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Summary

Minimally invasive deep brain neurosurgical interventions require a profound knowl-
edge of the human brain morphology on the micrometer level. Generic brain atlases
are based on histology including multiple preparation steps like sectioning and stain-
ing. Before the histological analysis of the human brain post mortem, the first prepa-
ration step is the extraction of it from the cranium. After that, formalin fixation of
the brain is often performed. As the brain consists of inhomogeneous tissues, these
steps lead to a three-dimensional strain field within the brain.

For the correction of these deformations three-dimensional magnetic resonance imag-
ing has been used. In a single investigation, the brain was first examined post
mortem within the cranium. After extraction, 13 magnetic resonance data sets were
acquired over a fixation period of 70 days and compared to the initial data set.
Using an affine registration of the data sets, the global volume shrinkage was found
to be 8.1%. The local volume strains could be determined by means of a non-rigid
registration. The study revealed maximal local volume strains of 32%.

In order to correct the distortions induced within the anisotropic, inhomogeneous
soft matter by sectioning and staining and therefore to improve the accuracy of brain
atlases, a non-destructive three-dimensional imaging technique with the required
spatial resolution and contrast is of great significance. Micro-computed tomogra-
phy provides true micrometer resolution. The application to post mortem human
brain, however, is questionable because the differences of the components concern-
ing X-ray absorption are weak. Therefore, magnetic resonance imaging has become
the method of choice for three-dimensional imaging of human brain. Because of
the limited spatial resolution of this method, an alternative has to be found for
the three-dimensional imaging of microstructures within the brain. Therefore, syn-
chrotron radiation-based microtomography in the recently developed grating-based
X-ray phase contrast mode was used for the visualization of the brain tissue. Using
data acquired at the beamline ID 19 (ESRF, Grenoble, France) it was demonstrated
that grating-based microtomography yields premium images of human thalamus.
This data can be used for the correction of histological distortions using three-
dimensional non-rigid registration.

Grating-based phase contrast tomography can also be applied on the human cere-
bellum, another very important part of the human brain. Simultaneously this tech-
nique gives access to absorption contrast tomography. These two data sets are
quantitatively compared with synchrotron radiation-based microtomography in op-
timized absorption contrast mode. It was demonstrated that, in addition to the
blood vessels, grating interferometry identifies the stratum moleculare, the stratum
granulosum and the white matter. Along the periphery of the stratum granulosum,
microstructures of about 40 pym in diameter were detected, which were associated
with the Purkinje cells because of their location, size, shape and density. The de-
tection 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
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non-destructive three-dimensional imaging.

Another well established imaging technique for the visualization of the human brain
is magnetic resonance imaging which is known for its high contrast between white
and gray matter. Unfortunately, the spatial resolution of the conventional medical
magnetic resonance scanners is not sufficient enough to investigate the microanatomy
of the brain. The required spatial resolution can be achieved by magnetic resonance
microscopy using a small animal magnetic resonance scanner which takes advantage
of a magnetic field of 9.4 T. These results were compared with grating-based phase
contrast data sets. It was demonstrated that grating-based phase tomography using
hard X-rays yields for human cerebellum comparable contrast values to magnetic
resonance microscopy whereas the quality factors based on contrast and spatial
resolution, for phase tomography, are obviously higher. The combination of the three
complementary imaging techniques, namely phase contrast tomography, magnetic
resonance microscopy and histology, permits the distinct segmentation of four tissues
within the human cerebellum.
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Zusammenfassung

Minimal-invasive neurochirurgische Eingriffe erfordern ein fundiertes Wissen iiber
die Morphologie des menschlichen Gehirns auf der Mikrometer-Skala. Generische
Gehirnatlanten, die dazu verwendet werden und auf histologischen Schnitten ba-
sieren, erfordern mehrere Praparationsschritte, wie z.B. das Schneiden in diinne
Schnitte, sowie das Farben dieser histologischer Schnitte. Bevor histologische Un-
tersuchungen am menschlichen Gehirn nach Eintritt des Todes stattfinden konnen,
erfolgt die Entnahme, sowie meistens die Formalinfixierung, um der einsetzenden
Verwesung vorzubeugen. Da das Gehirn aus inhomogenem Gewebe besteht, fiihren
diese ersten Schritte zu lokalen Verzerrungen, die einem dreidimensionalen Span-
nungsfeld gleichen.

Zur Korrektur dieser Deformationen eignet sich insbesondere die Kernspintomogra-
phie. Wahrend der vorliegenden Studie wurde das Gehirn zunéchst innerhalb des
Schadels, jedoch nach Eintreten des Todes, untersucht. Danach wurden 13 Datensét-
ze iiber den gesamten Fixierungszeitraum von 70 Tagen mit Hilfe eines medizinischen
Kernspintomographen erzeugt. Diese Datensatze wurden dann mit dem Anfangsda-
tensatz verglichen. Die globale Volumenabnahme von 8.1% konnte mit Hilfe einer
affinen Registrierung berechnet werden. Mit nichtrigiden Registrierungen wurden
zusétzlich dazu maximale lokale Volumenanderungen von bis zu 32% bestimmt.

Die darauf folgenden Praparationsschritte, insbesondere das Schneiden und das Fér-
ben der Schnitte, verursachen ebenfalls Verzerrungen des anisotropen und inhomo-
genen Gehirngewebes und fiithren so zu Ungenauigkeiten der Gehirnatlanten. Fiir
eine Korrektur der Deformationen bendtigt man ein zerstorungsfreies, dreidimensio-
nales Bildgebungsverfahren, welches die benotigte raumliche Auflésung aufweisen
kann. Mikro-Computertomographie bietet eine rdumliche Auflésung von wenigen
Mikrometern, kann jedoch die Anforderungen an den Kontrast nicht erfiillen, da die
Unterschiede der Strukturen im Gehirn in Bezug auf Absorption der Rontgenstrah-
len zu gering sind. Daher gilt bisher die Kernspintomographie als beste Methode,
um dreidimensionale Visualisierungen vom Gehirn zu erzeugen. Jedoch geniigt die
rdaumliche Auflésung dieser Methode nicht den Anforderungen, die fiir die Korrek-
tur der histologischen Schnitte benétigt wird. Die jiingst entwickelte gitterbasierte
Phasenkontrast Mikro-Computertomographie an Synchrotronstrahlungsquellen bie-
tet eine Alternative, um zelluldre Strukturen im Gehirn zu visualisieren. Mit den
Daten, die an der Beamline ID 19 (ESRF, Grenoble, Frankreich) generiert wurden,
konnte gezeigt werden, dass sich gitterbasierte Tomographie hervorragend zum Er-
zeugen hochqualitativer Bilder des menschlichen Thalamus eignet. Die Datensatze
konnten schliesslich mit Hilfe der nichtrigiden Registrierung fiir die Korrektur der
histologischen Schnitte verwendet werden, um die Genauigkeit eines Gehirnatlases
zu erhohen.

Die Anwendung der gitterbasierten Phasenkontrasttomographie kann auch auf das
menschliche Kleinhirn, welches ein sehr wichtiger Teil des menschlichen Gehirns
ist, ausgeweitet werden. Neben den Phasenkontrastdaten liefert diese Technik si-
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multan auch Absorptionskontrastdaten, die jedoch nicht unter Absorptionskontrast-
Bedingungen erzeugt werden konnen. Diese beiden Datensatze wurden quantitativ
mit Ergebnissen, die mit optimierten Absorptionskontrast-Bedingungen aufgenom-
men wurden, verglichen. Es wurde gezeigt, dass sich die Phasenkontrasttomogra-
phie hervorragend dafiir eignet, neben Blutgefiassen auch die Molekularschicht, die
Koérnerschicht sowie die weisse Substanz zu identifizieren. Entlang der Peripherie
der Kornerschicht konnten Strukturen mit etwa 40 pm Durchmesser nachgewiesen
werden, die aufgrund ihrer Lage, Grosse, Form und Dichte als Purkinje-Zellen iden-
tifiziert wurden. Dieser Nachweis von einzelnen Purkinje-Zellen ohne den Einsatz
von Kontrastmitteln ist einzigartig auf dem Gebiet der Computertomographie und
setzt neue Maflstabe in der zerstorungsfreien dreidimensionalen Bildgebung.

Ein weiteres gut etabliertes Bildgebungsverfahren zur Visualisierung des mensch-
lichen Gehirns ist die Kernspintomographie, die fiir einen hohen Kontrast zwi-
schen weisser und grauen Substanz bekannt ist. Leider ist die rdumliche Auflo-
sung der konventionellen medizinischen Kernspin-Scanner nicht ausreichend genug,
um Mikrostrukturen des Gehirns zu erforschen. Die erforderliche raumliche Auf-
losung kann durch Kernspin-Mikroskopie, unter Verwendung eines Kernspintomo-
graphen fiir Kleintiere mit einer Magnetfeldstiarke von 9.4 T, erreicht werden. Die
Resultate der Kernspin-Mikroskopie wurden mit den Datensatzen der gitterbasier-
ten Phasenkontrast-Tomographie verglichen, mit dem Ergebniss, dass gitterbasierte
Phasenkontrast-Tomographie mit harter Rontgenstrahlung bei der Visualisierung
des menschlichen Kleinhirns vergleichbare Kontrastwerte zu der Kernspin-Mikro-
skopie hat, wihrend die Qualitidt-Faktoren, die auf Kontrast und rdumlicher Auflo-
sung basieren, beim Phasenkontrast deutlich hoher sind. Eine Kombination der drei
sich erginzenden Bildgebungsverfahren, namlich der Phasenkontrast-Tomographie,
Kernspin-Mikroskopie und Histologie, ermoglicht eine eindeutige Segmentierung von
vier verschiedenen Gewebearten innerhalb des menschlichen Kleinhirns.
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1 Introduction

With approximately 10" neurons and 10'* synapses [1] the brain is one of the most
impressive structures in the human organism. Because of its outstanding functional
importance there is a strong need for brain imaging modalities for diagnostics or
navigation during treatments of brain diseases. For recently developed neurosurgi-
cal approaches, a profound knowledge of the morphology of the human brain down
to the micrometer level is especially required. One such example is magnetic res-
onance (MR)-guided neurosurgery with high focused ultrasound (e.g., [2-4]), used
to treat chronic neurophatic pain or movement disorders. With a spatial resolu-
tion of a fraction of a millimeter, conventional medical computed tomography (CT)
or magnetic resonance imaging (MRI) scanners are not able to fulfill this require-
ment. Therefore, neurosurgeons use detailed stereotactic atlases based on histology
(e.g. of the human brain [5] or the human thalamus and basal ganglia [6]) for ori-
entation within the treated part. The advantages of the micrographs obtained by
optical microscopy of the stained slices relate to reasonable contrast depending on
the staining procedure and sub-micrometer resolution. However, the technique does
not provide isotropic three-dimensional (3D) information of the brain as regularly
obtained using CT and MRI. Another disadvantage is the deformation induced on
the soft tissue during the multiple time-consuming preparation steps. Consequently,
the histological slices do not reflect the exact situation of an intact brain. The aim of
the present work is to find alternative non-destructive 3D imaging techniques with
both reasonable contrast and a cellular spatial resolution. At the least, the spatial
resolution should fulfill the requirement to correct the deformations induced during
the different histological preparation steps.

Histological preparation steps

The first preparation step is the extraction of the brain from the cranium and the
fixation in order to avoid its degradation. In the majority of cases, a formalin
fixation is used. It is clear that the extraction procedure with its mechanical forces
on the tissue causes deformations within the brain. But also during the fixation
period, a global shrinkage and local deformations due to inhomogeneity of the brain
tissue can be expected. The deformations due to formalin fixation can be explained
by several physico-chemical reactions [7,8]. Examinations on the influence of the
formalin during fixation of the human brain stem are already reported [9]. These
studies are based on length changes of 2D histological slices induced by the fixative.
In order to determine volume changes of the brain tissue, 3D MRI data sets of the
whole brain with sub-millimetre voxel lengths can be used. Conventional MRI is a
non-destructive 3D imaging technique with high contrast between white and gray
matter. The deformations can be extracted using 3D affine (global changes) and
non-rigid (local strains) registrations [10] between the data sets of the brain post
mortem within the cranium and after extraction after several fixation periods.
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After several weeks of formalin fixation, the next steps are: (i) blocking of the inves-
tigated part, (i) cryo-sectioning of the block into slices of several dozen micrometers
and (i) histochemical staining of the slices which enables the distinction between
different nuclei and the fiber system. Obviously, all of these preparation steps have
an influence on the soft tissue. After recording the images of the differently stained
histological slices using optical microscopy, the micrographs have a spatial resolution
on the sub-micrometer level. Because of the high difference in the spatial resolu-
tion between the micrographs and medical MRI data sets an alternative imaging
technique with a spatial resolution on the micrometer level has to be found in order
to determine these deformations. Conventional micro-computed tomography (uCT)
in absorption contrast mode fulfills the required spatial resolution, but does not
show enough contrast within brain tissues despite the calculated differences in the
Hounsfield numbers of white and gray matter [11]. However, synchrotron radiation-
based pCT (SRuCT) with a much higher photon flux and tunable energies by the
use of a monochromator allows for differentiation between brain tissues and so the
correction of the histological slices, at least for human medulla oblongata [12]. Using
a non-rigid registration, this 2D study demonstrated differences between the staining
protocols. Unfortunately the contrast in the human medulla oblongata is already
weak, so considerable doubt remains whether the contrast in absorption contrast is
sufficient enough to visualize the human thalamus, an area which represents a major
challenge in X-ray tomography because of the marginal differences of the absorption
contrast values.

Phase contrast CT

For soft tissue, mainly consisting of hydrogen (Z=1), carbonate (Z=6) and oxygen
(Z=8), X-ray tomography using the phase contrast mode is the better choice [14].
Contrary to absorption contrast, where the imaginary part 5(z,y, z) of the complex
refractive index distribution

n(z,y,z) =1—0(z,y,2) +if(x,y, 2) (1.1)

is measured, phase contrast uCT (PC-pCT) provides the decrement §(x,y, z) of the
real part of it. The imaginary part has a relation to the widely used linear X-ray
attenuation coefficient u(x,y, z) by the equation

47
M(ﬂf,y, Z) = 7 -B(;E,y,Z), (12)
with the wavelength A of the incident X-rays. For X-ray energies far away from the
absorption edges d(x,y, z) is related to the electron density distribution p.(z,y, 2)
by

TeA?
5(1’,?}, Z) = ?pe(l’ayvz% (13)

with the classical electron radius r. [13]. Nowadays, a variety of different principles
exist which all are based on phase shifts of X-rays penetrating the specimen [15,16].

The first approach which was based on a crystal interferometer was found 1965
by Bonse and Hart [17]. The idea is to split the beam where one part goes through
the specimen and the second part of it is used as reference. The interference pattern



after the combination of the two beams provides information about the phase shift.
Thus, this set-up allows a direct measurement of the profile of phase shifts induced
into the X-ray wave by the specimen. Several applications exist where this technique
was used to visualize soft tissue specimens (e.g. a rat cerebellum [14] or a mouse
kidney [18]). The limitation of this imaging technique is the field of view because
of technological constraints building the crystal interferometer.

Another, very widely used method is the propagation-based or inline phase con-
trast. As the method requires a sufficient degree of spatially coherent X-ray beam,
the first experiments were only carried out in the mid 1990s after the first third-
generation synchrotron light sources went into operation [19-22]. One big advan-
tage of this method is that no additional optical components are needed as the
Fresnel diffraction in the space between specimen and detector creates the contrast.
A prominent implementation of this principle is known as holotomography where
images are recorded at several distances behind the specimen and combined to quan-
titatively retrieve the phase shift [23]. This method was recently used for the only
known 3D representation of a fossilized brain so far [24].

A third approach relevant for soft tissue is analyzer-based imaging (ABI). Using
an analyzer crystal between the specimen and detector the phase shift of monochro-
matic X-rays induced by the specimen can be uncovered [25,26]. A big advantage
of the method is that it simultaneously gives access to absorption, refraction and
scattering if suitable data analysis as shown for diffraction-enhanced imaging
(DEI) is adopted [27]. Nevertheless, ABI requires a monochromatic X-ray beam
with small divergence and high-quality, sufficiently large analyzer crystals.

For specimens with low contrast values, which is the case in the brain tissue, the
recently developed grating or Talbot interferometry [28-30] shows excellent re-
sults [31,32]. The idea here is to detect slight deflection angles of the incident
X-rays caused by the phase object. The deflection angles «(y, z) are related to the
first derivative of the phase shift ®(y, z) [33] by the equation

a(y,2) = A 02(y,2) _ /00 9(x,y, 2)

As the deflection angles are smaller than the pixel sizes of the detector, a grat-
ing interferometer, consisting of a beam-splitter and an analyzer grating, is used.
Analysis of the phase-stepping data [30] yields the deflection angle a(y,z) and,
simultaneously, additional information related to absorption contrast and to small-
angle scattering comparable to DEI. Recent developments of grating-based PC-
nCT, by including an additional attenuation grating, allow the use of polychromatic
sources like X-ray tubes or low-brilliance sources like second-generation synchrotron
sources [34,35].

Human cerebellum

Besides the application of the grating based PC-uCT for the correction of the his-
tological slices, this method can be used for the visualization of a second very in-
teresting part of the human brain. With more than 50 billion neurons, most of
them located in the cerebellar cortex, the human cerebellum includes around 50 per
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cent of the neurons of the entire brain [36]. The nerve center, where the impulses
of almost all neurons of the cerebellar cortex converge and are transferred to their
destination beyond the cortex, is formed by the so-called Purkinje cells. These cells
exhibit spherical shapes with diameters of about 40-70 ym and are the largest cells
of the cerebellum. So far, only osmium-stained ganglion cells have been made vis-
ible using SRuCT in absorption-contrast mode [37]. Regarding the sensitivity and
the possible spatial resolution of around 10 pum, grating-based PC-pCT should have
the ability to visualize individual Purkinje cells, surrounded by soft tissue, without
the application of any contrast agent, which would be unique in the field of X-ray
computed tomography.

Multimodal imaging

To date, two different imaging methods have been described which can be used for
the visualization of the microstructure of the human brain, namely histology and
PC-uCT. Conventional medical MRI, which is known for its superb contrast between
white and gray matter, unfortunately is not able to fulfill this condition. The reason
for that is the spatial resolution. At present, medical MRI generates images with
sufficient contrast-to-noise ratio and reasonable scanning times, but which do not
have voxel lengths below the sub-millimeter range.

Taking advantage of higher magnetic fields (~ 9 T) (versus a magnetic field of a
medical MRI scanner of < 3 T) and stronger gradient systems, small animal MR-
scanners have already been used to visualize mice brains in vivo [38,39] and human
brain blocks post mortem [40, 41] with voxel sizes of a few tens of micrometers.
Because of the higher spatial resolution the method is usually called magnetic reso-
nance microscopy (¢MRI). All of the techniques listed so far (PC-uCT, pMRI and
histology) have inherent advantages and disadvantages. In particular, all of them
have complementary information. A combination of the three data sets would result
in comprehensive information on the microanatomy of the human cerebellum.



2 Results

2.1 Deformations resulting from formalin fixation of the whole
brain

The manuscript presents a possibility to calculate the strain field within the brain

induced by extraction and formalin fixation. The study is based on a comparison,

using affine and non-rigid registration algorithms, of magnetic resonance imaging
data sets at different preparation steps.

Published in Journal of Neuroscience Methods
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Before investigating human brains post mortem, the first preparation step is often formalin fixation of the
brain. As the brain consists of inhomogeneous tissues, the fixation leads to a three-dimensional strain
field within the tissue. During the single case MR-based investigation of the brain, first, the starting
point with the brain post mortem but still within the cranium, was examined. Then 13 MR data sets were
acquired over a fixation period of 70 days and compared to the initial data set. Based on affine registration
of the data sets, the global volume shrinkage was found to be 8.1%. By means of a non-rigid registration
additional maximal local volume strains of 32% were determined.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The current developments in neurosurgical approaches,
like magnetic resonance (MR)-guided neurosurgery with high-
intensity focused ultrasound (e.g., Kennedy et al., 2003; Jolesz
and McDannold, 2008; Martin et al., 2009) require a profound
knowledge of the morphology of the human brain down to the
micrometer level. Currently, neurosurgeons use detailed stereo-
tactic atlases of human brain (Schaltenbrand and Wahren, 1977;
Morel, 2007) to plan the treatment. The generation of such a brain
atlas involves several steps. First, the brain tissue has to be fixated
in order to avoid its degradation. In most cases formalin fixation is
used. After sectioning the brain in few several dozen micrometer
thin slices, it is stained using different protocols. The histological
slices enable the distinction between different nuclei and the fibre
system. Unfortunately, the different preparation steps cause local
deformations of the brain tissue compared to the in vivo situation.
Such deformations were already investigated by Germann et al.
(2008), where two-dimensional histological slices were corrected
by the related computed tomography (CT) slices and by Schulz
et al. (2010), where the histological data was stacked to a three-
dimensional (3D) data set and corrected by the 3D CT data set. The

* Corresponding author. Tel.: +41 61 265 9618; fax: +41 61 265 9699.
E-mail address: georg.schulz@unibas.ch (G. Schulz).

0165-0270/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jneumeth.2011.08.031

present contribution examines the formalin fixation, namely the
global shrinkage and related local deformations resulting from the
inhomogeneity of the brain tissues.

The shrinkage of soft tissues during fixation results from sev-
eral physico-chemical reactions (Burck, 1982; Romeis and Bock,
1989). The most important process is the fixation of proteins (see
scheme in Fig. 1). The structure of native proteins is maintained
by numerous chemical bonds like hydrogen, covalent, dative and
hydrophobic bonds as well as electrostatic and Van der Waals
forces. The classical way to cross-link proteins is by denaturation:
bonds break and chemically active groups become available for
cross-linking. Another procedure is the application of fixatives like
formaldehyde where the cross-linking of the proteins takes place
without the denaturation by formation of methylene bridges and
Schiff bases (see scheme in Fig. 2).

Most examinations on shrinkage during formalin fixation were
accomplished on tissues like liver and kidney (Wiistenfeld, 1955;
Bloom and Friberg, 1956; Bahr et al., 1957) or on brain tissue of ani-
mals like rats (Leibnitz, 1967; Hillman and Deutsch, 1978) and dogs
(Fox,1965).Of course, it has to be disputed how far these studies can
be compared with human brain tissue. Examinations of the human
brain stem exist where the shrinkage is measured on the basis of 2D
histological slices (Quester and Schréder, 1997). The present study
however uses 3D magnetic resonance imaging (MRI) data sets of
the whole brain post mortem. Data sets of the brain inside the skull,
after extraction, and at different fixation times were investigated.
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native protein

Fig. 1. Scheme of the cross-linking process of denatured proteins during fixation.

The evaluation of the deformations of the brain is based on 3D
affine and non-rigid registration. This non-destructive technique
allows examination of the influence of formalin on the brain tissue
quantitatively. The usage of a 3D imaging technique combined with

non-rigid registration permits the extraction of the local deforma-
tions, which are relevant for the inhomogeneous brain tissue, and
the separate examination of expansion and shrinkage of regions of
interest inside the brain.

2. Materials and methods

For the measurements, a human brain of a 68 year old male with
no neuropathological signs at autopsy was used. All procedures
were conducted in accordance with the Declaration of Helsinki and
according to the ethical guidelines of the Canton of Basel. After
the first MRI scan of the intact head (within 48 h after death), the
following steps of preparation were carried out. First, the scalp
was detached and the calvaria removed through a horizontal cut.
After the transection of the tentorium cerebelli and a cut through
vasculature, nerves and the medulla, the brain was extracted and
put into 10% formalin for fixation. The brain was then measured
again after diverse formalin fixation degrees. During the measure-
ments it was in a container filled with formalin. Here, the brain
was sinking to the ground of the container, but because of similar
density to the formalin solution the touching area was restricted
to a very small interface with negligible influence on the brain’s
shape.

All MRI scans were performed on a Verio 3T whole body
scanner (Siemens Health Care, Erlangen, Germany). MPRAGE acqui-
sitions with 0.7 mm isotropic resolution and a field of view
(FOV) of 268.0x268.0x179.2mm3 were performed with an
8° flip angle, 2000 ms repetition time, 2.72ms echo time, and
700ms inversion time. Twelve averages were taken in order
to reach sufficient signal to noise ratio (SNR) within a total
scan time of 154min. The determined SNR of the data sets
had a value of 200. Four of the data sets were scanned using
MPRAGE acquisitions with 1.0 mm isotropic resolution, a FOV of
256.0 x 256.0 x 256.0mm?3, an 8° flip angle, 2000 ms repetition
time, 2.41 ms echo time and 700 ms inversion time. Taking four
averages to reach identical SNR level, the total scan duration was
34 min.

For the determination of the volume changes of the brain
one day after extraction and during formalin fixation a 3D affine
registration algorithm was used (Fierz et al., 2008). The registra-
tions were performed using the classical maximization of mutual
information (MI) principle (Maes et al., 1996; Viola and Wells,
1995). In order to determine local deformations of the brain
caused by extraction and formalin fixation, the related 3D data
sets were registered by means of a non-rigid registration algorithm

Fig. 2. Scheme of the cross-linking process of non-denatured or minimally denatured proteins during fixation using a fixative.
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rigid registration

affine registration

Fig. 3. Three-dimensional rigid and affine registration of the data sets of the brain inside the cranium (gray scale, hexagon) and one day after extraction (orange colored,
circle). On the right side the images before and after registration are overlaid with the colored image being semi-transparent. The arrowheads demonstrate the deformations
caused by extraction and one day of formalin fixation and the correction of them using affine registration. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of the article.)

developed at Computer Vision Lab, ETH Zurich. The chosen reg-
istration algorithm is based on the adaptive hierarchical image
subdivision strategy, which decomposes the non-rigid matching
problem into numerous local affine registrations of sub-images
of decreasing size (Andronache et al., 2008). The local registra-
tions were again performed using the classical maximization of
MI principle. The local registration parameters were found using
the Powell multi-dimensional search algorithm (Press et al., 1988)
such that the MI between the reference and the floating sub-images
was maximized. The hierarchical image splitting strategy was pro-
posed by Likar and Pernus (2001) and was recently extended
to 3D with several improvements (Andronache et al., 2008). The
hierarchical splitting was governed by a sub-image information
consistency test in the form of the Moran spatial autocorrelation
coefficient. At each level of the hierarchy, the consistency of the
information contained in each of the further subdivided images
was tested, and all those sub-images failing this test were no
longer subdivided or registered at the successive levels. This con-
sistency test was also used as the stopping criterion for the entire

registration algorithm. The hierarchical image subdivision was
complete when no structural information was found in any of the
currently partitioned sub-images, and therefore, their local reg-
istration was meaningless. As a consequence of the use of the
information consistency test, at the last hierarchical level, the size
of the sub-images may differ from one another. A typical minimum
size is around 8 x 8 x 8 voxels depending on the level of details and
noise in the original image. The final deformation field was esti-
mated from all registration parameters of all sub-images at the last
hierarchical level by thin plate spline (TPS) interpolation. As the
deformation field induced by formalin fixation has been unknown
so far, it was impossible to provide a validation of the registration
result for the particular case. The error bars were deduced using
this registration method validated for the liver (Andronache, 2006).
More precisely, using a MR scanner, T1 and T2 weighted images
of the liver were acquired simultaneously at different stages of
the respiratory cycle. The non-rigid registration was then used to
recover the deformation fields, and the statistics led to an accuracy
of 1.07 £ 0.75 in voxel dimensions.
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rigid registration

affine registration

Fig. 4. Three-dimensional rigid and affine registration of the data sets of the brain one day after extraction (gray scale, circle) and after 70 days of formalin fixation (orange
colored, square). Here, as well, the images before and after registration are overlaid with the colored image being semi-transparent. The arrowheads demonstrate the
deformations arisen during formalin fixation and the correction of them using affine registration. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of the article.)

3. Results

3.1. Global volume changes due to extraction and formalin
fixation

Fig. 3 illustrates the deformations caused during the extraction
and after one day of formalin fixation. For this purpose the MRI
data set of the brain inside the cranium (hexagon) was registered
with the data set one day after extraction (circle) using a rigid and
affine registration algorithm. Having six degrees of freedom, i.e.
three degrees of translation and three degrees of rotation, the two
data sets were rigidly registered. Affine registration also includes
scaling in the three orthogonal directions. The virtual cuts are given
according to the data acquisition to avoid potential artifacts as the
result of resampling. The data set scanned one day after extrac-
tion (colored orange) is matched to the data set before extraction
and is made semi-transparent in order to indicate the differences.

Regarding the rigid registration, the blue arrowheads hint that the
volume of the data set of the brain one day after extraction is larger
than that of the data set inside the skull. After the affine registra-
tion, where additionally a scaling factor is used for the registration,
the boarders of the brain fit much better. The scaling factor of
1.052 4+ 0.003 means an expansion of the brain of 5.2% 4+ 0.3% result-
ing from extraction and one day of formalin fixation. Furthermore
the registered data set of the brain one day after extraction was
compared to the data sets at further steps of fixation. Fig. 4 shows
the comparison of the brain one day after extraction (circle) with
the one after 70 days of fixation (square). Here, the data set after 70
days of fixation is colored orange, made semi-transparent and laid
over the data set one day after extraction. Again the arrowheads
illustrate the differences between the data sets. The matching indi-
cates that the volume of the data set after 70 days of fixation is
smaller than that one day after extraction. This assumption can
be proved by the affine registration of the data sets resulting in a
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scaling factor of 0.934 + 0.003. The modification of the brain volume
at different steps of formalin fixation can be seen in Fig. 5. Dur-
ing a fixation period of 70 days, nine scans with 0.7 mm isotropic
voxel size (blue data sets) and four scans with 1.0 mm isotropic
voxel size (orange data sets) were acquired. After the increase of the
volume one day after extraction, a decrease of the volume can be
observed during the fixation period. A fit using an exponential func-
tion provides the value for the volume shrinkage of the brain after
infinite time of fixation. The fit parameter yg in Fig. 5 represents a
total volume shrinkage value (compared to the volume inside the
skull) of 96.7% 4+ 0.5%. This value contains both effects, namely the
expansion during the first day after extraction and shrinkage dur-
ing fixation. Consequently, the net shrinkage value during fixation
without the effect of extraction and one day of formalin fixation is
91.9% + 0.6%.

3.2. Local deformations caused by extraction and formalin
fixation

After the affine registration, the data sets were registered using
the non-rigid registration algorithm in order to determine addi-
tional local deformations inside the brain induced by extraction and
formalin fixation. Figs. 6 and 7 compare the results of the affine and

affine registration
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Fig. 5. Time-dependent progress of the whole brain volume one day after extrac-
tion and further formalin fixation. Highlighted are the moments of the brain inside
the cranium (hexagon), one day after extraction (circle) and after 70 days of fixation
(square) which are illustrated in Figs. 3 and 4. The blue data sets were acquired with
an isotropic voxel size of 0.7 mm, the orange data sets with 1.0 mm. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of the article.)

non-rigid registration

Fig. 6. Comparison between three-dimensional affine and non-rigid registration of the data set of the brain inside the cranium with the data set one day after extraction.

The arrowheads illustrate the benefits of the non-rigid registration algorithm.
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affine registration

non-rigid registration

Fig. 7. Comparison between three-dimensional affine and non-rigid registration of the data set one day after extraction with that after 70 days of formalin fixation. The

arrowheads illustrate the benefits of the non-rigid registration algorithm.

the non-rigid registration. The arrowheads indicate the differences
of the registration results.

Performing the non-rigid registration, the individual voxels of
the deformed data set are shifted to the related 3D positions of
the initial data set of the intracranial state. The resulting 3D defor-
mation vector field caused by the extraction and one day formalin
fixation of the brain s illustrated in Fig. 8. First, the magnitude of the
voxel displacement vectors is shown by means of three orthogonal
slices on the left side of the figure. The average strain value, which
is equal to the average magnitude value of the 3D displacement
vectors, is 0.6 mm. The more interesting value is the maximal mag-
nitude of the displacements which amounts to 3.7 mm. In order to
demonstrate the orientations of the displacement vectors, a more
detailed 2D vector field was shown for several interesting areas
(insets at the right side of the figure). The mean absolute pixel
displacements (arrow length) of the whole data set in x-, y- and
z-direction amount to 0.34 mm, 0.25 mm and 0.30 mm. The maxi-
mal pixel displacements amount to 3.62 mm, 2.30 mm and 2.81 mm
in the directions of the x-, y- and z-axis. The 3D deformation field
induced by formalin fixation is shown in Fig. 9. Again the values
of the averaged extension, amounting to 0.15mm, 0.11 mm and
0.19 mm, and the maximal strains, amounting to 1.88 mm, 1.30 mm
and 2.65mm, were determined for x-, y- and z-direction. The

maximal magnitude of the displacement vector field due to for-
malin fixation amounts to 2.7 mm.

3.3. Determination of the local volume strain field

The deformation field shown in Section 3.2 corresponds to a
voxel displacement field. In order to investigate differences in the
shrinkage values of interested regions of the brain, a local volume
strain field was determined.

Having the 3D displacement field D, a 3D local strain field in
x-direction €4 can be calculated by

g9<=5)<>*<Ex7 (1)

the convolution of the x-coordinate of the displacement field Dy
with the 3D kernel

1

Ex(:, 1, :):Ex(:, 2, :):EX(:v 3,1)= 18 L
-lx

-1 0 1

-1 0 1}, (2)
-1 0 1

Iy being the voxel length of the data set in x-direction. Eq. (1) is
a matrix which contains local shrinkage values (negative signs)
and local expansion values (positive sign) of data set sub-volumes
having the size of 3 x 3 x 3 voxels. Values equal to zero represent
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Fig. 8. Three-dimensional deformation vector field of the brain due to extraction and one day of formalin fixation, exemplary shown by means of the magnitude of the voxel
displacement vectors for the three orthogonal slices. Zooms of selected regions illustrate the orientation of the vectors projected on the corresponding plane.
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extraction

formalin fixation

local volume strain

expansion

shrinkage

Fig. 10. Local volume strain field induced by extraction and formalin fixation shown by maps of the local scaling factors.

volumes with neither shrinkage nor expansion. An other way to
define strains is the use of scaling factors. The scaling factors in
x-direction can be determined by

Sx=J +&x, (3)

where ] is a matrix of ones having the same dimensions as gy. Using
the kernels

B B B ; 1 1 1

ky(:,:,1)=ky(:,:,2)=ky(:,:,3)=m 0 0 O (4)
Y\ -1 1 -1

and

B B B 1 1 1 1
kz(L3,:):kz(zﬂﬁ):kz(&:’:):ﬂ 0 0 0 . (5)
-1 -1 -1

the local strains in y- and z-direction can then be determined by
§y =j+5y*Ey and S,=]+D;,«k;. (6)

The determination of the local volume strains is a componentwise
multiplication of the calculated scaling matrices

Syol =Sx Sy S (7)

Fig. 10 demonstrates the local volume strain field induced by
extraction plus one day of fixation and as a result of formalin fix-
ation over a period of 70 days. The local strain field after one day
after extraction has maximal volume strains of 1.32 and minimal
values of 0.73. During the fixation period, maximal strains of 1.22
and minimal strains of 0.76 occurred. In order to affirm the global
scaling factors determined by the affine registration in Section 3.1,
the mean value of the local strains should amount to one being in
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balance between shrinkage and expansion which is the case with
the mean strain value of 1.008 for the data set one day after extrac-
tion and 1.001 for the data set after formalin fixation.

4. Discussion

Because of its high lateral spatial resolution, microscopy of his-
tological sections is generally used for the characterization of brain
tissue down to the cellular level. One of the first preparation steps is
the formalin fixation of the whole brain after the extraction. Firstly,
one expects a global volume change due to the extraction from the
cranium and, inside the brain, local deformations caused by the
handling procedure. Secondly, the fixation process should induce a
shrinkage of the whole volume (Lang, 2006). Because of the inho-
mogeneity of the brain tissue, that can be explained by different
chemical composition for instance of cerebral white and gray mat-
ter (Brooks et al., 1980), we also can expect a local strain field, which
was not investigated until now. So far, the determination of the
shrinkage of human brain during formalin fixation is based on the
measurement of linear shrinkage values of brain slices (Mouritzen
Dam, 1979; Quester and Schroder, 1997). During their study con-
cerning Huntington’s disease, Halliday et al. (1998) describe the
determination of the volume shrinkage induced by formalin fixa-
tion measuring the volumes by fluid displacements. Unfortunately,
using this technique, it is impossible to determine the volume
changes induced by extraction of the brain or the local deforma-
tions due to the inhomogeneity of the brain tissue. Therefore, it is
important to find a technique which enables us to determine the
whole volume changes as well as the local strains in order to allow
the correction of the artifacts induced by extraction and formalin
fixation of the human brain.

MRI permits the non-destructive 3D visualization of the
extracted human brain as well as inside the cranium and is known
for its superb contrast between white and gray matter which makes
registration between the data sets easy. The comparison of the data
sets, intracranial and after extraction at different fixation steps can
be arranged by means of an affine registration (for the determina-
tion of the volume change) and by means of a non-rigid registration
(for the determination of the local strains). Rigid registration relates
to solid states of identical size. Affine registration consequently
belongs to the non-rigid approaches. Therefore, one might better
term the non-rigid approach used in this study as elastic registra-
tion.

After the extraction of the brain and one day of formalin fix-
ation, a volume expansion of the whole brain of 5.2% +0.3% was
determined. This first measurement after extraction is a superposi-
tion of the initial expansion related to extraction from cranium and
the initiated early stages of fixation. The effect of expansion can be
explained by lower pressure values outside the cranium and the
swelling effect caused by osmotic pressure of the formalin solution
(Hrdlicka, 1966; Blinkow and Glezer, 1968). Subsequently, the for-
malin treatment of the soft tissue induces brain shrinkage. The pure
formalin fixation (without the effect caused after one day of extrac-
tion) of human brain tissue during a period of 70 days resulted in a
volume shrinkage of 8.1% + 0.6%. Mouritzen Dam (1979) indicates a
volume shrinkage of gray matter of 33%. This value was determined
by the measurement of slice thickness changes during formalin
fixation with different concentrations and extrapolating the linear
shrinkage value on the volume shrinkage. The assumption that the
shrinkage of the different parts of the brain is isotropic is debatable,
as shown by Quester and Schroder (1997). On the basis of an inves-
tigation of the formalin effect on human brain stem, they showed
that the shrinkage is anisotropic, resulting in a shrinkage value of
8.3% along the longitudinal direction and almost no shrinkage along
the transversal directions which results in a volume shrinkage of

around 8.3%. The volume shrinkage of the human brain stem is in
the range of the value we obtained for the volume shrinkage of
the whole brain. Values between 5% and 9% volume shrinkage dur-
ing formalin fixation with concentration of 5-10% and pH values
between 7.1 and 7.4 were determined by Burck (1982), measur-
ing area changes of slices of different human soft tissues. These
values also conform well with our result. The listed results are lin-
ear (Mouritzen Dam, 1979; Quester and Schroder, 1997) or area
(Burck, 1982) measurements of specific parts of the brain which
then are extrapolated to the volume shrinkage value. Furthermore,
these techniques cannot reveal the effect of the brain extraction.
The technique used here allows, besides the real 3D determination
of the brain shrinkage during formalin fixation, the evaluation of
the effect of extraction on the brain volume expansion. The two
counteractive effects result in a net volume shrinkage of the brain
of 3.3% £ 0.5% compared to the post mortem situation of the brain
inside the cranium.

The most important advantage of the technique is the possibil-
ity, not only to determine the global shrinkage of the brain, but
also to analyse local shrinkage values and deformations of differ-
ent parts of the brain. After MRI of the brain at the different steps
of the investigation, one can determine volume shrinkage values
using an affine and local strain field using a non-rigid registra-
tion. The calculated maximal local volume strain values of 32% and
—27% due to extraction and one day of formalin fixation and 22%
and —24% due to formalin fixation in addition to the whole vol-
ume changes cannot be disregarded. The maximal local strains have
been found at different parts of the brain depending on the fixation
time, Fig. 10). After extraction and one day of formalin fixation,
the maximal expansion values were mainly located at the ventri-
cles what can be seen on top left of the figure. The enlargement
of the ventricles due to the lower pressure outside the cranium
explains this behavior in a natural way. During the earlier stages
of formalin fixation, the maximal strain values were found in the
outer region of the brain to which the formalin could diffuse rather
fast.

The non-rigid registration algorithm not only determines the
changes but also corrects them and thereby generating a 3D data set
which, despite underlying different preparation steps, correlates
well with the data set of the brain post mortem inside the cranium,
although having endured different preparation steps.

5. Conclusions

In order to determine the volume change of the whole human
brain during extraction and formalin fixation, an affine registration
algorithm was applied on MRI data sets at diverse steps of the study.
Furthermore, the contribution demonstrated the power of 3D non-
rigid registration in order to correct local artifacts produced during
the extraction and the formalin fixation. This technique generates
a morphological condition of the brain that is very close to the post
mortem situation inside the skull. This data set can then be used
for the correction of the high resolution data set (e.g., synchrotron
radiation-based microcomputed tomography) of a smaller part like
the thalamus and finally for the correction of the micrographs of the
histological slices and consequently the correction of stereotactic
atlases.
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2.2 Deformations resulting from histology

The strain field induced by sectioning and staining during histology can be corrected
by means of a non-rigid registration of the stacked histological data set with X-ray
phase contrast microtomography data acquired before histology.
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ABSTRACT

Minimally invasive deep brain neurosurgical interventions require a profound knowledge of the morphology of the
human brain. Generic brain atlases are based on histology including multiple preparation steps during the sectioning and
staining. In order to correct the distortions induced in the anisotropic, inhomogeneous soft matter and therefore improve
the accuracy of brain atlases, a non-destructive 3D imaging technique with the required spatial and density resolution is
of great significance. Micro computed tomography provides true micrometer resolution. The application to post mortem
human brain, however, is questionable because the differences of the components concerning X-ray absorption are weak.
Therefore, magnetic resonance tomography has become the method of choice for three-dimensional imaging of human
brain. Because the spatial resolution of this method is limited, an alternative has to be found for the three-dimensional
imaging of cellular microstructures within the brain. Therefore, the present study relies on the synchrotron radiation-
based micro computed tomography in the recently developed grating-based phase contrast mode. Using data acquired at
the beamline ID 19 (ESRF, Grenoble, France) we demonstrate that grating-based tomography yields premium images of
human thalamus, which can be used for the correction of histological distortions by 3D non-rigid registration.

Keywords: X-ray phase contrast, X-ray grating interferometry, X-ray Talbot interferometry, human brain tissue, human
thalamus, histology, stereotactic brain atlas

1. INTRODUCTION

The performance of minimally invasive interventions such as gamma knife or MR-guided focused ultrasound surgeries
for the treatment of chronic neuropathic pain or movement disorders [1] requires a profound knowledge of the location
of the target volume. So far, neurosurgeons use detailed stereotactic atlases of the human thalamus [2,3] for the
orientation within the treated part. Such brain atlases are based on histological sectioning with thicknesses of several
dozen micrometers. Micrographs on sub-micrometer level of the differently stained histological slices can then be
obtained by optical microscopy.

For anisotropic and inhomogeneous soft matter like brain tissue, the multiple preparation steps during sectioning and
staining induce local deformations, which are already quantified in two dimensions (2D) using synchrotron-radiation-
based micro computed tomography in absorption contrast mode [4]. Here, the histological slices with a lateral spatial
resolution better than a micrometer were non-rigidly registered with the less detailed tomography data. The relatively
weak contrast in the X-ray tomography data was sufficient [5] to reasonably correct the histological slices and to
demonstrate differences between staining protocols. Unfortunately, this study was restricted to corrections in 2D. Three-
dimensional (3D), non-destructive techniques for the correction of these spatial distortions with a spatial resolution down
to the micrometer level would give even more reliable results and, therefore, would contribute to a more precise generic
atlas of the brain parts of interest.
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2.2 Deformations resulting from histology 19

Magnetic resonance imaging (MRI) is a non-destructive 3D imaging technique with high contrast between white and
gray matter. Unfortunately, the limited spatial resolution of around three magnitudes larger than that of the micrographs
inhibits the evaluation of the deformation field. Synchrotron radiation-based micro computed tomography (SRuCT) in
absorption contrast provides the required spatial resolution. The contrast in the human rostral medulla oblongata was
already weak, so that considerable doubt remains as to whether the density resolution in absorption contrast mode
actually results in high-quality images of the human thalamus which represents a major challenge in X-ray tomography
as it exhibits weak absorption contrast. On this account, the SRUCT experiment was carried out in phase contrast mode
which is based on the phase shifts of X-ray waves penetrating the specimen [6]. An overview of the operating modes of
the main X-ray phase contrast approaches can be found in literature [7]. During the present study, the recently developed
grating interferometry [8-11] was used for the evaluation of the 3D deformation tensor induced by sectioning and
staining of the human thalamus and consequently for the correction of the histological slices.

2. MATERIALS AND METHODS
2.1 Preparation of the brain specimen

The specimen was extracted from a donated male body. All procedures were conducted in accordance with the
Declaration of Helsinki and according to the ethical guidelines of the Canton of Basel. One day after natural death, the
brain was extracted at the Institute of Anatomy (University of Basel, Switzerland) and subsequently transferred to 10%
formalin solution for fixation. After two weeks of fixation, a block of the thalamus was obtained by guillotine section at
the University Hospital Zurich [3], Switzerland and placed in a container filled with 4% formalin solution. The position
of the thalamus within the brain is shown by the MR-derived image in Figure 1. The size of the thalamic block was about
3x3x3cm’.

thalamus

Figure 1. The MRI-slice of the investigated brain and the photography of the extracted thalamus (inset) indicate the location
of the specimen inside the brain.

2.2 Grating interferometry

Phase contrast tomography provides information about the three-dimensional distribution of the real part of the refractive
index of an object, often expressed in terms of its decrement from unity J(x,y,z). Using the relation

2
rA

o(x,y,z)= 5,

pg(xayaz)’ (1)
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where the constant 7, is the classical electron radius, it also yields the electron density distribution p(x,y,z) for X-ray
energies far away from the absorption edges. During our investigation a grating interferometer was used for detection of
o(x,y,z). Using the phase-stepping method, it is possible to detect slight deflections of the incoming X-rays caused by the
phase object. The relation between local beam propagation direction ¢(y,z), wave phase shift @(y,z) and decrement of X-
ray refractive index d(x,y,z) is

a(y,z)= 2o COWD) 7 QOD3) o @)
2r Oy - oy

A detailed description of grating interferometry and in particular of the phase-stepping method was published previously
[10,12].

The grating interferometry experiment was performed at the beamline ID 19 (ESRF, Grenoble, France) [13]. The photon
energy of 26 keV was selected using a double-crystal Si(111) monochromator in BRAGG geometry. The grating
interferometer consists of a beam-splitter grating g; with a periodicity of p; = 3.99 pm and a Si structure height of 34
pum, and the analyzer grating g, with a periodicity of p, # 2 um and a structure height of 25 um. The beam-splitter and
the analyzer grating were fabricated at the Paul Scherrer Institut (Villigen, Switzerland) [14]. With a distance between
source and interferometer of 150 m and a distance between the gratings of d ~ 376 mm (9™ Talbot order), the ratio of the
grating periods, p,/p;, was matched to the beam divergence [15].

The Eppendorf container with the thalamus in formalin solution was fixed at the high-precision rotation stage and
immersed in a water tank with parallel polymethylmethacrylat plates for the measurements fixed during the whole
experiment. This arrangement ensured minimized artifacts 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 analyzer 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 x 2048 pixels. The effective pixel
size corresponded to 31 pm. The field of view was 20.2 mm wide and 12.5 mm high. As the specimen width was larger
than the field of view, one experiment was performed with an asymmetric axis position, shifted by 9 mm from the center
of the detection unit as used previously [16]. In order to image the entire thalamus, four scans each at different height
position of the specimen were acquired. During the second experiment, the axis position was shifted back to the centre of
the detection unit and three scans at different height positions were acquired in order to image the inner part of the
thalamus in local tomography mode. Projection radiographs were taken in 1200 steps over a range of 360° during the
‘off-axis’ experiment and 799 steps over a range of 360° during the conventional experiment where the axis position was
at the centre of the detection unit. 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 set to a period of 1 s.

2.3 Histology

After the SRuUCT experiments, the block was transferred in progressively increasing sucrose concentrations over around
two weeks for cryo-protection. The block was then frozen by immersion in isopentane (~ -30°C) and stored at -75°C.
Using a Leica CM 3050, cryostat sections, 50 pm thick, were collected in 0.1 M phosphate buffer. For the staining
procedure, the sections were mounted on gelatinized slides and stained for Nissl with cresyl violet or for myelin with a
modified Heidenhain procedure [3]. The sections were then recorded (HP scanjet 7400c). Microphotographs of selected
thalamic areas were taken using a Leica MZ16 microscope and DFC420-C digital camera.

2.4 Data treatment

After processing of the projections of the ‘off-axis’ scan, the missing part of each projection was added by the
appropriate, 180° shifted projection multiplied by (-1). Both projection datasets were then reconstructed using a modified
filter kernel (Hilbert transform) in combination with standard filtered back-projection algorithm [11,17,18].

In order to combine the global ‘off-axis’ with the local ‘non-off-axis’ volume, the datasets were registered using a three-
dimensional rigid algorithm [19,20] with six degrees of freedom, namely three translation and three rotation degrees. The
registration was performed using the classical maximization of mutual information (MI) principle [21,22].

The histological images were stacked to a 3D dataset by approximately correlating the orientations and positions of the
slices. For the calculation of the deformation field the tomography and the histological 3D dataset were then registered
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using a three-dimensional non-rigid classical maximization of MI algorithm [19]. All the data treatment steps, except the
registration, were done with Matlab 7.8 (MathWorks, Natick, USA).

3. RESULTS AND DISCUSSION

Brain tissue provides quite weak X-ray attenuation contrast, which is necessary to distinguish between the grey and
white matter or even between grey matter structures such as the nuclei in the thalamus. Therefore, one alternatively uses
phase contrast imaging, which possesses much better contrast for soft tissues than absorption contrast.

3.1 Morphology of the human thalamus

The morphology of the thalamus can be investigated by using different staining procedures. Depending on the staining,
certain intra- and extra- thalamic structures can be identified. The Haidenhain procedure, for example, shows location of
myelinated fiber tracts (or white matter) which are responsible for fast transfer of the impulses. The right image of
Figure 2 shows such a myelin-stained section through the posterior part of the human thalamus. The darkness of the
color of the slice correlates with the concentration of the myelin. On the basis of this staining, one can differentiate at
least between eleven different structures, most of them located outside the human thalamus. The structures belonging to
the thalamus are the reticular thalamic nucleus (R), the lateral and medial pulvinar (PuL and PuM) and the lateral and
medial geniculate nucleus (LGN and MGN). Structures belonging to the adjacent tissue are the putamen (PuT), the
internal capsule (ic), the medial lemniscus (ml), the superior colliculus (SC), the comissure of the SC (csc), as well as the
periaqueductal grey area (PAG).

5mm

Figure 2. One grating-based SRuCT-slice and the corresponding frontal myelin-stained histological slice. The blue-colored
regions correspond to fiber tracts, which contain myelin. A comparison between the tomography and histology data
points out, that besides all the blood vessels more than the half of the structures visible on the histological slice can also
be identified in the corresponding tomogram.

Another procedure, the Nissl-staining using cresyl violet, allows differentiation of grey nuclei on the basis of cyto-
architectonic characteristics in terms of cell sizes and densities. Such Nissl-stained sections of the thalamus are shown on
the right hand side of Figure 3. The two sections are located around 1.4 and 0.8 (upper and lower right) cm anterior to the
level shown in Figure 2. During this procedure, the cells adopt a blue color as seen in the zoom in of Figure 3. There, the
blue-colored structures correspond to individual cells. Therefore, on these low-power images, the intensity of the blue
color is mostly related to the cell density. Besides the structures visible in Figure 2, additional nuclei or fiber tracts can
be identified at these more anterior levels: the anteroventral nucleus (AV), the mediodorsal nucleus (MD), the ventral
lateral nucleus (VL), the ventral anterior nucleus (VA), the zona incerta (Z1), the subthalamic nucleus (STh), the globus
pallidus, internal (GPi) and external (GPe) segments, the optic tract (ot), the lateral dorsal nucleus (LD), the stria
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medullaris (sm), the central lateral nucleus (CL), the centromedian nucleus (CM), the parafascicular nucleus (Pf), the
red nucleus (RN), the fasciculus cerebello-thalamicus (fct) and the ventral posterior lateral nucleus (VPL).

Figure 3. A comparison between the phase contrast and Nissl stained slices shows that also here most of the structures seen
in the histology can be identified in the tomograms. With the Nissl, the cells are stained in blue as can be seen in the
inset at higher magnification.
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As already mentioned, the disadvantages of the histology are the multiple preparation steps which make this technique
time consuming and which induce unknown changes in the anisotropic and inhomogeneous tissues like it is the case for
brain tissue. According to the selected histological slices, tomograms of the grating-based phase contrast results can be
seen on the left hand side of the Figures 2 and 3. With the aid of the histological slices many of the structures can be
identified in the phase contrast results. The benefit of this non-destructive imaging technique is that the form and
position of the structures are not modified. Another advantage of the tomography results is the isotropic pixel size. For
this reason the spatial resolution in the horizontal and sagittal direction of the thalamus illustrated in Figure 4 is even
better than that of the present histological data set. Of course, the results of histological sections in the horizontal or
sagittal plane would again be better than the tomograms. However, histology results in high quality outcome in only two
dimensions. The spatial resolution of the third dimension is always a few magnitudes larger than that of the other two
dimensions. Here, the structures can even be better identified than on the frontal tomograms. Besides the already
specified structures one can distinguish the mammillothalamic tract (mtt), the fornix (fX), posterior commissure (pc), the
suprageniculate nucleus / posterior nucleus complex (SG/Po), the superior colliculus (SC), the habenular nucleus (Hb),
the caudate nucleus (Cd) and the fasciculus thalamicus (ft).

©
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sagittal

Figure 4. The horizontal and sagittal views of the grating interferometry even more illustrate the possibility to differentiate
between different structures inside and outside the thalamus.
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3.2 Internal strain field induced by sectioning and Nissl staining

_‘
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Figure 5. One Nissl-stained histological slice converted to gray scale for the non-rigid registration. The right image shows
the corresponding magnitude of the deformation field caused by sectioning and staining.

For the determination of the deformation field, the Nissl-stained sections converted to gray scale were non-rigidly
registered. Figure 5 shows one selected slice and the corresponding contribution of the magnitude of the pixel
displacements caused during the histological preparation steps. The maximal displacement of this slice amounts to
1.75 mm what corresponds to 5 % of the slice extension. These maximal strain values are found mainly outside the
thalamus, at the level of the putamen and the globus pallidus, most probably to due to large number of blood vessels in
this area. The magnitude of the displacements of the internal capsule is around 0.8 mm whereas the strains inside the
thalamus are smaller than that value.

4. CONCLUSIONS

Grating-based phase contrast SRUCT is eminently suited for the imaging of human brain tissue with micrometer
resolution. The high-quality images of the human thalamus can be used to determine the 3D deformation vector field,
which is induced by sectioning and staining during histology and to improve the histological data. Therewith, the
corrected histological slices with sub-micrometer resolution should improve the accuracy of stereotactic brain atlases,
which can be used for non-invasive MR-guided neurosurgery without intra-cerebral penetration such as with gamma
knife or high-intensity focused ultrasounds.
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2.3 Grating-based phase contrast X-ray SRuCT of the human
cerebellum

Phase contrast tomography was used for the visualization of the human cerebellum,

where, besides structures like white matter, stratum granulosum, stratum molecu-

lare and differently sized blood vessels, individual Purkinje cells surrounded by soft
tissue could be identified.
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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 wm 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 pm. These cells form the
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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 © 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 mnot 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 (SRuCT), recently (Lareida et al.
2009). Together with the calculations on absorption
contrast between white and grey matter (Brooks et al.
1980), we hypothesize that SRWCT 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
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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 (Forster 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. 2007¢) 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 SRWCT 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 x 6 x 11 mm?®. 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

TL(I,y,Z) =1- 5($,y,2}') + IB(I7y7Z)

The imaginary part B(z,y,2) describes the absorption
of X-rays in the sample. It is related to the widely used
linear X-ray attenuation coefficient w(z,y,2) by

(2.1)

4
u(zy.z) = =7 Blr.y.2). (2:2)
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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 2~ and y-axis form a horizontal plane in which the coordinate x corresponds to the beam
direction. The zaxis is oriented parallel to the z—y-plane in the direction of the viewer. The tomography rotation axis is oriented
parallel to the zaxis. A phase object causes slight deflection of the incoming X-rays.

where A 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 u(z,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 8(z,y,2). It is related
to the electron density distribution p.(z,y,2) by

A2

8(0,1:7) = o, (23)

(a:?y’Z)’
for X-ray energies far away from the absorption edges.
Here, the constant r, is the classical electron radius.

For the detection of 8(z,y,2) 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 g; consists of
silicon stripes with the periodicity p; and a phase shift
of Ap = 7 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 &(A)
and the linear X-ray absorption coefficients u(A) for
the grating materials.

D-8(\)
A )

_ 1—exp(—p(A) - D)

Ap=2m T ow(—n() D)’

(2.4)

At the X-ray photon energy of 23 keV used, a Si
grating g; with D= 28.4 wm provides 7 phase shift
and negligible absorption contrast of C; =1.1 x 1072
The grating lines induce fringe patterns in the X-ray
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intensity distribution downstream. At distances from
the beam-splitter grating of

2
_

d, ==L, 2.5
Y (2.5)

the intensity fringe contrast takes extreme values, with
maximal contrast for odd Talbot orders n=1, 3,5, ...,
and vanishing contrast for even values of n (Weitkamp
et al. 2006). The grating g, termed analyser grating,
with a periodicity ps = p1/2, should have strongly
absorbing stripes with a contrast of Cg ~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 A§=10"°-10"? 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 g, to grating g» equals the Talbot distance
d,, with an odd Talbot order n.

The beam-splitter grating g; 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 g, 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
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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 go has the function of detecting the displace-
ments by wusing 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 @(y,z) and decrement
of X-ray refractive index 8(z,y,2) is

AOD(y,z)  [* 08(x,y,2)
a(y,z) = om0y J_oo 3y dz. (2.6)

Analysis of the phase-stepping data from the inter-
ferometer yields «(y,z). The projection of & 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 « along .
Tomographic reconstruction then yields the three-
dimensional distribution of 6. 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 96/9z 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
8(z,y,2) 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 6.

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
10" photons mm™~?s~'. 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 g; with a
periodicity of p; = 4.785 pm and a Si structure height
of 29 pm, and an analyser grating g, with a periodicity
of pp = 2.400 pm and a structure height of 50 pm corre-
sponding to an absorption contrast value of C,, =
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0.993. With a distance between source and interferom-
eter of 150 m and a distance between the gratings of
d=4794mm (9th Talbot order), the ratio of the
grating periods, po/p;, 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) =2.5 prad  (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 prad 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 x 2048 pixels. The effective
pixel size corresponded to 5.1 pm. Projection radio-
graphs were taken in 1501 steps over a range of 360°
(i.e. step size 0.24°). 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. SRuCT in absorption-contrast mode

SRWCT 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 x 10
photons mm ™ *s™'). 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. Miiller et al. (2007)). Using a detector with a
field of view of 4.57 x 3.05 me, 1440 projections were
recorded during the rotation of the specimen by 360°.
The pixel size amounted to 3.0 wm. The spatial resol-
ution of the entire absorption-contrast set-up was
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determined by 10 per cent of the modulation transfer
function (MTF) (Miiller et al. 2002b) corresponding to
6.48 pm. The twofold binning of the projected highly
X-ray absorbing edge led to a reduced spatial resolution
of 8.77 pm again determined by 10 per cent of the MTF.

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 wm comparable to the 5.1 pm 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) wm for
the absorption contrast and (5.06 + 0.02) pm 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 x 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 (Miiller 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 p- or 8-values inside the different components.
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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 Ad= 3.6 x
1078, The formalin peak (left peak in the diagram) has the
value A8 =15.03 x 10™? with the standard deviation Tform =
0.32 x 107%. 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).

3. RESULTS
3.1. Phase-contrast SRuCT

The reconstructed slice of the grating-based SRuCT
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 Ad = dp,0 — 6 describes
the decrement of the real part of the refractive index
relative to water &y,0. The related histogram
(figure 2b) shows besides the formalin peak at Ad=
0.5 x 107°, two clearly distinguishable peaks with
maxima at A§=1.6x10"° and A§=19 x 107%
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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 () 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.

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
Oorm =~ FWHM,1,,/2.35 = 3.2 x 107!, 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
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real part of the refractive index. Using the value of
o1,0 = 2.3 X 107" in equation (2.3), the corresponding
electron density resolution is 0.15 electrons per nm® and
the mass density sensitivity for aqueous specimens is
0.25 mg cm >, The standard deviation of water in the
processed projections of oy =1.7 X 10 %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 A8, = (0.50 + 0.03) x
107® for the formalin, A8,,.q = (1.61 + 0.08) x 10~® for
the white matter, corresponding to the green-coloured
Gaussian, A8, = (1.54 + 0.17) x 107® 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
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SRWCT 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.

moleculare (orange Gaussian) and A&y, = (1.90 £+
0.09) x 10™® for the stratum granulosum (blue Gaus-
sian) were obtained.

3.2. Density resolution in absorption
and phase-contrast SRuCT

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 x 135 x 50 voxels. Using Gaussian plots,
we obtained the values gomm, = (1.86 + 0.13) cm ™" for
the formalin, gpeq = (1.79 + 0.14) cm™* for the white
matter and flye, = (1.90 £ 0.14) cm ' for grey matter
(figure 3f). Thus, the measurement sensitivity of the
‘absorption contrast BW2’ results in a value of
0.13cm ™.

3.3. Spatial resolution of SRuCT

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 SRnCT-results and resultant failure of the
registration, a 100-fold binning of the grating-based
phase-contrast results was performed (figure 4b). The
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Figure 5. For the calculation of the spatial resolution, the ratio
between rSPg,.. of a tomogram ROI with a fine structure and
rSPp.ac of a tomogram ROI with background (water) was
plotted over spatial frequency.

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 po.
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 x 200 pixels) was
calculated (rSPg.,.) and divided by the rSP of a back-
ground region of the same size (rSPp.a) (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 mm™")
was associated with noise. Finally, the spatial resolution
was estimated as the first observed frequency greater
than twice the mean value of the baseline Rj.. This
value (25 LP mm ') corresponds to a peak to peak dis-
tance of 40 wm. The spatial resolution was taken as half
of this value, amounting to 20 wm 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 um. 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) pm. 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).

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
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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 Ad-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.

highlights the characteristic course of blood vessels
inside the cerebellum with an entrance angle of 90° 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 Ad-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 pm, 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 Ad-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 A8=1.3 x 10~% which appears rather as a
shoulder. This shoulder becomes more obvious in the
histogram of the entire three-dimensional dataset
(figure 6¢). The quantitative analysis of the shoulder
reveals that the related Ad-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 (2010)

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
Otorm 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= 1 cm can be cal-
culated from the equation w=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 x 10~ % 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 pm voxel size com-
pared with the 5 pm 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 6¢), 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 Aé-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 SRWCT 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 pm and
the cell area to around 700 wm?® 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 wm, together
with the pixel size of 5.1 pum, 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) pm? from unfixed cerebellar
sections but less with the result of stained histological
slices by Tran et al (1998), who found (374 +
34) wm®. 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 mm? (Jeste et al.
1984), a value also obtained from our tomographic
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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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2.4 Multimodal imaging: PC-uCT, tMRI and histology
The following section deals with the advantages and disadvantages of X-ray phase

contrast microtomography, magnetic resonance microscopy and histology. Further-
more, it presents a possibility to merge these complementary imaging techniques.
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Imaging modalities including magnetic resonance imaging and X-ray computed tomography are
established methods in daily clinical diagnosis of human brain. Clinical equipment does not provide
sufficient spatial resolution to obtain morphological information on the cellular level, essential for applying
minimally or non-invasive surgical interventions. Therefore, generic data with lateral sub-micrometer
resolution have been generated from histological slices post mortem. Sub-cellular spatial resolution, lost in
the third dimension as a result of sectioning, is obtained using magnetic resonance microscopy and micro
computed tomography. We demonstrate that for human cerebellum grating-based X-ray phase tomography
shows complementary contrast to magnetic resonance microscopy and histology. In this study, the
contrast-to-noise values of magnetic resonance microscopy and phase tomography were comparable
whereas the spatial resolution in phase tomography is an order of magnitude better. The registered data with
their complementary information permit the distinct segmentation of tissues within the human cerebellum.

inimally or non-invasive surgical interventions on the brain are generally based on less detailed patient-

specific imaging (pre- and intra-operative) and high-resolution generic anatomical data. The generic

knowledge of brain microstructure currently relies on two-dimensional (2D) evaluation of histological
slices, which requires time-consuming sectioning, staining, and (manual, expert-based) image analysis. The
advantages of histology are sub-micrometer resolution and excellent tunable contrast depending on the staining
protocol"?. However, the technique does not provide isotropic three-dimensional (3D) information of the soft
and hard tissues, as is regularly obtained using magnetic resonance imaging (MRI) and X-ray computed tomo-
graphy (CT). Furthermore, it is hard to imagine image-guided neurosurgery’ without MR guidance.
Conventional MRI is a well-established technique for brain imaging, and yields superb contrast between white
and grey matter but only limited spatial resolution. At present, medical MR systems produce images with typically
sub-millimetre voxel lengths. Small animal MR microscopy (LMRI) scanners equipped with stronger gradient
systems and operating at higher magnetic field strengths have been used to visualize mouse brains in vivo** and
pieces of human brain post-mortem®” with voxel sizes of a few tens of micrometers. Conventional CT also
provides fully quantitative 3D data ultimately reaching higher spatial resolution than MRI. The CT contrast
for brain tissue, however, is weak. Despite low inherent brain tissue contrast, micro-CT (uCT) as a non-destruct-
ive technique has already been used to correct deformations induced in data sets obtained by histological
sectioning during the preparation of histology®. In order to obtain a better contrast than in these absorption-
based studies, synchrotron radiation-based phase-contrast pCT (PC-uCT)*'* was recently applied to human
brain''. X-ray phase-contrast methods are based on the phase shifts of X-ray waves penetrating the specimen
which is related to the decrement d(x,y,z) of the real part of the refractive index distribution. A variety of PC-uCT
methods based on crystal interferometry'?, propagation-based (or inline) contrast'>'* or analyzer-based imaging
(ABI)">** are available today. More recently, grating interferometry'’"" (also known as Talbot interferometry)

| 2:826 | DOI: 10.1038/srep00826 1
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6 x6x 11 mm?

Figure 1 | Cerebellum block extraction. The photograph (right) and MR-slice acquired using a Verio 3T whole body scanner (Siemens Health Care,
Erlangen, Germany) illustrate the location and size of the cerebellum within the donated body.

was developed, which reaches the especially high contrast required
for identifying structures with small differences in electron density as
is the case in brain'"**?'.

In the light of these inherent advantages and disadvantages of
MR- and CT-based techniques and histology, the aim of the present
communication is to elucidate how far the combination of the com-
plementary methods pMRI, grating-based PC-uCT and histology
yields additional information on the microanatomy of the human
cerebellum.

Results

3D imaging. A specimen taken from the human cerebellum (Figure 1)
was visualised in 3D using grating-based PC-uCT and pMRI. Figure 2
shows virtual cuts through identical regions of the brain tissue obtained
with the two imaging techniques after non-rigid 3D registration™.
In the mixed T1/T2*-weighted ptMRI images white matter structures
appear darker than grey matter structures. Grey matter consists of two
components: the stratum granulosum and the stratum moleculare.
Because of the weak MR-contrast between these layers, however, it is
impossible to segment these structures with an intensity-based algo-
rithm. PC-pCT, on the contrary, provides high contrast between these
grey matter layers: with the stratum granulosum appearing as a bright
feature and the stratum moleculare as the dark outer structure. The
white matter (interior dark region in PC-pCT) exhibits J-values very
similar to the stratum moleculare and can only be segmented because
the stratum granulosum is located between the two tissues. Therefore,
an intensity-based segmentation is also impossible in this case. This can
be deduced from the related histograms of the 3D data in Figure 2. The
histogram of the pMRI data (green-coloured triangles in the figure)
shows a shoulder (left) associated with white matter, and a peak asso-
ciated with grey matter (right). The histogram of the PC-uCT data (red-
coloured squares) contains two peaks and a shoulder. The first peak
corresponds to the stratum moleculare, which was in direct contact with
formalin during the whole fixation period of the brain. The second peak
is a superposition of the stratum moleculare that was in contact with
formalin only for restricted periods of time and the white matter. The
shoulder on the right originates from the stratum granulosum.

Tissue contrast. The images in Figure 2 acquired with PC-uCT and
UMRI show the characteristic morphology of the human cerebellum.
The contrast-to-noise ratio ¢ between two anatomical structures can
be defined as

c= ‘xcl — X2 ‘
FWHMpak

(1)

where x,; are the centre positions of the related peaks in the histo-
grams and FWHM,,. is the full-width-at-half-maximum of the
background signal, here formaldehyde solution and perfluoropo-
lyether, respectively. This definition of the denominator was chosen
for practical reasons (see supplementary material). Using Equation 1,
six c-values between the four anatomical structures were determined
for PC-pCT and puMRI (Figure 3). The highest contrast in the PC-
PCT images is the contrast between stratum granulosum and tissue
in contact with formalin (E) and has the value of cpc_pcr_max = 6.4 £
0.2. Using uMRI a maximum value of ¢,pr;_max = 9.5 * 0.1 was
determined, corresponding to the contrast between white matter and
tissue in contact with formalin (C).

Joint histogram. The superposition of peaks in the individual
histograms prevents the segmentation of the anatomical features.
In particular, it is impossible to differentiate between stratum
moleculare and stratum granulosum in the pMRI data, and
between white matter and stratum moleculare in the PC-pCT data.
Combining pMRI and PC-pCT using a joint histogram, however,
allows the distinct discrimination between the characteristic soft
tissues (Figure 4). To do so, the first step was the identification of
the 2D maxima in the joint histogram corresponding to the tissues of
interest using a multi-Lorentzian fit. Subsequently, the intersections
of the Lorentzians were calculated. These intersections characte-
rize the interfaces between the anatomical structures and allow a
distinct differentiation between white matter, given in red, stratum
granulosum in blue, and stratum moleculare in yellow. In addition,
the green-coloured peak indicates regions of stratum moleculare,
which were in direct contact with formalin during the whole
fixation period.
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Figure 2 | X-ray phase micro computed tomography and MR microscopy of the cerebellum. The selected orthogonal virtual cuts through the specimen
and the corresponding histograms of the 3D data illustrate the power and complementary nature of the two techniques for imaging the human

cerebellum.

Spatial resolution. In order to evaluate the spatial resolution of
UMRI, PC-pCT, and histology, firstly line plots through the
registered data of the human cerebellum (see Figure 5) were
inspected. The spatial resolution of the imaging techniques can be
deduced by comparing the roughness of the line plots. Histology has
the best spatial resolution followed by PC-uCT then uMRI. To
quantify this observation, the spatial resolution Asz was calculated
by Fourier analysis'"**. The radial spectral power (rSP) of a structure
of interest in a 100 X 100 pixel region of a selected slice (rSPy,,) was
calculated and divided by the 7SP of a background region of same size
(rSPpack) (i.e. of formalin for PC-uCT, perfluoropolyether for tMRI
and glass without brain tissue for histology). This ratio was plotted

I PC-uCT

101 B MR

Contrast-to-nosie ratio ¢

A B C D E F
Tissue relations

Figure 3 | Tissue contrast in human cerebellum. The above data compare
contrast values between UMRI and PC-puCT for white matter and stratum
granulosum (A), white matter and stratum moleculare (B), white matter
and tissue in contact with formalin (C), stratum granulosum and stratum
moleculare (D), stratum granulosum and tissue in contact with formalin
(E) and between stratum moleculare and tissue with formalin (F).

against the spatial frequency. The peak-to-peak distance of the first
frequency larger than twice the mean value of the baseline (noise)
was divided by two to determine the spatial resolution®*. The Agg-
values corresponded to (6 + 1) pum for histology, to (20 * 5) um for
PC-uCT, and to (210 = 40) pm for pMRI.

Multimodality. The morphology of the cerebellum can be properly
visualized combining pMRI, PC-uCT, and histology. Figure 6
illustrates one possible way of combining the 2D images of the
three techniques used in this study. Each technique is represented
by one of the colour channels red/green/blue (RGB) (see Figure 6, left
image). Such a colour representation directly illustrates the contri-
butions of the individual techniques. For example the yellow colour,
which indicates the stratum granulosum, is mainly the superposition
of contrast from the PC-pCT and pMRI, whereas the purple colour
(white matter) primarily arises from the PC-pCT and the histology
signals.

Discussion

Grating interferometry is based on the detection of the deflection
angles of the X-rays passing through the specimen. After reconstruc-
tion, a 3D distribution of the decrement § of the real part of the
refractive index of the specimen can be obtained, which is directly
related to the electron density distribution

1.2
B pe(x.9,2)

(2)

with the classical electron radius 7, and the X-ray wavelength A>°.

In MRI, contrast between different tissues is determined by their
relative spin densities p,, their characteristic relaxation properties at
the purported magnetic field strength, i.e. their distinguished T
(longitudinal) and T, resp. T,* (transversal) relaxation times, and
the imaging sequence and parameters used (in particular the echo
time TE, the repetition time TR and the flip angle ). In a very general
manner, the measured amplitude of the signal for a gradient echo
sequence can be described as

d(x,y,2)=
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Figure 4 | Segmentation by means of a joint histogram. From the joint histogram of the phase tomography and MR microscopy data it is possible to
distinctly segment the stratum granulosum, stratum moleculare, white matter, and brain tissue that was in direct contact with formalin for a longer period
of time than other parts. The white arrows indicate the positions of the related line plots. The colours of the virtual cuts of PC-pCT and pMRI on the right
side correspond to the colours assigned to the four peaks in the joint histogram.
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Figure 5 | Spatial resolution of histology, X-ray phase tomography, and MR microscopy. Comparable line plots through selected slices demonstrate that
the spatial resolution decreases from histology via PC-uCT to puMRIL.
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blood vessels (< 15 um)

pMRI PC-uCT

Histology

Figure 6 | Multimodal imaging of the cerebellum. The fusion of slices from PC-uCT, pMRI, and histology using the RGB channels directly visualizes the
contributions from the three imaging techniques. The combination of the three techniques permits the distinction of otherwise indistinguishable
anatomical features, such as the separation between white matter (violet), stratum granulosum (yellow), stratum moleculare (green) and blood vessels of
different sizes (purple and white arrows). The enlarged regions (with different magnification) show the light blue coloured small capillaries.

T
S(p,T1,T2, TE,TR) oC p, sinu(lfe7%> 67“{ 3)
1—cosare T
where
1 1 .
— = — +7AB, with yABy=~60Hz (4)

T, T,

takes into account the refocusing of magnetization components that
were dephased under the readout gradient of the imaging sequence,
while dephasing of magnetization resulting from static field inho-
mogeneities such as susceptibility effects contribute to the image
contrast. In order to optimize tissue contrast, dedicated imaging
sequence parameters were chosen based on literature values for grey
and white matter at magnetic fields of 9.4 T*.

Before the acquired data can be compared and combined, they
must be registered with each other in 3D space. It was shown that the
3D registration using the maximization of the mutual information®
gives precise results for the registration of tomography data from
different imaging modalities””. A rigid registration including three
degrees of translation and three degrees of rotation seems to be
sufficient for the 3D data set acquired by PC-pCT and pMRI.
Although the brain tissue undergoes shrinkage during formalin fixa-
tion, further deformations over long-time periods are minimal.
Nevertheless, an affine registration with an additional three scaling
factors compensates for the error in individual pixel sizes. In our case
a non-rigid registration was required to correlate the corresponding
voxels between the imaging modalities. This approach accounts for
possible deformations within the brain tissue induced during the
transfer of the specimen from the cylindrical polyethylene container
(filled with formaldehyde) used in PC-uCT measurements into the
container (with perfluoropolyether) for uMRI. Because of the defor-
mations induced during sectioning and staining, the histological slice
was also non-rigidly registered with the tomography data.

The virtual cuts through the uMRI and PC-uCT data sets in
Figure 2 elucidate the pros and cons of each method. It is well known
that MRI provides superb contrast between white and grey matter.
White matter (dark region) can easily be distinguished from the grey

matter (bright region) in our mixed T1/T2*-weighted puMRI images.
On the contrary, differentiation between layers of grey matter tissues,
in particular between stratum granulosum and stratum moleculare,
is hardly possible. Here, PC-uCT provides a clear distinction between
these anatomical structures. White matter (inner dark region), how-
ever, has a comparable electron density to stratum moleculare (outer
dark region). These observations are quantified using Equation 1 and
summarized in Figure 3. With the definition of the contrast-to-noise
ratio ¢ presented in this manuscript, a value ¢ > 1 is required to
distinguish anatomical structures using intensity-based algorithms.
Therefore, one can conclude that the PC-pCT contrast is sufficiently
high to distinguish between the four tissues whereas uMRI contrast is
restricted to white and grey matter. Additionally, the PC-uCT pixel
size is a factor of nine smaller than uMRI, although the maximal
c-value observed in the PC-UCT results is slightly lower than the
maximal pMRI contrast-to-noise ratio. Binning the tomography
data reduces the spatial resolution but improves the contrast®.
Therefore, we can state that the contrast-to-noise between the two
methods yields comparable values.

In addition to the contrast-to-noise ratio ¢, we also consider the
spatial resolution Agr to assess image quality. Following the work
of Thurner ef al.*®, we combine these two values in the quality factor

q

Cc
=—. 5
q /’LSR ( )

Using the maximal contrast values of PC-uCT and pMRI and the
corresponding spatial resolution values, one obtains quality factors
of (0.32 * 0.09) pm ™! for PC-pCT and (0.05 * 0.01) pm ™' for uMRL.
Based on this definition, PC-pCT yields six times better images than
UMRI. More importantly, however, the complementary results of the
two data sets can be derived using a joint histogram as presented in
Figure 4. Three anatomical structures can be segmented, i.e. white
matter (red), stratum granulosum (blue) and stratum moleculare
(yellow). Furthermore, due to its high sensitivity, PC-uCT allows
the detection of differences within the tissue induced by different
periods of formalin fixation. The green regions in Figure 4 cor-
respond to domains of stratum moleculare, which were in direct

| 2:826 | DOI: 10.1038/srep00826

5



2.4 Multimodal imaging: PC-uCT, uMRI and histology

47

contact with formalin for the whole fixation period of 120 days and
not only for 20 days.

In summary, we demonstrate the advantages and disadvantages of
PC-pCT, uMRI and histology and present a method to combine data
from these complementary techniques in order to segment the ana-
tomical layers of the human cerebellum post mortem. The clear
segmentation of the three layers allows us to quantify the ratios
between these volumes. Given that cell death in the cerebellum is a
common cause of neurological disease, e.g. in cerebellar ataxias® and
that abnormalities in the cerebellum have more recently also been
implicated in autism and neuropsychiatric disorders**' methods for
a reliable quantitative assessment of cerebellar morphology and
pathology are certainly needed. Unfortunately, the currently avail-
able stereological methods for the cerebellum are very time consum-
ing and often lack precision®*>. The presented method has the
potential to significantly reduce the effort and improve the quality
of quantitative stereological assessments of the cerebellum.

Methods

Specimen preparation. The brain from the donated body of a 68-year-old male was
extracted at the Institute of Anatomy (University of Basel, Switzerland) within 48 h
after death. The whole brain was transferred to 10% formalin solution for fixation. All
procedures were conducted in accordance with the Declaration of Helsinki and
according to the ethical guidelines of the Canton of Basel. The small cerebellum block
(6 X 6 X 11 mm®) was extracted at the University Hospital Zurich, Switzerland, after
approximately three months of fixation (Figure 1). During the measurements the
specimen was placed in a 0.5 mL Eppendorf container filled with 4% formalin
solution for PC-uCT and with perfluoropolyether (Fomblin® Y-LC 80, Solvay Solexis,
Bollate, Italy) for tMRI in order to reduce the background signal and susceptibility
artefacts at the tissue-liquid interface®.

Grating-based X-ray phase tomography. A detailed description of grating
interferometry can be found in the literature'"'>***. The experiment was performed
at the beamline ID19 (ESRF, Grenoble, France) at the interferometer installed there®
with X rays from the U32 undulator with a gap set to 15.15 mm. Using a double-
crystal Si(111)-monochromator in Bragg geometry a 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; (made at the Paul
Scherrer Institut, Villigen, Switzerland) with a periodicity of p; = 4.785 pm had a Si
structure height of 29 pum, which corresponds, within a few percent, to a phase shift of
7 for 23-keV X rays. The analyzer grating g, (made at the Karlsruhe Institute of
Technology, Eggenstein-Leopoldshafen, Germany) had lines of gold with a
periodicity of p, = 2.400 um and 50 pm structure height. This corresponds to an
intensity transmission of only about 6 X 10~ through the teeth of the analyzer grating
comb, i.e., a contrast of 100%. With a distance between source and interferometer of
150 mand a distance between the gratings of d = 479.4 mm (corresponding to the 9
Talbot order), the ratio of the grating periods p,/p; was matched to the beam
divergence®. The sample container was immersed 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 specimen was located
10 cm upstream of the beam-splitter grating. The detector 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 X 2048 pixels and an
effective pixel size of 5.1 um, placed approximately 3 cm 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.

Magnetic resonance microscopy. The tMRI measurements were carried out on a
9.4 T,30 cm horizontal small animal MR unit (Bruker BioSpec, Bruker BioSpin MRI,
Ettlingen, Germany) equipped with a transceiver cryogenic quadrature radio
frequency (RF) surface coil (CryoProbe™) designed for MRI of the mouse brain at
increased sensitivity. High-resolution structural images were acquired with a T,*-
weighted 3D FLASH sequence with isotropic voxel size of 45 pum (field of view (FOV)
1.35 X 0.90 X 1.35 mm®, acquisition matrix (MTX) 300 X 200 X 300, echo time (TE)
12 ms repetition time (TR) 400 ms, flip angle (o) 15°, number of averages (NA) 1 ata
total acquisition time of 400 minutes.

Histology. Sections of 50 jtm thickness of the cerebellum block were prepared using a
microtome with vibrating blade HM 650 V (Microm International GmbH, Walldorf,
Germany). For the staining procedure, the sections were mounted on gelatinized
slides and stained for Nissl with cresyl violet'. Microphotographs of selected slices
were taken using a Leica MZ16 microscope and DFC420-C digital camera.

Data processing. The reconstruction of the phase-contrast dataset was carried out
using a modified filter kernel (Hilbert transform) in combination with a standard
back-projection algorithm***”**, Because the signal intensity in the tMRI images

varies with the coil sensitivity profile, further processing was performed. For the
correction of the inhomogeneities a modified fuzzy C-means algorithm was applied™.
For a reasonable analysis of the joint histogram, the 3D datasets were non-rigidly
registered using the classical maximization of mutual information (MI) principle**!.
The chosen registration algorithm is based on the adaptive hierarchical image
subdivision strategy, which decomposes the non-rigid matching problem into
numerous local affine registrations of image segments of decreasing size*>. The local
registrations were again performed using the classical maximization of MI principle.
The local registration parameters were identified using the Powell multi-dimensional
search algorithm** such that the MI between the reference and the floating sub-images
was maximized. The hierarchical image splitting strategy*’ recently underwent
several improvements and was extended to 3D***, For region selection in the joint
histogram, the line plots were approximated with a multi-Lorentzians fit using the
Levenberg-Marquardt algorithm in OriginPro 7.5 (OriginLab Corporation,
Northampton, USA).
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3 Conclusions

The human brain increases its volume after extraction due to lower pressure outside
the cranium. On the other hand a volume shrinkage occurs during the formalin
fixation which can be explained by a cross-linking process of the proteins. The
quantification of these counteractive processes can be performed using an affine
registration algorithm applied on MRI data sets at diverse steps of the study.

In addition to the global changes, the extraction and formalin fixation induces a local
strain field because of the inhomogeneity of the brain tissue. These local artifacts
can be achieved by means of a 3D non-rigid registration. The resulting corrected
data sets generate a morphological condition of the brain which is very close to the
post mortem situation inside the cranium.

Taking advantage of immense high photon flux density (e.g. 10 photons mm™2

s~ at DORIS storage ring, HASYLAB at DESY, Hamburg) and tunable energies
SRuCT shows true micrometer resolution, but only allows investigation on human
tissues post mortem as the dosage is definately too high for living organisms.

Grating-based phase contrast pCT using hard X-rays shows a much higher contrast
between structures within soft tissues, than absorption contrast. The reason is the

composition of soft tissue which mainly consists of elements with low atomic numbers
(Z <10).

With its spatial resolution in the sub-micrometer range, histology can dissolve struc-
tures one magnitude smaller than PC-puCT can achieve. Compared to uMRI this
difference is even of two magnitudes. The combination of the three complementary
imaging techniques allows the segmentation of anatomical layers of the human cere-
bellum post mortem and, in addition, contains the high-resolution information from
histology.

The high sensitivity of grating-based phase contrast even allows the visualization of
structures within the human thalamus. Due to the marginal differences in absorption
and electron density within the thalamus, the visualization of it is one of the most
ambitious challenges in X-ray tomography. The high-quality images can be used
for the determination of the 3D deformation vector field induced by sectioning and
staining of the inhomogeneous soft tissue during histology.

Grating-based SRuCT also offers superior 3D images of the human cerebellum,
which not only allow for the discrimination between gray and white matter but also
between stratum moleculare and stratum granulosum. With an electron density
resolution of 0.15 electrons per nm?® corresponding to a mass density sensitivity
of 0.25 mg cm~! for aqueous specimens, a clear visualization of individual non-
stained Purkinje cells surrounded by soft tissue is possible - a technique that is so
far unrivaled.
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Having voxel sizes of a few tens micrometers, MR microscopy shows sufficient con-
trast between white and gray matter, but almost no differences within the gray
matter can be observed. Contrary to that, PC-uCT shows a clear contrast between
two tissues of gray matter, but only marginal contrast between stratum moleculare
and white matter. The complementary information of PC-uyCT and pMRI were
merged by means of a joint histogram which allows a clear segmentation of all of
these structures.

PC-uCT shows a comparable maximal contrast-to-noise ratio to uMRI for the hu-
man cerebellum. However, PC-uCT yields six times higher values for the quality
factor which is based on the contrast and spatial resolution.
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