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Abstract
X-ray synchrotron tomographic microscopy enables the acquisition of large amount of images 
with a geometric and radiometric resolution sufficient for the morphometric and topologic analy-
sis of vascular and even of microvascular network of different organs. In this study cylindrical 
shaped, NiDAB labelled brain samples of a diameter of half a millimeter were imaged and ana-
lyzed with an effective pixel size of 0.38 µm. Several thousands of tomographic slices build up each 
reconstructed volume meaning that an automatized analysis tool is indispensable. These big data 
sets are processed by the developed algorithms on commercially available PCs with an automated 
image analysis technology in acceptable processing time. The obtained vessel segments are stored 
for further topological and morphometric analyses or surface/volumetric visualization purposes. 
These analyses contain vessel feature distribution analysis followed by 3D reconstruction. The 
obtained results are in accordance to the literature data.

Keywords: image processing, object reconstruction, 3D modelling, micro punching, high 
throughput, vascular network, cerebral cortex

1. Introduction

The knowledge of brain blood circulation is es-
sential to understand the functioning and dis-
eases of the brain. The imaging techniques of 
nowadays is getting more important thanks to 
the increasing quality, resolution and speed of 
image acquisition. Our research focuses on the 
algorithmic development to process these im-
agery, especially on handling large amount of 
images. A very promising imaging technique 
is the X-ray synchrotron tomography (XRST), 
where the synchrotron delivers bright photon 

beam with the possibility to selectively tune the 
wavelength to fulfill the requirements imposed 
by the sample size and its electron density. In 
addition to the attenuation we can also exploit 
the refraction of the X-ray wave-front on the 
interfaces in the sample arising as a conse-
quence of the partial coherence of synchro-
tron X-ray beams.1 This unique combination 
of attenuation and phase contrast is very use-
ful for the studies of the vascular system at the 
micrometer scale. The spatial resolution in the 
three dimensional volumetric representation 
of the sample is isotropic and is determined 
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by the pixel size of the detector, the numeri-
cal aperture of the objective and the phosphor 
screen thickness converting the X-rays to vis-
ible light.2

From the large XRST data sets of micrometer 
resolution, it is reliable to characterize morpho-
metric and topological characteristics of vessels 
networks.3-5 Moreover such data provide vessel 
networks that can be used as a realistic basis 
for a numerical simulation of hemodynamic 
phenomena inside tens of cubic millimeters 
of cerebral cortex, which at the present time 
are not accessible through experimental mea-
surements. XRST is applicable post mortem, 
which is very important in human studies. 
Also, XRST does not require complicated his-
tological processing for vessel visualization. 

The developed complete 3D model is suitable 
for morphometric analysis of vascular network 
of brain tissues. For the reconstruction we de-
veloped software in Matlab environment.

Materials

XRST images were obtained from different 
samples of cerebral cortex of an adult marmo-
set (Callithrix jacchus). The animal was treated 
in accordance with the Guide for the Care and 
Use of Laboratory Animals (National Research 
Council 1996), European Directive 86/609 and 
the guidelines of the local institutional animal 
care and use committee. 

Transcardial perfusion of an aldehyde solu-
tion was applied to preserve brain structure 
and the samples were treated with Avidin Bio-
tin Complex (ABC) protocol (Elite kit, Vector 
Laboratoires, Burlingame, CA 94010, USA) 
and nickel-intensified diaminobenzidine (Ni-
DAB; Sigma-Aldrich, Saint-Quentin Fallavier, 
France) as the chromogen.6 After the NiDAB 
reaction, sample A9 was osmicated (1% OsO4, 
Electron Microscopy Sciences, Hatfield, PA 

19440, USA) and 5% sucrose in PB for 60 min-
utes). All three samples were dehydrated and 
infiltrated with resin as described above. In 
order to contrast x-ray-imaged vessels, barium 
sulfate solution was perfused in the general 
blood circulation in advance of the transcardial 
perfusion, according to the protocol described 
in Plouraboué et al. (2004) and Risser et al. 
(2009).7,4

Method

The samples were imaged at the TOMCAT 
beamline2 of the Swiss Light Source at the 
Paul Scherrer Institut in Switzerland using 
XRST. Monochromatic synchrotron X-rays 
were used for the probing radiation with an 
energy of 10 keV (wavelength of 0.12 nm). The 
X-ray beam traversing the sample produces 
shadow images that were recorded by a CCD 
camera coupled to a scintillator screen through 
a microscopic objective with a 20x magnifica-
tion. The effective pixel size of the detector 
system was 0.38 µm. The specimens were ro-
tated during acquisition with the axis perpen-
dicular to the X-ray beam direction. With 1501 
radiographic projections the angular range of 
180° was covered in an equidistant manner to 
obtain tomographic images. Each sample con-
sists of 20483 pixels covering a cylinder with a 
height and diameter of 780 µm both. Accord-
ing to the stance and position the unnecessary 
images were removed. Figure 1 shows a small 
detail of the tomographic slices.

According to the size of the specimens each 
examined sample was represented on numer-
ous cross-sections. Because of the high amount 
data manual image processing is not an option. 
The presented method could replace this la-
bor-intensive, yet inefficient work by automat-
ed algorithms using predefined parameters. 
The parameters are depending on the sample’s 
shape and size, and on the staining method of 
the samples. Also the condition of the sample 
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has to be taken in consideration because the 
samples could have internal cracks, or the sur-
face of the sample could contain dirt particles 
or metal fragments and tissue shreds make it in 
generally rough.

The image processing starts with the seg-
mentation of the vessel cross-sections using 
predefined intensity values. The vessels has 
been stained only non-homogenously, there-
fore it needed additional image enhancement 
technics, like local rescaled-range calculation 
(LRRC) that is used generally for texture anal-
ysis.8 This method processes the whole image 
by dividing it into smaller regions, and evalu-
ating the intensity range inside the neighbor-
hood of each pixel. The implementation of the 
LRRC technique supports to detect the texture 
of an image therefore the non-homogenous 
staining process could be compensated. 

After segmentation noise filtering or sample’s 
imperfection removal is necessary. A digi-
tal “punch” technique was applied, that cuts 
off the unwanted part from the detected seg-
ments,9 and contain the analysis of statistics of 
each region to remove misassignments. 

The developed method supports two types of 
vessel reconstruction solution: a generalized 
model of the vessels and a surface model of the 
vessels. Both type requires different input data. 

The generalized model contains multiple devel-
oped visualization and analysis procedures, but 
the connection must be established between 
the discrete regions. It has to be determined 
which regions compose a continuous vessel, 
and where bifurcations are located. The de-
veloped method analyzes and collects statistics 
about each vessel cross-section. The centroid’s 
coordinates and the matching semi-minor axis 
lengths of each detected region are used. Each 
centroid is projected to the adjacent tomo-
graphic slices and a search radius is drawn with 
the length of the matching semi-minor axis 
around the projections on the particular slices, 
including one around the centroid itself. Then 
the number of detected centroids inside the 
projected circles is counted, and if there is one 
or more centroids inside, the detected elements 
are supposedly connecting. Each element is 
labeled uniquely, but in case of the connec-
tion is stated between different centroids, all 
get the same identification number, therefore 
continuous vessel branches could be located. 
At each bifurcation the vessels are partitioned, 
and the labels of the sub-branches differ, so it 
is important to recognize the breakpoints. This 
identification method provides opportunity to 
analyze both vessel cross-section and the con-
nected elements together.10

For the reconstruction of the surface model of 
the vessels, the boundary of each detected ves-

 a) b) c)
Figure 1. Tomographic slices of Sample A9 (a), Sample A12 (b), Sample A14 (c).  

Arrows point to vessel cross-sections
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sel cross-section is extracted. The coordinates 
of each boundary pixel are exported from the 
images resulting in a large, three-dimensional 
data set, where a triangulated irregular net-
work (TIN) surface is fitted (Figure 3).

Results & Discussion

The developed method has been performed on 
several samples processed with XRST compat-
ible histological techniques. NiDAB staining 
resulted in enough parenchymal background 
staining, which allowed the labeling of the ves-
sels. 

Image processing including vessels and 
branching pattern reconstruction is an au-
tomated process. It took 2378 seconds with 
Matlab on a regular PC for a 1135-slice sample 
(A9). The image analysis methodology can 
be taken as of computation requirement of  
2.1 sec/image.

Figure 2 presents the detected boundaries of 
the vessel cross-sections with white outlines, 
on the same images of Figure 1. 

Table 1 presents statistics describing the sam-
ples and the detected vessel structure. Row  
no. (3) shows the number of pixels in the di-
rection parallel to the tomographic rotation 
axis, hence the number of reconstructed to-

mographic slices for the given sample pro-
cessed. Although the sample’s volume maybe 
similar in the different cases (11), the sample 
can be represented on a smaller number of 
tomographic slices depending on the orienta-
tion during the tomographic acquisition. The 
algorithm detects vessel cross-sections (4) on 
each tomographic slice and connects them 
together into separate vessel segments (5). At 
every bifurcation the vessels are partitioned, so 
the vessel segments are obtained with different 
identification numbers. The result of vascula-
ture analysis of sample A12 is shown in Figure 
4. A segment of the tissue was analyzed, and 
three perpendicular cross-sections containing  
200 × 200 × 200 voxels are presented, where 
the voxel size is 0.38 µm × 0.38 µm × 0.38 µm.

The calculation of statistics was software 
based and did not require user interaction. 
Table 1 presents also some derived statisti-
cal data about the vascular morphometry in 
each experimental condition. Vessel segments 
have the meaning of vessel fragments labeled 
uniquely (5). The table indicates the mean- (7) 
and longest length (6) of the identified vessel 
segments. Median (10), mean and standard 
deviation (9) of vessels’ diameter are also pre-
sented. The total length (8) and volume (12) of 
the reconstructed vessels are used to evaluate 
the tissue blood supply by calculating the ratio 
of vascular length to the volume of the tissue 

 a) b) c)
Figure 2. Tomographic slices of Sample A9 (a), Sample A12 (b), Sample A14 (c).  

White outlines represents vessel cross-sections
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sample (14) and the volume of vessels relative 
to the tissue sample volume (13). Vessel volume 
is calculated from the number of voxels in each 
vessel cross-section.

This study describes a high throughput auto-
mated process of reconstruction and analyses 

of brain tissue vasculature at high resolution. 
The applied XRST technique doesn’t require 
complicated histological processing. The pres-
ent study also provides evidence for the interest 
to use micro-tomography in brain research, as 
it provides large dataset appropriate for auto-
mated processing in a reasonable time. XRST 

Sample’s name A9 A12 A14

1. Staining method NiDAB, OsO4, 
Barium

NiDAB, Barium NiDAB, Barium

2. Sample size (cylindrical shape, 
diameter × thickness) [µm] 500 × 60 500 × 90 300 × 90

3. Number of images 1135 915 460

4. Number of detected vessel cross-
sections 6058 8854 2901

5. Number of detected vessel segments 934 2190 843

6. Length of the longest vessel [µm] 69.16 49.02 50.16

7. Mean length of vessel segments [µm] 2.46 ± 5.82 1.54 ± 3.51 1.31 ± 3.81

8. Full length of detected vessels [µm] 2302.04 3364.52 1102.38

9. Vessel diameter (mean ±standard 
deviation) [µm] 3.99 ± 3.14 1.91 ± 2.06 1.43 ± 1.47

10. Median of the vessels’ diameter [µm] 3.37 1.30 1.47

11. Volume of the examined sample [µm3] 11 780 972 17 671 458 6 361 725

12. Total vessel volume [µm3] 235 060.89 176 375.62 53 672.1

13. Relative volume of vessels [%] 2.00 1.00 0.84

14. Tissue supply (vessel length/ tissue 
volume) [µm/ µm3] 1.954 × 10-4 1.904 × 10-4 1.733 × 10-4

 Table 1. Statistical analysis of the examined samples

Figure 3. Surface mesh, fitted to the vessel boundaries – a detail of the reconstruction of sample A12
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has a great advantage against multiphoton la-
ser microscopy, scanning electron microscopy 
or optical confocal microscopy, namely this 
technique has excellent spatial resolution in 
the range of micrometer level and has not the 
depth limitation of a few hundreds of microm-
eters.7

Previous studies based on XRST of vessel used 
barium staining. However, inherent of the pro-
cess is the uncertainty of complete perfusion 
especially of the fine vessel branches by the 
barium staining suspension. This is a major 
obstacle in studying the finest branches, which 
are the most vulnerable in clinical conditions. 

However, the distribution of the vessels is not 
homogeneous at a small scale,3 whose size is 
close to the thickness of the sample (50-60 µm). 
Therefore situation may be different from one 
sample to another, independently of the stain-
ing method.

Concerning the morphometry data, our re-
sults are similar to those published previously. 
The vascular length (tissue supply) is compa-
rable, but smaller: 269 mm/mm3 in marmoset 
monkeys;4 our values are between 173 and  

195 mm/mm3. The relative volumes of vessels 
are also similar to the literature, where 2.5% 
stands against our finding of 0.84-2%. The 
longest vessel segment lengths are also very 
close to the literature: our values are between 
49 and 69 µm.4

There is a strong evidence that changes in pa-
rameters such as vessel diameter, tortuosity 
and density are related to the disease in large 
vessels,11-15 few results are reported at the mi-
croscopic scale.11,16  Therefore it is interesting 
to develop a multiscale approach and innova-
tive quantitative analysis tools to characterize 
the capillary networks at different steps of the 
disease progression in the brain.

Summarizing the benefits of the developed 
method, we would highlight the following 
features:
 - suitable on commercially available PCs (no 
need for high performance computers),
 - automated image analysis technology (no 
need for manual work of human operators),
 - acceptable processing time (required process-
ing time is ~2 seconds per image).

 a) b)
Figure 4. Vascularity analysis. Sample A12 with highlighted vessels (black outlines) (a) and an analyzed 

part in detail (b). The gray scale shows the distance of any point of the tissue from the vessels. The vessels’ 
boundaries are presented in red. This analysis shows that the largest distance between any point of the 
tissue and the closest vessel is around 50µm. The coordinates and the color bar are in µm (voxel size  

0.38 µm × 0.38 µm × 0.38 µm, and 200 × 200 × 200 voxels are represented)
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