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Abstract. The simultaneous post mortem visualization of soft and hard tissues using absorption-based CT remains a
challenge. If the photon energy is optimized for the visualization of hard tissue, the surrounding soft tissue components
are almost X-ray transparent. Therefore, the combination with other modalities such as phase-contrast CT, magnetic
resonance microscopy, and histology is essential to detect the anatomical features. The combination of the 2D and 3D
data sets using sophisticated segmentation and registration tools allows for conclusions about otherwise inaccessible
anatomical features essential for improved patient treatments.

INTRODUCTION

The simultaneous visualization of soft and hard tissues by conventional CT remains a challenge. It is well known
that, outside the absorption edges, X-ray absorbance is approximately inversely proportional to the third power of
the photon energy [1]. Owing to the heterogeneity of the human tissues the best choice of the photon energy is
difficult to identify. The hard tissue components or highly X-ray absorbing implants usually yield streak artifacts,
see for example [2]. At the photon energy optimized for the hard tissue, the surrounding soft tissue components are
almost X-ray transparent and therefore yield poor contrast. The choice of the photon energy for heterogeneous tissue
using phase-contrast CT, rather than absorption contrast, is easier, as the real part of the refractive index varies much
less with elemental composition than the absorbance [3]. Therefore, both absorption and phase-contrast imaging
provide complementary information [4, 5]. Other techniques including magnetic resonance microscopy and
histology are also complementary [6]. Recently, it has been demonstrated that the combination of images from
different modalities applying sophisticated registration tools allows for conclusions about otherwise inaccessible
anatomical features. The acquired knowledge is essential for improved patient treatments in fields such as
neurodegenerative and cardiovascular diseases [7] as well as oral health [8]. The question arises to what extent the
assessment developed for specific modality combinations selected for the heterogeneous tissue of interest can be
applied for other combinations that may be better suited for different heterogeneous material or tissue.
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MORPHOLOGY OF A DISEASED ARTERY

Atherosclerosis is a common cardiovascular disease, which is associated with inflammation, plaque formation
and constriction of the affected vessels. For the decisions on the possible treatments of the diseased part of the
plaque-containing artery the medical experts quantify the degree of constriction taking advantage of contrast media
and CT. They have to assume that the maximal lumen perfused by the contrast agent corresponds to the healthy
situation. Figure 1 demonstrates that this is not necessarily the case. The three-dimensional representation of the
7.5 mm-long part of the diseased human coronary artery originates from synchrotron radiation-based pCT in
absorption contrast mode (HZG, DESY, Hamburg, Germany) [7]. The region available for blood flow and thus
accessible by contrast agent is marked in yellow, while the total cross-section of the lumen is indicated in red. The
cross-section of the non-obstructed artery varies from 5 % (arrowheads on the left) to 25 % (arrowheads on the
right) with respect to the total lumen at the related position. As a consequence, the radiologist would consider a
75 % stenosis, whereas the vessel is constricted by 95 %.

The distribution of the average wall shear stress can be derived from flow simulations based on SRuCT data [7].
For this purpose, the lumen has not only to be extracted from the raw data (segmentation) but also converted to a
mesh representation [7]. For the present diseased artery the average wall shear stress varies from approximately 5 Pa
to values well above 13 Pa [7].

FIGURE 1. The morphology of the diseased human coronary artery shows modulations in the cross section giving rise to
significant changes in the average wall shear stress along the blood flow. Please note that the diameter of the lumen given in blue
is much smaller than the original vessel diameter indicated by the red-colored cross section.

SEGMENTING THE ANATOMICAL FEATURES OF HUMAN CEREBELLUM

A selected slice through the human cerebellum, as displayed in Fig. 2, illustrates the power and complementary
nature of grating-based pCT and MR microscopy [6]. Whereas grating-based phase uCT (a) performed at beamline
ID19 of the European Synchrotron Radiation Facility (ESRF, Grenoble, France) shows a high contrast between
white matter (1) and stratum granulosum (2) and between stratum moleculare (3) and stratum granulosum (2) there
is almost no contrast between white matter (1) and stratum moleculare (3). On the contrary, MR microscopy data
(b), acquired with a 9.4 T small animal scanner (Bruker BioSpec, Bruker BioSpin MRI, Ettlingen, Germany), shows
superb contrast between white (1) and gray matter (2+3) but almost no contrast between stratum granulosum (2) and
stratum moleculare (3).

The slices of the registered three-dimensional datasets [9] can be fused using the red and blue channels of the
RGB representation. This method directly visualizes the contributions from the two imaging techniques in a semi-
quantitative manner and permits the distinction of otherwise indistinguishable anatomical features, i.e. white matter
(dark red color, i.e. strong CT and weak MR signal), stratum granulosum (violet color, i.e. strong signals from CT
and MR), and stratum moleculare (blue color, weak signal from CT and strong signal from MR).

One can also combine the three-dimensional MR and CT data with subsequently prepared histology slices from
the same brain tissue and identify even more anatomical features, which include the blood vessels of sizes down to
the capillary level [6].
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FIGURE 2. Representative slice of the cerebellum imaged using (a) grating-based phase CT and (b) MR microscopy. The color
image given in (c) is a superposition of the phase CT image (a, red channel) and the MR microscopy image (b, blue channel).

BONE AUGMENTATION

Bone grafting substitutes instead of harvested autologous bone play an increasingly important role in augmenting
bone for sufficient bone offer before the insertion of dental implants. In the present study, a vertical bone defect was
augmented using BoneCeramic® (Institute Straumann AG, Basel, Switzerland) [8,11]. The specimen was taken
after a four-month bone healing at the position of the future implant and was scanned using the puCT-setup at the
beamline W2 (HZG/DESY, Hamburg, Germany) [8]. Subsequent to the non-destructive CT evaluation, several
histological slices were prepared. It is demanding to register these artifact-containing, two-dimensional histology
slices with the less detailed three-dimensional tomography data [10]. After the slice from histology is manually
and/or automatically aligned to the tomography data, the mapping can be exploited to obtain a joint histogram (see

Fig. 3(e)).

(a) Histology (b) Tomography (e) X-ray absorption

Histology staining intensity

FIGURE 3. The generation of a meaningful joint histogram requires the precise manual or automatic mapping of the histology
slice (a) within the CT data (b). The joint histogram shows the frequency of the occurring combinations between the staining
intensity from the histological sections and the local X-ray absorption of the pCT measurements (¢). It can be used to select

color-coded anatomical features within the registered, gray-scale histology (c) and the related tomography slice (d).
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Such a histogram of histology and tomography slices allows for the segmentation of the partially degraded
augmentation material (red color), the early-formed bone (blue color) and the soft tissue (granulation
matrix)/mineralizing bone matrix (green color). The gradient from dark to bright red color represents the
degradation of the augmentation material. The identified features cannot be recognized by histology or uCT alone.
Using only puCT the red- and blue-colored features, i.e. partially resorbed augmentation material and newly formed
bone are located at the same X-ray absorption values and cannot be separated. Using only histology the green- and
red-colored features cannot be separated based on their staining intensity. Therefore the partially disintegrated bone
augmentation material cannot be segmented from histology and tomography alone, but with the appropriate
combination and the support of two- to three-dimensional registration and the joint histogram analysis, the location
of BoneCeramic® is clearly detected.

CONCLUSIONS

The non-destructive tomography measurements in X-ray absorption and phase-contrast modes can be combined
with the application of established histology and MR-microscopy techniques via sophisticated data evaluation
methods. The combination gives rise to the thorough three-dimensional characterization of soft and hard human
tissues. The ongoing projects focus on the micro- and nano-anatomy of a variety of healthy and diseased tissues in a
standardized and quantitative manner.
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