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Abstract — The aim of the described research is to develop brain 
blood vessels modeling algorithm on the basis of three-dimension-
al high-resolution magnetic resonance images. The geometrical 
model of vessels will be used to visualize arteries and veins and 
to determine their quantitative description. It is expected that 
the estimated geometrical parameters of vessels will significantly 
complement the results of medical examinations and contribute to  
a more objective and accurate medical diagnosis. Geometrical pa-
rameters need to be extracted from MRA image after segmenta-
tion. Most important parameters are: vessel diameter, local direc-
tion and location of vessel endings and bifurcations. In this paper, 
the estimation algorithms will be presented. They are developed on 
the basis of three-dimensional skeleton of vessels and vessel track-
ing techniques.
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I.  INTRODUCTION 

A. Problem description 
Development of magnetic resonance technology enables 

one to acquire high resolution, three dimensional images. 
Time of Flight [1] and Susceptibility Weighted Imaging [2] 
techniques combined together in one measurement result in a 
full map of veins and arteries [3]. Typically, images have to be 
segmented for vessel extraction. There are many approaches to 
segmentation [4]. They are divided to two main groups: based 
on geometrical modeling and on mathematical morphology. 
This paper will focus on the processing step performed after 
segmentation witch is modeling. To produce reliable 
geometrical model of vessels one need an information about 
vessel tree parameters. Those parameters can be estimated 
from segmented MR images. Assumption is that estimation 
starts from binary, three dimensional image where all vessel 
voxels have brightness value equal 1 and background equals 0 
(Fig. 1a). Another necessary input is skeleton of vessels which 
will be treated as center line of vessels (Fig. 1b). 
Morphological thinning has been chosen from a range of 
different skeleton methods. Morphological thinning is most 

suitable for vessel tracking purposes because of maximum 
reduction of vessel region. With this approach each voxel in 
the center line of vessel will have only 2 neighbor voxels 
which also are part of the center line in all-26-voxel 
neighborhood. Exceptions are bifurcation voxels (3 neighbors)  
and ending voxels (1 neighbor).  

 Figure 1. a)Maximum intensity projection of segmented 3D MRA image, b) 
maximum intensity projection of the result of thinning applied to image (a) 

 
The most important vessel parameters, considered in this 

paper, are: vessel diameter, local direction as well as locations 
of vessel endings and bifurcations (Fig. 2).  Estimation of 
vessel diameter can be performed by using both of those 
images. 

 Figure 2. Parameters of vessel tree: diameter, local direction, location of 
endings and bifurcation 
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B. Methods overview 
There are many approaches of diameter estimation. 

Majority of them are using skeleton to obtain center line of 
vessel. Method proposed by Sorantin [5] is based on user 
interaction. Shortest path between two points determined by 
user is computed. Chillet [6] suggest to use normal plane and 
cross-section area. That approach can produce diameter 
information for every skeleton voxel. Another method, 
employing deformable sphere located at the center line, is 
proposed by Zhou [7]. Method proposed in this paper is 
similar, but based on binary ball structuring element. The 
center of the ball is placed at every voxel of center line, but in 
vessels image. Ball starts from smallest possible radius. When 
ball contains vessel voxels only, its radius is increased. This 
operation is repeated until some part of ―growing‖ ball will 
contain background voxels. Local vessel diameter is computed 
based on number of iterations and percent of vessel voxels in 
last iteration. Tests were performed on digital tube phantoms 
with different position and diameter. The aim of the testing was 
to assess the accuracy of the estimated diameter. 

 Another important geometrical parameters are locations of 
bifurcations and endings of vessels. Bifurcation detection in 
vessel tree are usually designed for two dimensional images. 
To find bifurcation in this space, it is enough  to use a set of 
masks [8] or count neighbors [9]. AdaBoost method of 
Gaussian filter and first and second derivatives of Gaussian 
filter[7] are used for three-dimensional images. Method 
proposed in this paper is based on fingerprint line tracking[10], 
but performed in three dimensional space. Only center line 
image is used to find locations of bifurcation and endings. 
Ending voxels are easy to find. Endings in center line image 
received from morphological thinning have only 1 neighbor. 
Voxels detected as endings are pending starting points for 
vessel tracking. The 26 voxel neighborhood is checked for 
center line voxels. When found it becomes next voxel to check. 
Traveled path becomes invisible for later tracking. When 
tracking finds more than one path to follow, the path is chosen 
randomly and start point of alternative path is added to an 
endings search queue. When tracking ends in a voxel not 
labeled as ending, then that voxel becomes labeled as 
bifurcation.  In vessel trees with more bifurcations this is not 
enough. It may be necessary to search for endings in whole 
image after tracking and making traveled path invisible. Found 
endings will also be marked as bifurcations. 

Finally, local direction of vessels is also an important 
parameter to find. Estimation method is in this case similar to 
the previous one. Vessel tracking is performed on center line 
image, but requires information about all previously estimated 
parameters (diameter, bifurcations and endings). Tracking 
starts from voxel which is labeled as vessel ending and has 
largest diameter. Tracking makes traveled path invisible like in 
bifurcation search. Local direction is determined in every voxel 
on centerline except for bifurcations and endings. When 
previous voxel in path is invisible, then examined voxel have 
only one neighbor. Location of that neighbor relative to 
examined voxel gives information about local direction. When 
tracking finds bifurcation it travels random branch. Beginning 
of second branch is added to queue as another starting point. 

Points from queue are used to start new tracking when previous 
one ends (when voxel labeled as vessel ending is found). 

II. PARAMETER ESTIMATION 

A. Estimation of diameter 
Diameter estimation is performed in every voxel of vessel 

center line. Voxel index is taken from center line image and put 
into full vessel image as center of binary ball. Ball radius is 
equal to 1 voxel. Inner product of ball is computed. Brightness 
value of every vessel voxel equals 1 so inner product value is 
equal to number of vessel voxels inside ball (Fig. 3). When 
every voxel within given ball radius equals 1, then radius is 
increased. This process is repeated until the ball is fully filled 
with vessel voxels. Information about biggest ball radius 
without background voxels and percent of vessel voxels in 
larger radius is acquired by performing this procedure for every 
voxel of the center line. 

Figure 3. Visualization of diameter estimation 

This information needs proper interpretation. This was done 
by using digital phantoms in tube shape. Tubes represents 
vessels with different radius (from 1 to 10 voxels) and different 
directions in three-dimensional space. Nearly 200 phantoms 
(Fig. 4) with known diameter were examined by diameter 
estimation algorithm. 

Figure 4.Maximum intensity projection of digital phantoms with different 
diameters and different orientation 

Information about biggest radius of the ball fully filled with 
vessel voxels and information about percentage of ball voxels 
located inside the vessel at increased ball radius were compared 
with information about real radius of phantoms. Aim of 
composition was to reduce difference between real diameter 
and estimated diameter. After error reduction estimated 
diameter is over 90% correct. Usually mistakes are not greater 
than 1 voxel. Example results are shown on Fig. 5.  
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located inside the vessel at increased ball radius were compared 
with information about real radius of phantoms. Aim of 
composition was to reduce difference between real diameter 
and estimated diameter. After error reduction estimated 
diameter is over 90% correct. Usually mistakes are not greater 
than 1 voxel. Example results are shown on Fig. 5.  
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Figure. 5 Comparison of diameter estimated by the proposed method with 
correct diameter 

 

B. Localization of bifurcations and ending 
The algorithm is based on center line image only. Image is 

produced by morphological thinning. The algorithm returns 
another centerline image but with changed brightness values. 
Brightness value equal 3 means that a voxel has been labeled 
as vessel ending. Brightness value equal 4 means that voxel is 
labeled as point of  bifurcation.  

 

 
Figure 6. Bifurcations and endings estimation steps 

First task (Fig. 6a) in the proposed algorithm is to find endings 
of vessels. Thanks to morphological thinning, the ending 
voxels have only one neighbor in full 26-neighborhood. 
Brightness value of those voxels is set to 3. Second step (Fig. 
6b) is vessel tracking. Purpose of tracking is to find bifurcation 
voxels. All indexes of ending voxels are put into a queue as 
start voxels for tracking. Tracking changes brightness value of 
current voxel to 2 if current voxel isn’t labeled as ending or 

bifurcation. Thanks to that traveled path is labeled and other 
tracking won’t follow that path. Neighborhood of currently 
examined voxel checking is performed in every step of 
tracking. Usually only one unlabeled neighbor is found. In that 
case, a found neighbor becomes next voxel to check. When 
tracking arrive to crossroads (two unlabeled neighbors found in 
neighborhood) further path is chosen randomly. Third case is 
end of road (no unlabeled neighbors found). In this case it can 
be another ending voxel. If it is (current voxel brightness value 
equals 3), then tracking ends and another tracking starts from 
next start point from queue. If current voxel isn’t labeled as 
ending it means that this is bifurcation or voxel next to 
bifurcation. Current voxel is labeled as bifurcation. It may 
happen that not all bifurcations are found. Because of that third 
step (Fig. 5c) repeats searching of ending voxels, but operates 
only on unlabeled voxels. Found voxels are labeled as 
bifurcations.  

There is one issue with the algorithm. Sometimes voxel 
labeled as bifurcation isn’t really a bifurcation, but some 
neighbor is. This issue requires correction which is realized by 
simple loop. If voxel labeled as bifurcation has only two 
neighbors, neighborhood of that voxel is searched to find voxel 
with tree neighbors. If such neighbor was found, then it 
becomes labeled as bifurcation and voxel previously labeled as 
bifurcation becomes part of center line. This procedure is 
enough to detect all bifurcations in real MRA image. 
Algorithm testing on more complicated digital vessel tree 
phantoms showed that when number of bifurcations in vessel 
tree is large then not all of them are detected. Because of that 
estimation algorithm became iterative and is repeated on 
unlabeled voxels until there are no unlabeled voxels left in 
entire image. Thanks to that, localization of bifurcations works 
well regardless of vessel tree complexity. 

C. Estimation of  local direction 
Local direction estimation results in new image of vessel center 
line with changed brightness values just like in bifurcation 
estimation. In this image brightness value represents local 
direction in every center line voxel except for endings and 
bifurcations. Spectrum of those values is from 1 to 26 just like 
number of neighbors in three dimensional space. Information 
about previously estimated parameters like diameter, endings 
and bifurcations is required to create such image. Local 
direction is estimated through tracking similar to that used is 
bifurcation estimation. Tracking starts from voxel with biggest 
diameter which is labeled as ending. Traveled path is labeled to 
make it invisible. Examined voxel usually has one unlabeled 
neighbor. Position of that neighbor in one of 26 directions is 
written as brightness value in output image and found neighbor 
is set as next voxel to examine. If currently examined voxel is 
labeled as bifurcation then randomly chosen unlabeled voxel is 
set as next voxel to check and index of other is put into a 
queue. When tracking arrive in voxel labeled as ending, then 
next voxel index is taken from queue and new tracking starts. 
When queue becomes empty and some unlabeled voxels are 
still in image, whole process is repeated only on unlabeled 
voxels. This is necessary because in real MRA image of brain 
there are two main arteries without any connection. 
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III. FUTURE WORK 
Proposed solutions need further improvements. Bifurcation 

and ending estimation still generates minor mistakes and must 
be reviewed. Another important modification will be diameter 
estimation performed on gray scale images by computing 
standard deviation inside ball radius. This will allow to express 
diameter as real number instead of natural number. When all 
parameters will be estimated correctly then vessel modeling 
can be started.  

Figure 7. Model based on cylinders and trapezoids 

Model will be based on cylinders and trapezoids like in Fig. 
7. All gathered information about vessel parameters will be 
useful while building model. Reliable 3D model of real brain 
vessels can be used for blood flow simulations 

 
 
 
 
 
 

REFERENCES 
 

[1] Bernstein M. A.,. Huston J, Lin C.,Gibbs G. F., Felmlee J. P., High-
resolution intracranial and cervical MRA at 3.0T: technical 
considerations and initial experience, Magn Reson Med, 46 (2001), no.5, 
955-962. 

[2] Reichenbach J.R., Haacke E.M.: High resolution BOLD venographic 
imaging: A window into brain function, NMR Biomed, 14 (2001), 7-8, 
453-467. 

[3] Deistung A., Dittrich E., Sedlacik J., Rauscher A., Reichenbach J., ToF-
SWI Simultaneous time of flight and fully flow compensated 
susceptibility weighted imaging, Journal of Magnetic Resonance 
Imaging, 29 (2009), no.6, 1478-1484 

[4] Kirbas C., Quek F., A review of vessel extraction techniques and 
algorithms, ACM Computing Surveys, 36 (2004), no.2, 81-121 

[5] E. Sorantin, C. Halmai, B. Erdohelyi, K. Palagyi, L.G. Nyul, K. Olle, B. 
Geiger, F. Lindbichler, G. Friedrich, K. Kiesler, Spiral-CT-based 
assessment of tracheal stenoses using 3D skeletonization. IEEE 
Transactions on Medical Imaging 21 (2002) 263–273 

[6] D. Chillet, N. Passat, M.-A. Jacob-Da Col, and J. Baruthio, Thickness 
Estimation of Discrete Tree-Like Tubular Objects: Application to Vessel 
Quantification, Proceeding SCIA'05 Proceedings of the 14th 
Scandinavian conference on Image Analysis Pages 263-271 

[7] Jinghao Zhou, Sukmoon Chang, Dimitris Metaxas and Gig Mageras, 
3D-3D Tubular Organ Registration and Bifurcation Detection from CT 
Images, Conf Proc IEEE Eng Med Biol Soc. 2008;2008:5394-7 

[8] Alauddin Bhuiyan, Baikunth Nath, Joselito Chua and Kotagiri 
Ramamohanarao, Automatic detection of vascular bifurcations and 
crossovers from color retinal fundus images, Proceeding SITIS '07 
Proceedings of the 2007 Third International IEEE Conference on Signal-
Image Technologies and Internet-Based System Pages 711-718 

[9] Edoardo Ardizzone, Roberto Pirrone, Orazio Gambino and Salvatore 
Radosta, Blood Vessels and Feature Points Detection on Retinal Images, 
Conf Proc IEEE Eng Med Biol Soc. 2008;2008:2246-9. 

[10] Juan Erez , Amengual , A Juan , J C P'erez , F Prat , J M Vilar, Real-
Time Minutiae Extraction In Fingerprint Images, IPA97, 15- 17 July 
1997, Conference Publication No. 443 0 IEE

 

 

III. FUTURE WORK 
Proposed solutions need further improvements. Bifurcation 

and ending estimation still generates minor mistakes and must 
be reviewed. Another important modification will be diameter 
estimation performed on gray scale images by computing 
standard deviation inside ball radius. This will allow to express 
diameter as real number instead of natural number. When all 
parameters will be estimated correctly then vessel modeling 
can be started.  

Figure 7. Model based on cylinders and trapezoids 

Model will be based on cylinders and trapezoids like in Fig. 
7. All gathered information about vessel parameters will be 
useful while building model. Reliable 3D model of real brain 
vessels can be used for blood flow simulations 

 
 
 
 
 
 

REFERENCES 
 

[1] Bernstein M. A.,. Huston J, Lin C.,Gibbs G. F., Felmlee J. P., High-
resolution intracranial and cervical MRA at 3.0T: technical 
considerations and initial experience, Magn Reson Med, 46 (2001), no.5, 
955-962. 

[2] Reichenbach J.R., Haacke E.M.: High resolution BOLD venographic 
imaging: A window into brain function, NMR Biomed, 14 (2001), 7-8, 
453-467. 

[3] Deistung A., Dittrich E., Sedlacik J., Rauscher A., Reichenbach J., ToF-
SWI Simultaneous time of flight and fully flow compensated 
susceptibility weighted imaging, Journal of Magnetic Resonance 
Imaging, 29 (2009), no.6, 1478-1484 

[4] Kirbas C., Quek F., A review of vessel extraction techniques and 
algorithms, ACM Computing Surveys, 36 (2004), no.2, 81-121 

[5] E. Sorantin, C. Halmai, B. Erdohelyi, K. Palagyi, L.G. Nyul, K. Olle, B. 
Geiger, F. Lindbichler, G. Friedrich, K. Kiesler, Spiral-CT-based 
assessment of tracheal stenoses using 3D skeletonization. IEEE 
Transactions on Medical Imaging 21 (2002) 263–273 

[6] D. Chillet, N. Passat, M.-A. Jacob-Da Col, and J. Baruthio, Thickness 
Estimation of Discrete Tree-Like Tubular Objects: Application to Vessel 
Quantification, Proceeding SCIA'05 Proceedings of the 14th 
Scandinavian conference on Image Analysis Pages 263-271 

[7] Jinghao Zhou, Sukmoon Chang, Dimitris Metaxas and Gig Mageras, 
3D-3D Tubular Organ Registration and Bifurcation Detection from CT 
Images, Conf Proc IEEE Eng Med Biol Soc. 2008;2008:5394-7 

[8] Alauddin Bhuiyan, Baikunth Nath, Joselito Chua and Kotagiri 
Ramamohanarao, Automatic detection of vascular bifurcations and 
crossovers from color retinal fundus images, Proceeding SITIS '07 
Proceedings of the 2007 Third International IEEE Conference on Signal-
Image Technologies and Internet-Based System Pages 711-718 

[9] Edoardo Ardizzone, Roberto Pirrone, Orazio Gambino and Salvatore 
Radosta, Blood Vessels and Feature Points Detection on Retinal Images, 
Conf Proc IEEE Eng Med Biol Soc. 2008;2008:2246-9. 

[10] Juan Erez , Amengual , A Juan , J C P'erez , F Prat , J M Vilar, Real-
Time Minutiae Extraction In Fingerprint Images, IPA97, 15- 17 July 
1997, Conference Publication No. 443 0 IEE

 

 

III. FUTURE WORK 
Proposed solutions need further improvements. Bifurcation 

and ending estimation still generates minor mistakes and must 
be reviewed. Another important modification will be diameter 
estimation performed on gray scale images by computing 
standard deviation inside ball radius. This will allow to express 
diameter as real number instead of natural number. When all 
parameters will be estimated correctly then vessel modeling 
can be started.  

Figure 7. Model based on cylinders and trapezoids 

Model will be based on cylinders and trapezoids like in Fig. 
7. All gathered information about vessel parameters will be 
useful while building model. Reliable 3D model of real brain 
vessels can be used for blood flow simulations 

 
 
 
 
 
 

REFERENCES 
 

[1] Bernstein M. A.,. Huston J, Lin C.,Gibbs G. F., Felmlee J. P., High-
resolution intracranial and cervical MRA at 3.0T: technical 
considerations and initial experience, Magn Reson Med, 46 (2001), no.5, 
955-962. 

[2] Reichenbach J.R., Haacke E.M.: High resolution BOLD venographic 
imaging: A window into brain function, NMR Biomed, 14 (2001), 7-8, 
453-467. 

[3] Deistung A., Dittrich E., Sedlacik J., Rauscher A., Reichenbach J., ToF-
SWI Simultaneous time of flight and fully flow compensated 
susceptibility weighted imaging, Journal of Magnetic Resonance 
Imaging, 29 (2009), no.6, 1478-1484 

[4] Kirbas C., Quek F., A review of vessel extraction techniques and 
algorithms, ACM Computing Surveys, 36 (2004), no.2, 81-121 

[5] E. Sorantin, C. Halmai, B. Erdohelyi, K. Palagyi, L.G. Nyul, K. Olle, B. 
Geiger, F. Lindbichler, G. Friedrich, K. Kiesler, Spiral-CT-based 
assessment of tracheal stenoses using 3D skeletonization. IEEE 
Transactions on Medical Imaging 21 (2002) 263–273 

[6] D. Chillet, N. Passat, M.-A. Jacob-Da Col, and J. Baruthio, Thickness 
Estimation of Discrete Tree-Like Tubular Objects: Application to Vessel 
Quantification, Proceeding SCIA'05 Proceedings of the 14th 
Scandinavian conference on Image Analysis Pages 263-271 

[7] Jinghao Zhou, Sukmoon Chang, Dimitris Metaxas and Gig Mageras, 
3D-3D Tubular Organ Registration and Bifurcation Detection from CT 
Images, Conf Proc IEEE Eng Med Biol Soc. 2008;2008:5394-7 

[8] Alauddin Bhuiyan, Baikunth Nath, Joselito Chua and Kotagiri 
Ramamohanarao, Automatic detection of vascular bifurcations and 
crossovers from color retinal fundus images, Proceeding SITIS '07 
Proceedings of the 2007 Third International IEEE Conference on Signal-
Image Technologies and Internet-Based System Pages 711-718 

[9] Edoardo Ardizzone, Roberto Pirrone, Orazio Gambino and Salvatore 
Radosta, Blood Vessels and Feature Points Detection on Retinal Images, 
Conf Proc IEEE Eng Med Biol Soc. 2008;2008:2246-9. 

[10] Juan Erez , Amengual , A Juan , J C P'erez , F Prat , J M Vilar, Real-
Time Minutiae Extraction In Fingerprint Images, IPA97, 15- 17 July 
1997, Conference Publication No. 443 0 IEE

 

 

III. FUTURE WORK 
Proposed solutions need further improvements. Bifurcation 

and ending estimation still generates minor mistakes and must 
be reviewed. Another important modification will be diameter 
estimation performed on gray scale images by computing 
standard deviation inside ball radius. This will allow to express 
diameter as real number instead of natural number. When all 
parameters will be estimated correctly then vessel modeling 
can be started.  

Figure 7. Model based on cylinders and trapezoids 

Model will be based on cylinders and trapezoids like in Fig. 
7. All gathered information about vessel parameters will be 
useful while building model. Reliable 3D model of real brain 
vessels can be used for blood flow simulations 

 
 
 
 
 
 

REFERENCES 
 

[1] Bernstein M. A.,. Huston J, Lin C.,Gibbs G. F., Felmlee J. P., High-
resolution intracranial and cervical MRA at 3.0T: technical 
considerations and initial experience, Magn Reson Med, 46 (2001), no.5, 
955-962. 

[2] Reichenbach J.R., Haacke E.M.: High resolution BOLD venographic 
imaging: A window into brain function, NMR Biomed, 14 (2001), 7-8, 
453-467. 

[3] Deistung A., Dittrich E., Sedlacik J., Rauscher A., Reichenbach J., ToF-
SWI Simultaneous time of flight and fully flow compensated 
susceptibility weighted imaging, Journal of Magnetic Resonance 
Imaging, 29 (2009), no.6, 1478-1484 

[4] Kirbas C., Quek F., A review of vessel extraction techniques and 
algorithms, ACM Computing Surveys, 36 (2004), no.2, 81-121 

[5] E. Sorantin, C. Halmai, B. Erdohelyi, K. Palagyi, L.G. Nyul, K. Olle, B. 
Geiger, F. Lindbichler, G. Friedrich, K. Kiesler, Spiral-CT-based 
assessment of tracheal stenoses using 3D skeletonization. IEEE 
Transactions on Medical Imaging 21 (2002) 263–273 

[6] D. Chillet, N. Passat, M.-A. Jacob-Da Col, and J. Baruthio, Thickness 
Estimation of Discrete Tree-Like Tubular Objects: Application to Vessel 
Quantification, Proceeding SCIA'05 Proceedings of the 14th 
Scandinavian conference on Image Analysis Pages 263-271 

[7] Jinghao Zhou, Sukmoon Chang, Dimitris Metaxas and Gig Mageras, 
3D-3D Tubular Organ Registration and Bifurcation Detection from CT 
Images, Conf Proc IEEE Eng Med Biol Soc. 2008;2008:5394-7 

[8] Alauddin Bhuiyan, Baikunth Nath, Joselito Chua and Kotagiri 
Ramamohanarao, Automatic detection of vascular bifurcations and 
crossovers from color retinal fundus images, Proceeding SITIS '07 
Proceedings of the 2007 Third International IEEE Conference on Signal-
Image Technologies and Internet-Based System Pages 711-718 

[9] Edoardo Ardizzone, Roberto Pirrone, Orazio Gambino and Salvatore 
Radosta, Blood Vessels and Feature Points Detection on Retinal Images, 
Conf Proc IEEE Eng Med Biol Soc. 2008;2008:2246-9. 

[10] Juan Erez , Amengual , A Juan , J C P'erez , F Prat , J M Vilar, Real-
Time Minutiae Extraction In Fingerprint Images, IPA97, 15- 17 July 
1997, Conference Publication No. 443 0 IEE

 

 

Mathematical Morphology analysis of 3D MRa Images of Human Brain for Estimation of Blood Vessels Parameters


