
��� ������	
��
��� ���
����� ���� ���

������ �	 
��� 
	��� �����PC-MRI ���� ������ ��	����	  !" �	 

#�$%&	 '�� �(
	��� ��& 	�) *�+ 

�,�"�- �./*�,	
0�� �1�� �** 

�&�#+� 2�!��	� �!"3- 45����	�	 ���#1��6���� 

)����� ����
� :!!/!/#$%&���' �()' ����
� :�!/��/#$(

5��!78����� ��	 
� ��
�� ���� �	��	 ��
 �	 )BEM ( ���	 �
� ������	 � ! ����� �
"# �� �� $� 
� 
�%& '�� � (	�)��	 �	�# .
+,-. ����� �	
�� 
� 
�%& '�� � +/��0���1 ��/)� �	�# 2 ��� ��0��
3+�� ������	 45�6 78��"� +-�9:	���� ;<� �	 +.��= 
�>>5 .
�

��	� �	 
�%& �	
�� ?,���� ?@��� ��	 �	 +<� A/5 ?# ����$� 
� ����� ?�6�: ����	
� �	 ������	 � 45�6 78��"� +@	�B�:	 ;<� �# �=�� ��C
 ��DE�	 +>"� ����$� ����	
� F�	
 ��0��
 �CG��	 ?�&�� ���9H .?# ����	
� ��
 ��	 �	���	 �
�># 49�I. J�� $� ��0@ -� ����� �K�!
 ?,���� � +�L� M���: 
	��# ?,���� J���� +� 4C	�& ���� �	��	 7�,���� 
� +��0�@ 0� J���� �	��	 M K ��.� ����� .+�@	�B�:	 ;<��

 ��	 �
� N�# ;�$�� ?# 45�6 78��"� .M	�B�:	 ��0�#�O ?>�<� P�	�� �	�# � �
� ?>�0# �� $� P�	�� �	�# 
:
�� ?�Q	
	 ?�K #�� ���H .	
��#	
 ��� ����� �	�# � �
� ?,���� ���� ��C� : 
� 
�%& ���	 ?��&�H 
	��. ������	 �
 � �� $� �	
�� ;!	� R-�)� S��: 
� 
�%& ��� .?,�����

 ?# �	
�� ;!	� 
� 
�%& '�� � ��	 T�L� ��
 ��	 �# ��	��U VU ?-6�� A� 7
 W .F��	
 ��0���
 ?�# �,9�: ��
 ���	 �.� +#���
	 �	�#
 �	
�� A� 
� +@	�B�:	 ;6 � +-�9:	���� ;6 ��
 �� F���: J+��,����
�X����Y Z)%� 
�%& '�� � �# (�@ M��� ����� +[��
 .\���	 ��#

 J?"@�L� ��	BEM +� 4C	�& 	
 ��� 7��W $! ����� ����$� �	 
�%& 
	
�� ��/)� �	�# ���� :XC��5 
�"# A� ?# 
"# �� �	 	
 +��,���� �	
��
+� �� ?�
� �# �� $� �	
�� �	 )@� S��: 
� 
�%& '�� � ?,���� ��<�	 J
C�A�< +� 4C	�& ��8�# ���^U ?�/0/C ��#	�# 
� J����_J���	 2����� 

��	 2�8 �Y 
� �
�H��� � �
	
��U +�
�# �	�# ���/5 7�`6D��
	� ���: ���/5 �
># ?<,� 7�`6D� � �� # ��.� J


�9:	�*��.� :  � J ���� ��
�� �	��	 ��
 J
�%& '�� � J+<��U ����� ����$� J
�%& � �	 U ?@��"� ��	��>5 +9�K�>a� 
�
%� ��H�� $
 ���&PC-MRI��DE�	 �# ����	
� J

*%&+�,- &�./�� 0��1� 0�23'	� **%
������	 

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
7.

27
.1

.8
.2

 ]
 

                             1 / 17

https://dorl.net/dor/20.1001.1.2251600.1387.27.1.8.2


��� ������	
��� ��
���
����� ���� ��#

Estimation of PC-MRI Pressure Map Using Integral Form of Governing 
Equations and Spline Segments 
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Abstract: In this paper, the boundary-based estimation of pressure distribution in the cardiovascular system is investigated 
using two dimensional flow images. The conventional methods of non-invasive estimation of pressure distribution in the 
cardiovascular flow domain use the differential form of governing equations. This study evaluates the advantages of using the 
integral form of the equations in these calculations. The concepts provided with the Boundary Element Method (BEM) together 
with the boundary-based image segmentation tools are used to develop a fast calculation method. Boundary-based segmentation 
provides BEM with domain pixel extraction, boundary meshing, wall normal vector calculation, and accurate calculation of 
boundary element length. The integral form of the governing equations are reviewed in detail and the analytic value of integral 
constants at singular points are provided. The pressure data on boundary nodes are calculated to obtain the pressure data at every 
point in the domain. Therefore, the calculation of domain pressure could be considered as a post-processing procedure, which is 
an advantage of this approach. Both the differential and integral-based formulations are evaluated using mathematical Couette 
test flow image whose pressure domain is available. The resulting pressure distributions from both methods will be compared. 
According to the results obtained from this study, the use of BEM for estimating pressure values from a non-invasive flow image 
has the following advantages: reduced computational domain from two to one dimension, flexible calculation of pressure data at 
arbitrary points or at finer spatial resolutions, robustness against noise, less concern for its stability and compatibility,  accuracy, 
and  lower meshing attempts. 
 
Keywords: Pressure-Poisson equation; Medical flow imaging; Pressure estimation; Boundary Element Method; Computational 

methods; PC-MRI; Boundary-based segmentation. 
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1. splines 
2. noise 
3. ultrasound 
4. phase-contrast 
5. pressure poisson equation 
6. segmentation 
7. snake 
8. smooth 
9. Bezier 

10. threshold 
11. populated 
12. Ill-posed 
13. singular integrals 
14. distribution theory 
15. singular convolution 
16. immersed boundary method 
17. support 
18. Couette 

19. magnitude image 
20. de-Casteljau 
21. level set 
22. collocated 
23. two point central approximation 
24. successive over relaxation 
25. white gaussian noise 
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