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ABSTRACT

Angiogenesis, i.e. the formation of vessels, is one of the key processes during tumor development. The newly
formed vessels transport oxygen and nutrients from the healthy tissue to the tumor and gives tumor cells the
possibility to replicate. The principle of anti-angiogenic therapy is to block angiogenic process in order to stop
tumor growth. The aim of the present study is the investigation of murine glioma vascular architecture at early
(7 days), intermediate (10 and 15 days) and late (23 days) stage of growth by means of grating-based phase
contrast microtomography. We demonstrate that this technique yields premium contrast between healthy and
cancerous parts of murine brain tissues.

Keywords: Synchrotron radiation-based microtomography, murine brain tumors, tumor growth, grating inter-
ferometry

1. INTRODUCTION

High-grade glioma is a very aggressive tumor with an average survival rate between 12 and 14 months after
diagnosis despite treatment with existing therapies. The survival rate after one year is approximately 30 %, and
after two years is only 14 % [1]. It originates from a mutation of glial cells, which are present in the brain and
in the spine. The glial cells have important functions including the support and protection of the neurons by
providing nutrients and oxygen, destroying pathogens and forming myelin.

Nowadays the standard treatment of glioma consists of a combination of a surgical resection of the tumor
mass, adjuvant chemotheraphy and radiotherapy treatment of the tumor bed and surgical margins. Moreover,
anti-angiogenic treatments following radiotherapy are under evaluation in clinical trials.

Glioma tumor is characterized by high proliferation rate [2], which means cell replication of around 2 to
25 times faster than normal cells [3], high angiogenic rate and tissue heterogeneity. These features give the
tumor mass the ability to microscopically invade surrounding tissues making the complete surgical resection
almost impossible. Such invasion is responsible for the development of tumor recurrences and secondary tumor
formations that make this kind of tumor almost lethal.

Angiogenesis is a crucial step in tumor development since it promotes the formation of a vascular structure
which delivers oxygen and nutrients needed for tumor cells replication and tissue formation [4]. On the one hand,
this makes the tumor more aggressive, on the other hand it can be used as a target for therapy. The goal of
anti-angiogenic therapy consists of blocking angiogenic factors of vessels in order to prevent nutrients delivery,
which in turn avoids cell replications.

Current anti-angiogenic drugs target specific growing factors, as VEGF (Vascular Endothelial Growth Factor)
which is mainly responsible for the formation of capillaries and angiopoietins which are required for the formation
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Figure 1. Schematic of the interferometer consisted of three gratings: source grating go, beam-splitter grating g and
analyzer grating g2. During the measurements the specimen is located in a water tank.

and maturation of larger vessels [5]. Clearly, the type and amount of administered drug is related to the quantity
of capillaries and large vessels. In this regards, the detailed characterization of vascular architecture is the first
critical point to determine the optimal anti-angiogenic treatment.

In order to segment the vessel tree from the surrounded soft tissue an imaging technique with an adequate
contrast between blood vessels and the surrounded parts and a spatial resolution on the level of the size of
capillaries is required. Magnetic resonance microscopy (MRM) operating at high magnetic field (around 9 T) is
a non-destructive 3D imaging technique with high contrast within soft tissues but with limited spatial resolution of
around one magnitudes larger than that of the smallest capillaries. Synchrotron radiation-based micro computed
tomography (SRuCT) in absorption contrast provides the required spatial resolution but shows weak contrast
within soft tissues if no contrast agent is used. On the other side corrosion casts in combination with absorption
contrast SRuCT can be used for the visualization of the vessel trees [6]. The problem of staining the blood vessels
with contrast agent or during the fabrication of the corrosion casts is that the contrast agent or the polymer
resin would exit the vessel tree in the necrotic part of the tumor where the blood vessel walls are damaged [7].
Therefore, SRuCT experiments were carried out in phase contrast mode which is based on the phase shifts of
X-ray waves penetrating the specimen [8]. Today different operating modes are existent. An overview of the main
X-ray phase contrast approaches can be found in literature [9]. During the present study grating interferometry
[10-13] was used.

The goal of this work is to provide a characterization of the vascular tumor network in case of glioma tumor
growing in murine brain.

2. MATERIALS AND METHODS
2.1 In-vivo experiments and specimen preparation

Four female B6 (Cg)-Tyrc-2J/J mice weighting 24-26 g (The Jacksons Laboratory, Bar Harbor, ME, USA) have
been used for all experiments. A suspension of 2 x 10° GL261 murine glioma cells have been orthotopically
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Figure 2. Histograms of the four data sets at the selected stages of tumor growth showing the whole scale range of the
AJ values.

injected into the right brain cortex using a stereotactic frame. Magnetic Resonance Images (MRI) have been
acquired at day 7 (specimen termed t1), 10 (termed t2), 15 (termed t3) and 23 (termed t4) following tumor
inoculations in order to assess tumor dimensions. After MRI experiment, a single mouse has been sacrificed for
each day of measurement. Brain samples has been removed after perfusion with 4 % paraformaldehyde (PFA)
and stored in an Eppendorf container filled with PFA. Please note, that formalin fixation induces global and
local changes in the brain tissue. The global volume shrinkage between a human brain inside the cranium and
after extraction and formalin fixation is shown to be in the range of 3.5 % [14]. In total, we obtained four brain
samples with four tumors at different stages. These tumors measures 1 mm (t;), 2 mm (t2), 3 mm, (t3) and
4 mm (t4) in diameter.

2.2 Grating-based phase contrast

The phase contrast experiments were carried out at the wiggler beamline W2 (HASYLAB, DESY, Hamburg,
Germany) operated by Helmholtz Research Center Geesthacht [15]. The grating interferometer installed there
[16] consisted of three gratings because of the horizontal source size of 1.7 mm (see Fig. 1). Using a double-crystal
Si(111)-monochromator in Laue geometry the photon energy of 23 keV was selected. To image the complete
tumors one height step with a field of view of 4.5 mm height and 14.4 mm width was adequate. The absorbing
grating go (source grating with periodicity of pg = 22.29 pm) and beam-splitter grating g; with periodicity of
p1 = 4.33 um were fabricated at the Paul Scherrer Institut, Villigen, Switzerland involving photolithography,
deep etching into silicon and for grating gy electroplating of gold [17]. The analyzer grating go (Karlsruhe
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Figure 3. Orthogonal reconstructed slices through the mouse brain showing the tumor t1. The white dashed lines indicate
the positions of the line plots through the slices. The gray scale values of the images are accordant to the gray scale bar
below the histogram which shows the brain tissue peak.

Institute of Technology, Eggenstein-Leopoldshafen, Germany) [18] consisted of lines of gold with a periodicity of
p2 = 2.40 pm. With a distance between source and grating gy of 45 m and a distance between the gratings of
d = 322 mm, the set up corresponded to the 7! fractional Talbot order. During the measurements, the Eppendorf
container was placed in a water tank with parallel polymethylmethacrylate plates in order to minimize artefacts
due to X-ray phase curvature induced by a conical container-air interface. This water tank was located around
10 cm upstream of grating g;. The detector consisted of a luminescence screen, a Nikon lens, and a Finger
Lake Instruments PLO9000 CCD camera with an active area of 3056 x 3056 pixels and a real pixel size of
12 pm. The effective pixel size during the experiments was 4.7 ym and the spatial resolution of 8.9 um. It was
placed approximately 5 cm downstream of the analyzer grating. Projection radiographs were taken in 801 steps
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Figure 4. Orthogonal reconstructed slices through the mouse brain showing the tumor t2. The white dashed lines indicate
the positions of the line plots through the slices. The gray scale values of the images are accordant to the gray scale bar
below the histogram which shows the brain tissue peak.

over a range of 360°. At each projection angle, eight phase-stepping images were taken over two periods of the
interference pattern.

2.3 Data treatment

In order to improve the contrast of the data sets the intensity images were binned twofold [19]. Before recon-
struction, each set of five images acquired during the phase-stepping procedure were processed using Fourier
analysis and sinograms were generated which were corrected simply by a line-by-line subtraction of the mean
values [20]. After the generation of the sinograms a modified filter kernel (Hilbert transform) in combination
with standard back-projection algorithm [13,21,22] was used for the reconstruction of the data sets. All the data
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Figure 5. Orthogonal reconstructed slices through the mouse brain showing the tumor ts. The white dashed lines indicate
the positions of the line plots through the slices. The gray scale values of the images are accordant to the gray scale bar
below the histogram which shows the brain tissue peak.

treatment concerning processing and reconstruction of the data were performed using Matlab 8.3 (MathWorks,
Natick, USA).

For the intensity-based segmentation of the data and the 3D renderings VGStudio MAX 2.1 (Volume Graphics
GmbH, Heidelberg, Germany) was used.

For the blood vessels segmentation the 3D data were processed using a Vessel Enhancing Diffusions (VED)
filter [23,24] as implemented in Matlab 8.3 (MathWorks, Natick, USA). The filter employs an anisotropic diffusion
scheme governed by a smoothed version of Frangis vesselness measure to enhance tubular, vessel-like structures
and suppress noise. The thresholds controlling the sensitivity of the VED filter towards plane-, blob- and vessel-
like structures, typically denoted by «, 8 and -y respectively, are selected based on visual inspection of the original
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Figure 6. Orthogonal reconstructed slices through the mouse brain showing the tumor t4. The white dashed lines indicate
the positions of the line plots through the slices. The gray scale values of the images are accordant to the gray scale bar
below the histogram which shows the brain tissue peak.

and vessel-enhanced images. Moreover, the filter is sensitive to a range of preselected vessel radii selecting the
scale o which leads to the largest response.

Following the VED filtering step, the data are binarised by an appropriate threshold. In order to obtain a
faithful and well-connected image of the vessel tree, the threshold is chosen to be as low as possible, with the

resulting noise being removed afterwards by discarding everything but only the largest connected components of
the 3D data set.
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Figure 7. Zooms into slices of the four brains shown in Figs. 3, 4, 5 and 6 displaying the morphology of the tumor at four
selected stages of growth.

3. RESULTS AND DISCUSSION
3.1 Identification of cancerous tissue

The histograms in Fig. 2 containing the gray values of the data consist of four separated peaks identified as
Eppendorf container, water, formalin and the brain tissue. The enlarged histograms in Figs. 3, 4, 5 and 6
bottom right show only the peaks related to the brain tissue. On the left side of these brain peaks a shoulder
can be identified which seems to slightly go up with the age of the tumor. Therefore, tissues with Ad-values of
this shoulder appear to be cancerous tissues.

Figures 3, 4, 5 and 6 show slices of the four brains from the three orthogonal directions. The gray values
correspond to the decrement of the real part of the refractive index relatively to water. Besides the possible
identification of anatomical structures in the murine brain also the tumors can easily be seperated from healthy
tissues. Line plots through the tumorous parts of the images show that the gray values of the tumorous tissues
are slightly lower (red line) compared to the surrounded healthy tissues (blue line). These four figures drastically
show how fast the tumors are growing. In between Fig. 3 (tumor t1) and Fig. 6 (tumor t4) there is only a period
of around two weeks.

Enlarged regions of the tumerous parts are shown in Fig. 7. The figure illustrates the first differences
between the tumors at the selected stages of growth. Whereas at the beginning, the tumors seem to have more
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Figure 8. Three-dimensional renderings of the data sets after intensity-based segmentation. The black circles indicate the
positions of the tumors at the four selected stages of growth.

homogeneous refractive indices, they become more and more chaotic, resulting in a dark region in the tumor ty4
(indicated by the dashed ellipse in the image bottom right) associated with the necrotic part. The dark dots
within the tumors and healthy brain tissues (exemplary indicated by arrows) are identified as blood vessels.

3.2 Intensity-based segmentation of tumors

The electron density of the cancerous tissues shows lower values compared the healthy tissues, indicated by line
plots and left shoulder in the histograms of Figs. 3, 4, 5 and 6. Therefore, an intensity-based segmentation of
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Figure 9. Three-dimensional renderings of tumor t4 after the segmentation of the vessel tree. Light blue dashed ellipses
(top row) show the position of the tumor. Black arrows (bottom left) direct to blood vessels located within the healhy
tissue which are directly connected with the tumor.

the data sets was performed. Fig. 8 shows four renderings of the murine brains where the structure outside the
gray values of the shoulder were made transparent. The tumors are highlighted by black circles. Besides the first
brain, where the tumor is only hardly visible, this simple intensity-based segmentation allows us to visualize the
tumors and some of the vessels of the surrounding healthy tissue.

3.3 Segmentation of vessel tree

Unfortunately, the simple segmentation in Fig. 8 fails for the discrimination of blood vessels in which we are
interested. Only few larger blood vessels are visible in the 3D renderings but no smaller vessels are shown.
Therefore a segmentation of the vessel tree of the cancerous part of the brain was performed using the VED
algorithm (see Sec. 2.3). Fig. 9 shows the blood vessels of the tumor and the surrounded tissue of specimen ty.
Looking at these renderings of the blood vessels, one can easily separate the cancerous tissue from the healthy
surrounded tissue. The dashed ellipses on top row of the figure highlight the cancerous part of the brain. Clearly,
the vessel density inside the tumor is much higher than the density outside. Furthermore the blood vessels outside
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look much more organized. The black arrows bottom left show two blood vessels of the healthy tissue which are
connected to the tumorous part and which supply the tumor with blood. The blood vessels inside the tumor are
organized very chaotic in comparison to the healthy tissue.

4. CONCLUSIONS

The vascular features including the average vessel diameter, number of bifurcations, average segment length or
tortuosity will be determined for further analysis. This information can be used for the differentiation between
angiogenic, necrotic and healthy regions of the brain and shows the hierarchy present in the vascular structure
architecture (chaotic in the tumor vs. organized in the healthy part of the brain) [25]. We demonstrated that
this technique can be used to succesfully visualize the vascular structure of brain tumor. This approach can
be used to asses the efficacy of anti-angiogenic drugs targeting vessels as capillaries or larger arteries and veins.
Here the efficacy of both components on different vessel sizes individually can be checked.
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