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ABSTRACT 

The microstructure of brain tissues becomes visible using different types of optical microscopy after the tissue sectioning. This 
preparation procedure introduces stress and strain in the anisotropic and inhomogeneous soft tissue slices, which are several 
10 µm thick. Consequently, the three-dimensional dataset, generated out of the two-dimensional images with lateral sub-
micrometer resolution, needs algorithms to correct the deformations, which can be significant for mellow tissue such as brain 
segments. The spatial resolution perpendicular to the slices is much worse with respect to the lateral sub-micrometer 
resolution. Therefore, we propose as complementary method the synchrotron-radiation-based micro computed tomography 
(SRµCT), which avoids any kind of preparation artifacts due to sectioning and histological processing and yields true 
micrometer resolution in the three orthogonal directions. The visualization of soft matter by the use of SRµCT, however, is 
often based on elaborate staining protocols, since the tissue exhibits (almost) the same x-ray absorption as the surrounding 
medium. Therefore, it is unexpected that human tissue from the pons and the medulla oblongata in phosphate buffer show 
several features such as the blood vessels and the inferior olivary nucleus without staining. The value of these tomograms lies 
especially in the precise non-rigid registration of the different sets of histological slices. Applications of this method to larger 
pieces of brain tissue, such as the human thalamus are planned in the context of stereotactic functional neurosurgery. 
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1. INTRODUCTION 

The execution of stereotactic functional neurosurgery without penetration and physiological control requires the precise 
determination of the targeted lesion position solely based on magnetic resonance imaging. The location of the target, e.g. in the 
thalamus, with desired precision is possible, even if the targeted nuclei are invisible on the acquired images using the atlas of 
the human thalamus.1,2 The application of the atlas and prior knowledge to the actual therapy is, however, a specific process. 
The current planning of the intervention, basically relying on fixed spatial relations between target areas and pre-defined 
anatomical landmarks can be significantly improved and generalized by taking into account the full variability of the 
underlying anatomical structures. One of the open issues is the establishment of anatomically meaningful correspondence 
between the individual structures in the training set, which is still subject of ongoing research.3,4 Due to the very high 
complexity of the related model, the establishment of correspondence between stained histological slices belongs to the major 
challenges when trying to build a corresponding statistical shape model. Suitable algorithms allow fitting the average model to 
the actual patient using only structural data available from magnetic resonance imaging. 

Structure and morphology of human tissues, as for the generic brain atlas, are generally characterized on sub-micrometer level 
using optical microscopy, preparing parallel histological slices several 10 µm thick. The stress and strain introduced by the 
preparation procedure leads to deformations of the anisotropic and inhomogeneous soft matter, expected to be especially 
critical for mellow tissue such as brain segments. In order to get the true 3D representation, the deformations have to be 
corrected visualizing and quantifying the anatomic features of the tissue.  
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Synchrotron-radiation-based micro computed tomography (SRµCT) provides the necessary spatial and, to some extend, also 
density resolution, as shown by preliminary results of rather small pieces of brain tissue in 2005.5 Even without any staining, 
several anatomical features are uncovered in the individual SRµCT-slices. For example, one can clearly identify the inferior 
olivary nucleus, which is an agglomeration of neuronal cells and which exhibits higher absorption than the surrounding tissue. 
Fiber tracts are also visible in the tomogram. Holes with diameters of several 10 µm in the histological slices are attributed to 
the larger blood vessels. Many blood vessels seem to be collapsed in the 3D configuration and presumably originate 
significant distortions in the histological slices. The value of the tomogram, therefore, lies in particular in the possibility to 
non-rigidly register the different sets of histological slices by means of the available, less-detailed 3D data. The combination 
of the different information at the micrometer and millimeter scales offers a promising tool to significantly improve the 
generic brain atlas and thereby the minimally invasive or even non-invasive patient treatment using facilities such as focused 
3D ultrasound under magnetic resonance guidance. 

The following tasks have to be carried out to reach the envisioned target. First, the conversion of the current slice-based atlas 
data into a fully 3D representation, based on a dense set of points in an anatomically defined coordinate system incorporating 
the information of SRµCT. Second, the establishment of reasonable correspondence between the individual anatomies. This 
procedure will be based on interactive definition of visible landmark structures, followed by automatic adjustment to reach 
dense correspondence relations. Third, the training of an average model and the de-correlated set of shape variation modes by 
principle component analysis. Finally, the implementation of optimization algorithms fitting the average model to the actual 
patient data while respecting the pre-determined modes of variation resulting from the previous training step must be 
accomplished. This fitting procedure will only use structural data available from the magnetic resonance imaging acquisition 
overlaying the full set of mostly invisible, relevant nuclei onto the radiological images. 

Consequently, the currently available brain atlas (Morel atlas)1 will could be improved, first by extending the underlying 
histological data by SRµCT, second by investigating the possibility to include tomographic datasets with only partially defined 
structures, third systematically quantifying the precision of the structural prediction of the statistical atlas and the necessity to 
incorporate further datasets into the model, and finally by investigating the use of appearance-based predictors from the 
magnetic resonance images to improve the fitting process. 

 

2. SRµCT MEASUREMENTS 

Synchrotron-radiation-based micro computed tomography (SRµCT) in absorption contrast mode is well established to 
quantitatively characterize the three-dimensional (3D) morphology of different kinds of biomaterials and the anatomy of 
various human tissues with true micrometer resolution. The main advantage with respect to conventional µCT is the much 
higher photon flux, offering to eliminate all x-ray photons but the ones of selected energy, and still maintain a reasonable 
acquisition time. Bragg reflection at single crystals permits the selection of the photon energy with the precision of 10-4. 
Consequently, synchrotron radiation became a tuneable x-ray source also for tomographic imaging. Because the x-ray 
absorption coefficient µ strongly depends on both energy E and atomic number Z, the choice of the photon energy can be 
optimized minimizing the total exposure time at any prescribed sensitivity by the relation µ(E,Z) . D = 2, where D corresponds 
to the average sample diameter, as shown by Grodzins.6 Accordingly; we selected the photon energy of 10 keV for the present 
study. The spatial resolution was determined by the modulation transfer function of an edge of a gold plate recorded under the 
conditions applied for the data acquisition7 and corresponds to 6.20 and 4.25 µm for the brain segments in formalin/phosphate 
buffer and in paraffin, respectively. Note, the voxel lengths were chosen to 4.05 and 2.10 µm because of the different 
specimen diameters. 

The experiments were carried out at the beamline BW 2 (HASYLAB at DESY) taking advantage of the standard setup for 
tomography.8 Positrons with the energy of 4.5 GeV are forced to travel along a curved path by the bending magnets of the 
storage ring DORIS III. The wiggler of the beamline BW 2 is a magnetic structure of 28 periods to generate the necessary 
photon flux. The fixed exit double crystal monochromator, Si(111) provides the monochromatic x-ray beam of desired energy 
and flux. The sagitally bent second Si(111) crystal reduces the beam divergence and forms a parallel beam about 10 mm wide 
and 3 mm high. This beam hits the sample at a certain angle and generates the related projection image on the fluorescence 
screen, which was a 1000 µm-thick CdWO4 single crystal. After moderate magnification this optical image is mapped on a 
Kodak KAF 1600 CCD-chip (1536 x 1024 pixels, pixel length 9 µm) and acquired using 14 bit digitalization at a frequency of 
1.25 MHz. The sample manipulator allows the precise specimen positioning and rotation. For the present study, 4 datasets at 
different sample heights (shifted by 1.5 mm) each with 721 projections were acquired by rotating the sample in steps of 0.25° 
from 0 to 180°. In order to eliminate the beam non-uniformities and account for the detector noise, the difference between the 
individual bare projections and the dark image was divided by the difference of the beam and the dark image to obtain the 
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corrected projections, which were the basis of the reconstruction. Nevertheless, image inhomogeneities still existed due to the 
photon counting statistics and non-uniformities and defects in the fluorescence screen. The reconstruction was performed 
slice-by-slice with the filtered back projection algorithm.9 In order to improve the density resolution,10 the data were also 
binned by the factors of 2, 3, and 4 before reconstruction. For the 3D visualization of the blood vessel system the software VG 
Studio Max (Volume Graphics, Heidelberg, Germany) was applied. 

 

3. BRAIN TISSUE SELECTIONS AND PREPARATION 

The brain tissue consists of neuronal cells, axons and glial. In neurosurgery, special interest is in the arrangements of neuronal 
cells, which form nuclei and fiber tracts, which may exhibit stronger or lower absorption than the surrounding tissue. 

Many descriptions of the brain anatomy are known. As shown in Fig. 1, we just discriminate here between the forebrain (blue 
colored), the midbrain (green colored), and the hindbrain (yellow colored). For the experiments, parts of the pons and the 
medulla were selected. This tissue was conserved in formalin for about 12 months. After cutting into pieces of appropriate 
size, it was transferred to 0.5 ml Eppendorf tubes and entirely filled with phosphate buffer (PB). Alternatively, other pieces 
were embedded into paraffin, which is known to absorb x-rays less than water. Thus, the images should exhibit better contrast 
and the structures of interest should be segmented easier. 

 

 

 
 

 

Fig. 1. The anatomy of the brain (left side) with forebrain (blue colored), midbrain (green colored), hindbrain (yellow 
colored). The locations of the selected pieces in the postmortem hindbrain are shown on the right. The results of the 
part of the medulla oblongata, termed pMO 3 and aMO 1 are illustrated below. 

 

4. HISTOLOGICAL SECTIONING OF BRAIN TISSUE 

Subsequent to the SRµCT measurements the specimens were investigated by means of histology. The specimens were 
embedded in paraffin or frozen for cryogenic cutting. The slices obtained were 10 µm thick for the paraffin embedding and 
30 µm thick for the frozen sections. The thickness of the individual sections was not experimentally verified. 

With respect to the paraffin embedded slices, the frozen sections are preferred, because these free-floating sections undergo 
less shrinkage11 and multiple staining procedures are applicable. 

The optical microscopy in bright- and dark-field mode provides images of the slices with high lateral spatial resolution. 
Depending on the staining performed, a variety of features can be more or less easily identified and quantitatively analyzed. 
Fig. 2 shows typical images of the Nissl stained tissue slices each 4 mm x 4 mm both in bright- (left) and dark-field (right) 
mode. The anatomical features of the medulla oblongata include the inferior olivary nucleus (ION), the pyramid (corticospinal 
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tract) and the medial lemniscus, which reflect, on the cellular level, neuronal cells (nerve fibers and cell bodies) as well as 
blood vessels.  

 
Fig. 2. Slices of brain tissue stained with Nissl – bright field (left) and dark field (right) – show the anatomical features of 

the medulla oblongata, including the inferior olivary nucleus (ION), nerve fibers, and cavities (blood vessels). 

 
 

Fig. 3. Two subsequent histological slices of the medulla oblongata, which show some problems for automated registration 
resulting from illumination issues, artifacts such as folds (A), overlaps (B) and collapsed cavities (C) as well as 
changes due to the limited resolution in the third direction. 
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In order to obtain a 3D representation of the tissue, one has to combine the slices in the suitable manner. How difficult the task 
is, is shown in Fig. 3. Here, two subsequent slices are given, which reveal the problems in automated registration resulting 
from the differences in illumination (i.e. contrast), folds (A), overlaps (B), collapsed cavities (C) and major changes resulting 
from the limited resolution in the third direction. The power of histology, however, lies in the application of different staining 
protocols, which allows uncovering the detailed functionality of the cellular structures. Two examples, i.e. myelin and Nissl, 
are given in the present paper. 

 

5. SRµCT OF PARAFFIN EMBEDDED BRAIN TISSUE 

The blood vessel system of brain tissue should yield prominent anatomical landmarks for the registration of the 2D optical 
images of the histological slices. Paraffin embedding is expected to lead to better contrasting of the cavities than the 
measurements in water (phosphate buffer). Indeed, the SRµCT slices, represented in Fig. 4, exhibit clear contrast between air 
– represented in black, paraffin – represented in gray, and brain tissue – represented by the bright color. Several cavities are 
only partly or even not filled by paraffin. This effect simplifies the segmentation of the cavities. The tissue shows some 
internal structure, which well elucidates the anisotropy of the specimen.  

 

 

 

 
Fig. 4. The 3 orthogonal slices of paraffin embedded brain tissue are visualized by SRµCT and clearly allow segmenting 

tissue (bright), paraffin (gray) and air (black). Some cavities are not filled by paraffin. The anisotropic tissue structure 
is well represented. 

 
Another phenomenon is shown in Fig. 5. The slice on the left clearly indicates that the cavities are surrounded by some 
stronger absorbing layer associated with the blood vessel walls, which further simplifies the intensity-based segmentation of 
the vessel tree. On the right of Fig. 5 a 3D representation of the segmented cavities is reproduced. Therefore, one can conclude 
that the segmented blood vessel system offers a route for the registration of the histological slices in the case of the paraffin 
embedded specimens. 

It should be noted that even the smallest blood vessels, i.e. the capillaries are uncovered, because the voxel size corresponds to 
about 2 µm and the spatial resolution of 4 µm is equal or smaller than the diameters of the capillaries. 
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Fig. 5. The cavities (blood vessels) are surrounded by stronger absorbing species (cp. slice left). The blood vessel system 
can be extracted and visualized in 3D using intensity-based segmentation (right). 

 

6. SRµCT OF BRAIN TISSUE IN WATER 

Compared to the paraffin embedded specimens it is much more challenging to extract anatomical features of tissue in water, 
since the tissue consists mainly of water and thus the difference in absorption contrast is extremely weak. Nevertheless, we 
were able to make visible several landmarks as illustrated in Fig. 6. For imaging the data are binned by a factor of 3 prior to 
the reconstruction, which significantly enhances the density resolution or contrast reducing the spatial resolution.10 In general, 
the tissue exhibits about 10% less absorption than the surrounding phosphate buffer. Therefore, the outer shape of the tissue is 
easily recorded. This helps to register the 2D optical slices. In our experiment, however, the tissue was in stronger contact with 
the wall of the Eppendorf container to avoid any undesired relative movement of the tissue during the necessary specimen 
rotation. Therefore, the outer shape of the optical slices and the SRµCT cannot be compared one-by-one. 

The nuclei, which are identified by means of the histological slices, have in average a comparable absorption than the 
phosphate buffer. A closer look reveals a difference in x-ray absorption at the photon energy of 10 keV, which corresponds to 
around 1% using a binning factor of 3. The agglomeration of the neuronal cells can be segmented from the other kinds of 
tissue. 

The fiber bundles are also seen, but the segmentation is difficult to perform. 

In summary, the registration of the 2D optical slices can be performed best taking advantage of the segmentation and 
registration of the nuclei well extractable from both kinds of modalities. 
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Fig. 6. Comparison of a typical SRµCT slice with the related myelin stained section of the medulla oblongata that shows 
similarities and differences of the results obtained. Several anatomical features can be detected in both images, 
whereby others are only visible in one of the images. The SRµCT slice and the myelin section are adjacent to the 
Nissl-stained sections shown in Fig. 2. 

 

7. DISCUSSION 

It is rather surprising that non-stained soft tissue such as brain measured in phosphate buffer environment gives rise to a 
reasonable absorption contrast. Such contrast allows the segmentation of the specimen’s morphology (outer shape) and inner 
structures including blood vessels and agglomerates of neuronal cells (nuclei) without any kind of cutting artifact. The 
comparison of the huge amount of SRµCT slices with the restricted number of histological ones enables the labeling of 
features and, even more important, the quantification of artifacts and tissue distortions. The quantification of the distortions 
requires a 2D-3D registration algorithm that leads to a unique solution. 

We expect that phase-contrast SRµCT leads to much better density resolution (contrast), which has to be proven 
experimentally. Preliminary experiments by the use of the grating interferometer,12 however, show only marginal 
improvements so far. The detailed analysis is ongoing and will be published elsewhere.13 

The complex structures of the medulla with its fine blood vessels is well resolved in the tomograms of the paraffin embedded 
specimens but not in the ones of the brain in phosphate buffer also because of the limited spatial resolution of 5.7 µm. The 
holes with diameters of several 10 µm in the histological slices are attributed to the larger blood vessels. These blood vessels 
are collapsed in the 3D configuration, probably as the result of slight press in the Eppendorf container, and presumably 
originate significant distortions in the histological slices. 

The value of the tomograms is the possibility to non-rigidly register the different sets of stained histological slices in order to 
generate the 3D representation of parts of the brain anatomy.  

The combination of the different morphological information on the true micrometer scale belongs to promising tools to reach 
the next level of improvement of the Morel atlas, which serves as anatomical basis for different minimally or non-invasive 
surgical procedures. 
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