalin peak, shows that the grating inter-
ferometry results yield less contrast between the
internal features. This behaviour is expected because
the selected photon energy is too high for optimal
image acquisition. The optimal energy of 14 keV for
aqueous specimen with diameter D ¼ 1 cm can be cal-
culated from the equation m ¼ 2/D (Grodzins
1983a,b). The sharp features present in the
ID19 absorption data concern internal interfaces as
the results of edge enhancement and are not seen in
the optimized absorption-contrast tomogram from the
second-generation source.
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The measurement sensitivity for the real part of the
refractive index of the presented phase-contrast
measurement (perhaps better termed as the resolution
power) is enormously high and corresponds to an angu-
lar resolution of 1.7 � 1028 rad. This corresponds to the
size a small lorry parked on the Moon would appear
from Earth. This value, however, is a factor of three
lower than that found in a previous study (Pfeiffer
et al. 2009). The difference is predominantly due to
data binning, which resulted in 15 mm voxel size com-
pared with the 5 mm in the present study (Thurner
et al. 2004). Further influencing parameters are the
operation mode of the insertion device, the photon
energy that was around 10 per cent lower in the present
study, the modified exposure time and the higher resol-
ving FReLoN unit.

Comparing the histograms of a single phase-contrast
slice (figure 2b) with the entire dataset (figure 6c), one
recognizes significant differences. The slice-wise cross-
check of the histograms allows us to conclude that the
broader peaks in figure 6 are the consequence of rela-
tively small displacements of the peak positions from
slice to slice. It leads to rather higher uncertainties of
the Dd-values given in §3.1.

The sensitivity of the grating interferometry, how-
ever, is so high that individual Purkinje cells become
visible without the application of any contrast agent.
This is the most important result of the study, and
to the best of our knowledge the first time that X-ray
tomography permitted the identification of unstained
cells in human soft tissue. So far, only osmium-stained
ganglion cells have been made visible in
absorption-contrast mode (Lareida et al. 2009).

The three-dimensional images of the Purkinje cells
can be weighted against histological results. First, the
grating-based SRmCT data only show the larger fea-
tures, namely the perikaryon and not the detailed
dendritic tree, which propagates outwards in the direc-
tion of the stratum moleculare. Besides the limited
spatial resolution, the reason behind this could be simi-
lar electron density values of the dendritic tree and the
stratum moleculare. Second, according to the present
tomographic study, the maximum diameter of an indi-
vidual Purkinje cell corresponds to about 40 mm and
the cell area to around 700 mm2. There is no doubt
that the visualization of the Purkinje cells is close to
the limit of the experimental set-up. A true measure-
ment of the cell size is therefore impossible.
Nevertheless, the spatial resolution of 20 mm, together
with the pixel size of 5.1 mm, allows a rough estimate
of the diameters of the features detected, which corre-
spond in location and size to the Purkinje cells often
visualized in two-dimensional histological slices
shown, for instance, in Fatemi et al. (2002). Our results
agree well with the data of Fatemi et al., who obtained
for the cell area (661+ 85) mm2 from unfixed cerebellar
sections but less with the result of stained histological
slices by Tran et al. (1998), who found (374+
34) mm2. The alcohol fixation process apparently
induces a significant shrinkage of the cells. Third, the
two-dimensional Purkinje cell density of normal brain
was determined at (16+ 4) cells per mm2 (Jeste et al.
1984), a value also obtained from our tomographic
J. R. Soc. Interface
data. Note, the density of Purkinje cells is reduced by
diseases such as schizophrenia, autism, Huntington’s
disease and other movement disorders (Jeste et al.
1984; Tran et al. 1998; Fatemi et al. 2002). In summary,
there remains no doubt that the micro-features shown
in figure 7 are the Purkinje cells, since the location,
size, shape and density are very well comparable with
the histological results.
5. SUMMARY AND CONCLUSION

Grating-based X-ray tomography offers superior three-
dimensional images of the human cerebellum, which
not only allow for the discrimination between grey
and white matter but also between stratum moleculare
and stratum granulosum. Additionally, the clear visual-
ization of non-stained individual Purkinje cells is
possible—a technique that is unrivalled so far.
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