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Abstract. The child patients of hypoplastic left heart syndrome undergoes major operations 
such as the Norwood procedure, the Bidirectional Glenn procedure and the Fontan procedure. 
Patent Ductus Arteriosus (PDA) stenting, which is instead of these procedures, is recently 
performed to prevent closure of ductus arteriosus and to alleviate the burden for the patient. This 
study clarified that hemodynamics in aorta-pulmonary artery system and mechanism of 
thrombus formation using Computational Fluid Dynamics (CFD) analysis and Particle Imaging 
Velocimetry (PIV) measurement. As a result of CFD analysis, low wall shear stress was observed 
at neighborhood of PDA stent. From results of CFD analysis and PIV measurement, the main 
blood flow was formed toward from aorta to pulmonary artery and there is no blood stagnation 
region in PDA.  

1.  Introduction 

Hypoplastic left heart syndrome is one of the congenital heart diseases. The disease is characterized by 
hypoplasia of left atrium, mitral valve and aortic arch. In such the patient, blood flow balance is kept by 
patent ductus arteriosus (PDA) during unborn child. After birth, ductus arteriosus is naturally closed and 
then blood flow to lungs increase. This blood flow balance change causes various symptoms like lungs 
hyperemia, polypnea, oliguria and shock state. In order to treat the child patient some operations are 
required; i.e., the Norwood procedure and the Bidirectional Glenn procedure and [1, 2]. The Fontan 
procedure is finally performed to improve cardiopulmonary function. PDA stenting is recently 
performed to prevent from ductus arteriosus closing instead of the Norwood procedure and the 
Bidirectional Glenn procedure [3]. This surgery makes less burden on the patients compared with the 
conventional procedures. However, some clinical reports have reported that PDA stenting causes 
thrombosis around ductus arteriosus [4-6]. The detail mechanism why thrombus is formed has not been 
clarified until now. It is necessary to unravel blood flow balance of aorta-pulmonary artery system in 
the state of PDA. The purpose of this study is to elucidate hemodynamics of aorta-pulmonary artery 
system and thrombus formation mechanism using particle image velocimetry (PIV) measurement and 
computational fluid dynamics (CFD) analysis.  
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2.  Method 

2.1.  Numerical Simulation 
In order to estimate the influence of PDA stent on blood flow characteristics around PDA, CFD analysis 
is performed using CFX ver.18 (ANSYS Co.). The Analysed PDA model is shown in Fig. 1. As for 
boundary condition of CFD analysis, inlet flow rates at the aorta and pulmonary artery were set at 4.89 
(L/min) and 2.11 (L/min), respectively. Outlet boundary conditions were given pressure Neumman 
boundary condition. Furthermore, wall boundary was given no slip condition. Shear stress transport 
(SST) model was used as a turbulent flow model. This analysis assumed blood as Newtonian fluid of 
which kinetic viscosity was set at 4.43× 10$% m2/s.  
 

 
Figure 1. Analysis model of aorta-pulmonary artery system 

 
 

 

Figure 2. Experimental apparatus 
of PIV measurement. 

 

2.2.  Particle Image Velocimetry  
PIV measurement has been developed as a calculation method for unsteady and instantaneous flow 
characteristics using image analysis techniques. Fluid motion is visualized by tracer particle in fluid 
flow, and then is numerically evaluated using digital image processing [7, 8]. The PIV apparatus in this 
study is shown in Fig. 2, and composes of a high-speed camera (DITECT D71, 800fps), a laser light 
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source (DITECT 3W green laser), tracer particles (DANTEC PSP 20μm) and aqueous glycerine solution 
as working fluid. A living-body model of aorta-pulmonary artery system was made from silicon rubber 
and it is twice as large as the actual body scale (Fig. 3). Centrifugal pumps connected with both aorta 
and pulmonary artery inlets of the model. These flow rates are 0.650 L/min and 0.823 L/min, 
respectively.  
 

 

 

 
Figure 3. Living-body model of aorta-
pulmonary artery system. 

 

  
Figure 4. Measurement results of PIV experiment; velocity vectors and Z-axial velocity profile 

 

3.  Result and Discussion 
Figure 4(a) and 4(b) show a 3-D data of original form of living-body model and velocity vector on 

a vertical section of PDA. As the result of the velocity vector, the main blood flow was formed toward 
from aorta to pulmonary artery. Figure 4(c) shows the measured Z-axial mean-square velocity profiles 
on a red line of Fig. 6(a), comparing with the result of CFD analysis. The results of CFD analysis and 
PIV measurement have not correspond quantitatively. However, the tendencies of the results show good 
agreement between them. This study assumed such the differences does not affect in following 
discussions significantly, using the results of PIV measurement and CFD analysis. Furtherer 
investigation and discussion are needed for the differences between PIV and CFD.   

Fig. 4(b) and 4(c) reveal detail blood flow characteristics inside PDA; main blood flow was globally 
formed toward from aorta to pulmonary artery, at the same time, reverse direction flow was partially 
formed toward from pulmonary artery to aorta. In other words, aorta-pulmonary artery system is 
maintained blood flow balance by bilateral flow between aorta and pulmonary artery.  
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Figure 5 shows the streamlines in the aorta-pulmonary artery system calculated by means of CFD 
analysis. This result involves the influence of PDA stent installation. The laminar flow was observed in 
aorta and pulmonary artery, and complex and turbulence flows were observed around PDA. The main 
blood flow was formed toward from aorta to pulmonary artery as shown in the result of PIV 
measurement. Figure 6 shows wall shear stress (WSS) distribution in PDA. The areas alongside PDA 
stent showed partially lower WSS than other areas. This tendency implies that stagnation flow region is 
formed caused by the stent installation. The prior studies have reported that thrombus is easy to be 
formed at low WSS region [9-11]. In this study, CFD analysis has clarified that low WSS region is 
observed on the areas alongside the stent. These results in this study indicate that there is possibility of 
promoting thrombus formation due to PDA stent.  

 
 

 
                  (a) Front side            (b) Back side            (c) Front side of PDA       (d) Back side of PDA 

Figure 5. Streamline of blood flow in PDA 
 

 
(a) Front side of PDA                      (b) Back side of PDA 

Figure 6. Wall Shear Stress on PDA wall 
 

4.  Conclusion 
 This study conducted both CFD analysis and PIV measurement for blood flow characteristics in 
aorta-pulmonary artery system. As the results, this study found that (1) main blood flow was observed 
toward from aorta to pulmonary artery, at the same time, reverse direction flow was also observed 
toward from pulmonary artery to aorta, (2) low WSS were found in the area alongside PDA stent, 
meaning that low velocity (stagnation flow) region was formed there, and consequently (3) these results 
indicate that there is possibility of promoting thrombus formation due to PDA stent.  
 The results of CFD analysis and PIV measurements show agreement qualitatively and 
discrepancy quantitatively. Furtherer investigation and discussion is needed for the differences. In 
addition, this study simplified blood flow as continuous steady flow. In the next study, the author is 
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going to elucidate pulsate flow characteristics in aorta-pulmonary artery system using Large Eddy 
Simulation (LES) model and stereo-PIV measurement system[] .  
 
Acknowledgments 
This work was supported by Koshiyama Science Foundation (2016) and Ogawa Science and 
Technology Foundation (2018). 

References 
[1] Sano S 2007, Recent development of congenital heart surgery in neonates and small infants, Applied 

Journal of Japan Surgical Society 108(6) 339-343. 
[2] Boucek M, Mashburn C and Kunz E 2005, Ductal Anatomy: A Determinant of Successful Stenting 

in Hypoplastic Left Heart Syndrome, Applied Pediatric Cardiology 26(2) 200-205. 
[3] Egan MJ, Trask AJ and Baker PB 2011, Histopathologic Evaluation of Patent Ductus Arteriosus 

Stents After Hybrid Stage I Palliation, Applied Pediatric Cardiology, 32(4), 413-417 
[4] Bordones AD, Leroux M, Kheyfets VO and Wu YA 2018, Computational Fluid Dynamics 

Modeling of the Human Pulmonary Arteries with Experimental Validation, Annals of 
Biomedical Engineering, 46(9), 1309-1324 

[5] Briceno JC Garcia-Torres AE, Silva AC 2004, A Modeling of the Hemodynamics of the Patent 
Ductus Arteriosus, ASAIO J. 50(2), 130 

[6] Ceballos A, Morales RA, Divo E, Osorio R and Lauderdale F 2012, Computational Analysis of 
Hybrid Norwood Circulation with Distal Aortic Arch Obstruction and Reverse Blalok-Taussig 
Shunt, The Annals Thoracic Surgery, 94(5), 1540-1550 

 [7] Murai Y, Ido T, Ishikawa M and Yamamoto F 1998, Development of the post-processing Method 
for PIV Measurement Result Using Computational Fluid Dynamics Procedure, Applied 
Transactions of the JSME, 64(626), 109-116 

 [8] Busen M, Kaufmann TA, Neidlin M, Steinseifer U and Sonntag SJ 2015, In vitro flow investigations 
in the aortic arch during cardiopulmonary bypass with stereo-PIV, Applied Journal of 
Biomechanics, 48(10), 2005-2011 

 [9] Hashimoto S 1987, Effect of Velocity Gradient on Clot Growth and Erythrocyte Destruction, J. 
Artificial Organs, 16(4), 1641-1646 

 [10] Sukena R, Nakamura S, Naoi K, Ishima T and Obokata T 2000, Measurement of Pulsating Flow 
by Means of LDA Flow Rate Meter, J. Mechanical Engineers JSME, 1, 143-144 

[11] Yoshida T, Okanaga H and Aoki K 2006, Flow Characteristics for Structure of Stenosis Tubes 
with Pulsating Flow, Tokai Univ. Report, 46(2), 67-72 

 
 

 
 


