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ABSTRACT 

The stent implantation in patent ductus arteriosus (PDA) is an alternative 

palliative treatment of neonates with cyanotic congenital heart disease. However, 

complications such as in-stent restenosis after stent implantation have been reported 

by medical practitioners. Researchers identified that the stent strut configurations and 

the ductal morphology contributed to the problem. Thus, this study focused on 

improving and developing customized stent strut configurations for PDA stenting 

applications in different PDA morphologies. Computational fluid dynamics (CFD) 

analysis was used to analyse the stent performance due to hemodynamic characteristics 

in PDA. Experimental validation via particle image velocimetry (PIV) analysis was 

also performed by comparing the velocity profile with the computational analysis. 

Current commercial stents used in PDA stenting were compared to determine the stent 

strut configurations with minimal risk of in-stent restenosis formations. Hemodynamic 

performance parameters in reducing the risk of in-stent restenosis formation such as 

wall shear stress, wall shear stress gradient, oscillatory shear index, and relative 

residence time were analysed and compared. All the commercial stents were later 

scored and ranked based on each hemodynamic performance. Based on the results 

obtained from the commercial stent hemodynamic performance analysis, parametric 

stent strut configurations were developed. Two design parameters were considered, 

which were stent thickness and strut width. The parametric stent strut configurations 

were analysed using the same hemodynamic performance parameters. The parametric 

stents were compared with the selected commercial stents with good hemodynamic 

performance and later selected for structural analysis. Finally, structural analysis via 

fluid-structure interaction (FSI) modelling was performed to predict parametric stent 

strut failure due to hemodynamic forces based on the maximum displacement and von 

Mises stress. Results indicated that a good hemodynamic performance in reducing the 

risk of in-stent restenosis in commercial stents Type 3, Type 4, Type 5, and Type 6 

with more minor strut connectors. Using the results obtained, parametric stent strut 

configuration was designed and evaluated. Stent with 0.1 mm thickness such as Type 

A, Type D, and Type G exhibited better hemodynamic performance in reducing the 

risk of restenosis formation compared to thicker stent strut. In addition, these stents 

were predicted to being able to withstand the hemodynamic forces from structural 

failure. Finally, the proposed parametric stents can reduce the risk of the formation of 

in-stent restenosis by approximately 20% compared to commercial stents with good 

structural strength to withstand the forces due to blood flow through various PDA 

morphologies.   
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ABSTRAK 

Pemasangan sten pada duktus arteriosus terbuka (PDA) adalah salah satu 

rawatan paliatif alternatif bagi bayi baru lahir yang menghidap penyakit jantung 

kongenital sianotik. Walau bagaimanapun, komplikasi selepas pemasangan sten telah 

dilaporkan oleh ahli perubatan. Penyelidik mendapati bahawa konfigurasi dinding sten 

dan morfologi duktus arteriosus adalah antara penyebab berlakunya komplikasi 

tersebut. Oleh itu, kajian ini bertujuan untuk menambah baik dan membangunkan 

konfigurasi dinding sten yang sesuai untuk digunakan dalam pemasangan sten untuk 

pelbagai morfologi PDA yang berbeza. Analisis perkomputeran dinamik bendalir 

(CFD) digunakan untuk menentukan prestasi sten disebabkan oleh ciri hemodinamik 

dalam PDA. Pengesahan hasil dapatan analisis CFD telah dibuat melalui eksperimen 

menggunakan analisis velokimetri imej zarah (PIV) dengan membandingkan dapatan 

analisis halaju dengan analisis berangka. Sten komersial sedia ada yang kini digunakan 

dalam pemasangan sten dalam PDA telah dibandingkan untuk menentukan sama ada 

konfigurasi dinding sten dapat mengurangkan risiko pembentukan semula stenosis. 

Prestasi parameter hemodinamik seperti tegasan ricih dinding, kecerunan tegasan ricih 

dinding, indeks ricih beralun dan masa tinggal relatif telah dianalisis dan 

dibandingkan. Kesemua sten komersial diberikan markah dan pemangkatan yang 

bersesuaian berdasarkan prestasi setiap parameter hemodinamik. Sten parametrik telah 

dibangunkan berdasarkan dapatan prestasi parameter hemodinamik sten komersial, 

dan dibandingkan dengan sten komersial yang terpilih. Dua parameter reka bentuk sten 

telah diambil kira, iaitu ketebalan sten dan kelebaran topang sten. Analisis sten 

parametrik dijalankan menggunakan parameter hemodinamik yang sama. Prestasi 

hemodinamik sten parametrik tersebut telah dibandingkan dengan sten komesial 

terbaik dari segi prestasi hemodinamik dan seterusnya dipilih untuk analisis struktur. 

Akhir sekali, analisis struktur dinding sten melalui analisis interaksi struktur dan 

bendalir (FSI) telah digunakan untuk meramal sama ada sten parametrik tersebut dapat 

menahan daya hemodinamik daripada patah atau gagal berdasarkan dapatan sesaran 

maksimum dan daya von Mises. Hasil dapatan menunjukkan prestasi hemodinamik 

dalam mengurangkan risiko pembentukan semula stenosis pada sten komersial Jenis 

3, Jenis 4, Jenis 5 dan Jenis 6 yang mempunyai penyambung sten yang rendah adalah 

lebih baik. Menggunakan hasil dapatan tersebut, sten parametrik telah direka bentuk. 

Sten parametrik dengan ketebalan 0.1 mm seperti sten Jenis A, Jenis D dan Jenis G 

menunjukkan prestasi hemodinamik dalam mengurangkan risiko pembentukan semula 

stenosis berbanding sten yang lebih tebal. Tambahan pula, sten-sten parametrik 

tersebut mampu menampung daya hemodinamik daripada kegagalan struktur. Akhir 

sekali, sten parametrik yang dicadangkan mampu untuk mengurangkan risiko 

pembentukan restenosis dalam sten kira-kira 20 peratus berbanding sten komersial, 

dan pada masa yang sama, memiliki kekuatan struktur yang baik yang dapat menahan 

daya yang disebabkan oleh aliran darah dalam morfologi-morfologi PDA. 
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CHAPTER 1  

 

 

INTRODUCTION 

Cyanotic congenital heart disease is a condition related to heart defects that are 

present at birth which causes bluish colour tone of the skin of newborns. As a palliative 

measure, surgical repair such as Blalock-Taussig shunting or palliative Norwood 

surgery are required in order to alleviate the effect of cyanosis on newborns. These 

types of surgical repair may not be suitable for newborns with insufficient weight and 

age. However, without necessary treatments, it may lead to morbidity and mortality. 

An alternative treatment for this condition was introduced, which is stent implantation 

in patent ductus arteriosus (PDA).  

The implantation of stent in ductus arteriosus has been selected as an 

alternative palliative treatment for newborns with cyanotic congenital heart disease 

(Alwi, 2012). Stent is a tubular wire mesh that is inserted and expanded in constricted 

blood vessel so that the blood vessel is dilated sufficiently to restore and maintain 

blood flow through the vessel. The stent implantation is done when the ductus 

arteriosus still open so that the ductus arteriosus remained patent. This procedure is 

called PDA stenting (Alwi and Mood, 2013; Matter et al., 2013). In PDA stenting, the 

stent is implanted temporarily in ductus arteriosus for 6 to 12 months or until the 

newborn has achieved sufficient weight necessary for permanent surgical repair or first 

state cavopulmonary anastomosis (Alwi, 2008). The implantation of stent in PDA has 

shown great promise in reducing the effect of the cyanosis in affected newborns and 

nowadays has been treated as a viable alternative treatment in place of palliative 

surgery in certain patients.  

Due to the usage of coronary stent in PDA stenting, medical practitioners have 

identified various complications that arises post stent implantation, thus indicate that 

the usage of coronary stent is deemed unsuitable for PDA stenting application (Gibbs 

et al., 1999). Complications such as in-stent restenosis, which is the narrowing of the 
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blood vessel after stent implantation, has been identified as the most common 

complications after stent implantation (Gibbs et al., 1999; Gewillig et al., 2004). There 

are four stages of in-stent restenosis which are thrombosis formation, arterial 

inflammation, neointimal hyperplasia and arterial remodelling (Murphy and Boyle, 

2010). This complication has adverse effect on the patient as the narrowing of ductus 

arteriosus affects the overall blood flow to the body.  Further interventions are required 

before permanent surgical repair can take place. 

Researchers had identified that flow alteration in the vicinity of stent wall 

contributes to the formation of in-stent restenosis. The flow alteration near to the stent 

wall is attributed to the stent strut design (Duraiswamy et al., 2010; Gundert et al., 

2013) and the complexity of the ductal morphology in patients (Aggarwal et al., 2019). 

To address this issue, understanding the effect of ductal morphology and the stent strut 

configuration that may lead to flow alteration near to the stented vessel are required. 

Design modifications may be proposed to improve the hemodynamic performance of 

the stent so that the stent is suitable for implantation especially in various PDA 

morphologies by streamlining the blood flow to avoid slow and stagnant flow which 

may leads to the formation of in-stent restenosis (Taib, 2016). These modified stent 

strut configurations are evaluated for hemodynamic performance in reducing the risk 

of in-stent restenosis. 

The evaluation of the stent designs is completed by employing various methods 

including computational fluid dynamics (CFD) analysis, animal testing and clinical 

trials. Early hemodynamic performance study on PDA stent via CFD employed 

simplified straight PDA models, implanted with customizable stent to evaluate the 

performance of the stent (Taib et al., 2013). This study indicates good hemodynamic 

performance as compared to commercial stents. The usage of simplified straight blood 

vessel, in this case artery, is quite common in evaluating the performance of stent. 

However, in term of PDA, various morphologies have been identified and simplified 

model might not adequately represent the actual hemodynamic characteristic of PDAs 

(Alwi, 2012). 
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Thus, in this study, an improved and customized PDA stent, suitable for 

various PDA morphologies, that may reduce the risk of in-stent restenosis formation 

after stent implantation. The evaluation of stent design is performed using modified 

patient-specific PDA models which represent several types of PDA morphologies. 

Customized PDA stents will be evaluated and compared with the commercial stents 

used in PDA stenting. To validate the computational modelling results, experimental 

method was implemented. Particle image velocimetry (PIV) is used to visualize the 

flow. As for structural analysis, single-coupled fluid-structure interaction (FSI) 

analysis is applied to evaluate stent structural integrity due to the hemodynamic 

characteristic of PDAs. In the end, customized stent strut configurations for PDA 

morphologies are proposed. 

1.1 Problem Statement 

Implantation of coronary stent in PDA has caused various complications 

including the narrowing of PDA after stent implantation, or in-stent restenosis of the 

PDA. Researchers had identified that the formation of in-stent restenosis is due to flow 

alteration near to the stent wall that caused flow stagnation and platelet adhesion. This 

indicates that the current coronary stent used for PDA stenting is deemed unsuitable 

for various PDA morphologies. Researchers identified that the formation of in-stent 

restenosis is due to the flow alteration near to the stent wall, causing flow stagnation 

and platelet adhesion. Stent strut configurations and the morphology of the stented 

vessel had been identified as the cause of in-stent restenosis formation.  

Various morphologies of PDA had been identified and classified based on its 

shape, length, the origin from the aorta and the insertion onto the pulmonary artery and 

other parameters. Suitability of PDA stenting as a treatment is also dependent on the 

morphology of the PDA. Different types of PDA morphologies experience different 

flow characteristics as the geometry of the PDA, corresponding to its location in 

relation to the aorta and pulmonary artery, will introduce flow divider region, similar 

to the flow behaviour observed in bifurcated blood vessel. Flow disturbance is 

observed in the flow divider region, which may lead to the formation of neointimal 
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build up at the wall of stented vessel. Thus, understanding of the flow behaviour in 

various PDA morphologies are necessary in predicting the formation of in-stent 

restenosis in neonates with cyanotic congenital heart disease.  

Furthermore, the evaluation of stent hemodynamic performance is mostly 

performed on simplified model of artery. However, in the case of PDA, various 

morphologies were identified, in which the flow characteristics varied depending on 

the morphologies with significant characteristic difference as well as the forces acted 

on the arterial wall, as compared to straight PDA model. The flow characteristic 

difference may affect the evaluation of the hemodynamic performance and mechanical 

strength of stent, especially in patient-specific PDA models.  

Therefore, further understanding on the flow behaviour near to the stent wall 

in various stented PDA morphologies are required to evaluate the hemodynamic 

performance of the stent strut configuration in PDA morphologies in reducing the risk 

of in-stent restenosis. This is so that customised stent strut configuration can be 

proposed, suitable to be used in various PDA morphologies. Further modifications of 

the stent strut configurations are required to meet the required hemodynamic 

performance in PDA morphologies, in order to fit each of the identified morphologies. 

 

1.2 Research Objectives 

The objectives of this study are as follows: 

(a) To establish and validate the hemodynamic characteristic in different types of 

PDA morphologies. 

(b) To establish the performance of commercial PDA stent in order to obtain the 

current hemodynamic performance of the stent. 

(c) To customise the stent strut configurations by varying the stent strut parameters 

on different types of PDA morphology. 
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(d) To determine the effect of hemodynamic characteristic on different 

morphologies of stented PDA morphologies to the customised stent strut 

configuration. 

1.3 Significance of Research 

Initial study on numerical modelling of customized stent strut configuration on 

PDA was performed on simplified PDA model. The limitation of simplified PDA 

model is it did not fully explain the true hemodynamic behaviour of stented PDA due 

to the geometrical nature of PDA morphologies that are more complicated and 

complex. The hemodynamic characteristic in PDA is highly dependent on the 

geometry of the PDA morphologies themselves, which is more complex than straight 

vessel. The usage of patient specific model of PDA should be able to accurately predict 

the stent hemodynamic performance as compared to the use of simplified model of 

PDA since the hemodynamic characteristic mimics the actual flow in PDA. The stent 

can be tailored specifically for each morphology. Therefore, the stent strut 

configurations need to take into consideration the PDA morphological hemodynamic 

characteristics into the analysis of stented PDA models for better prediction of stent 

performance in PDA. 

1.4 Scope of Research 

The scope of research is as follows: 

 

(a) Modified patient-specific models of PDA are used for stent strut hemodynamic 

performance prediction and analysis. The PDA are considered to be straight 

with no tortuosity. 

(b) Stents similar to commercial stents are selected and evaluated for 

hemodynamic performance in reducing the risk of in-stent restenosis. 



 

6 

(c) The stent hemodynamic performance of the PDA is analysed based on the 

result obtained from CFD modelling and single-coupled FSI modelling. 

Turbulence modelling is employed in the simulation. 

(d) The blood is set to be Newtonian. For CFD analysis, the arterial wall and stent 

is set to be rigid, while for FSI analysis, they are set to be non-rigid. 

(e) In-vitro analysis via particle image velocimetry (PIV) is performed on patient-

specific model of PDA to validate the hemodynamic characteristic obtained 

from the numerical modelling. 

 



 

111 

 

REFERENCES 

Aggarwal, V., Petit, C. J., Glatz, A. C., Goldstein, B. H. and Qureshi, A. M. (2019) 

‘Stenting of the ductus arteriosus for ductal-dependent pulmonary blood 

flow—current techniques and procedural considerations’, Congenital Heart 

Disease, 14(1), pp. 110–115. 

Alboliras, E. T., Hijazi, Z. M., Lopez, C. and Hagler, D. J. (2018) Visual Guide to 

Neonatal Cardiology, Visual Guide to Neonatal Cardiology. 

Algabri, Y. A., Chatpun, S. and Taib, I. (2019) ‘An Investigation of Pulsatile Blood 

Flow in An Angulated Neck of Abdominal Aortic Aneurysm Using 

Computational Fluid Dynamics’, Journal of Advanced Research in Fluid 

Mechanics and Thermal Sciences Journal homepage, 57, pp. 265–274. 

Alwi, M. (2005) ‘Patent Ductus Arteriosus Stenting - Problems, Complications and 

Technical Consideration’, Congenital Cardiology Today, 3(7), pp. 1–16. 

Alwi, M. (2006) ‘Core Curriculum Management Algorithm in Pulmonary Atresia 

With Intact Ventricular Septum’, Catheterization and Cardiovascular 

Interventions, 67(December 2006), pp. 679–686. 

Alwi, M. (2008) ‘Stenting the ductus arteriosus: Case selection, technique and possible 

complications.’, Annals of pediatric cardiology, 1(1), pp. 38–45. 

Alwi, M. (2011) ‘Patent Ductus Arteriosus Stenting: Problems, complications and 

technical consideration’, Neonatology today, 6(7). 

Alwi, M. (2012) ‘Stenting the patent ductus arteriosus in duct-dependent pulmonary 

circulation: techniques, complications and follow-up issues’, Future 

Cardiology, 8(2), pp. 237–250. 

Alwi, M., Choo, K. K., Latiff, H. A., Kandavello, G., Samion, H. and Mulyadi, M. D. 

(2004) ‘Initial results and medium-term follow-up of stent implantation of 

patent ductus arteriosus in duct-dependent pulmonary circulation’, Journal of 

the American College of Cardiology, 44(2), pp. 438–445. 

Alwi, M., Choo, K. K., Radzi, N. A. M., Samion, H., Pau, K. K. and Hew, C. C. (2011) 

‘Concomitant stenting of the patent ductus arteriosus and radiofrequency 

valvotomy in pulmonary atresia with intact ventricular septum and 



 

112 

intermediate right ventricle: Early in-hospital and medium-term outcomes’, 

Journal of Thoracic and Cardiovascular Surgery. The American Association 

for Thoracic Surgery, 141(6), pp. 1355–1361. 

Alwi, M. and Mood, M. C. (2013) ‘Stenting of Lesions in Patent Ductus Arteriosus 

with Duct-Dependent Pulmonary Blood Flow’, Interventional Cardiology 

Clinics, 2(1), pp. 93–113. 

Antoniadis, A. P. and Chatzizisis,  . S. (2021) ‘Local blood flow parameters and 

atherosclerosis in coronary artery bifurcations’, in Biomechanics of Coronary 

Atherosclerotic Plaque. Elsevier, pp. 193–202. 

Bakhshali, M. A., Mafi, M. and Daneshvar, S. (2013) ‘Mathematical modelling of the 

patent ductus arteriosus (PDA)’, Mathematical and Computer Modelling of 

Dynamical Systems, 19(3), pp. 238–249. 

Balossino, R.,  ervaso, F., Migliavacca, F. and Dubini,  . (2008) ‘Effects of different 

stent designs on local hemodynamics in stented arteries.’, Journal of 

biomechanics, 41(5), pp. 1053–61. 

Becker, R. C. (1993) ‘The role of blood viscosity in the development and progression 

of coronary artery disease’, Cleveland Clinic journal of medicine. Cleve Clin J 

Med, 60(5), pp. 353–358. 

Boshoff, D. E., Michel-behnke, I. and Schranz, D. (2007) ‘Stenting the neonatal 

arterial duct’, Expert Rev. Cardiovasc. Ther., 5(5), pp. 893–901. 

Caballero,  a. D. and Laín, S. (2013) ‘A Review on Computational Fluid Dynamics 

Modelling in Human Thoracic Aorta’, Cardiovascular Engineering and 

Technology, 4(2), pp. 103–130. 

Ceballos, A., Argueta-Morales, I. R., Divo, E., Osorio, R., Caldarone, C. A., Kassab, 

A. J. and Decampli, W. M. (2012) ‘Computational analysis of hybrid  orwood 

circulation with distal aortic arch obstruction and reverse Blalock-Taussig 

shunt.’, The Annals of thoracic surgery, 94(5), pp. 1540–50. 

Cetin, M. S., Cetin, E. H. O., Balci, K. G., Aydin, S., Ediboglu, E., Bayraktar, M. F., 

Balci, M. M., Maden, O., Temizhan, A. and Aydogdu, S. (2016) ‘The 

association between whole blood viscosity and coronary collateral circulation 

in patients with chronic total occlusion’, Korean Circulation Journal. The 

Korean Society of Cardiology, 46(6), pp. 784–790. 

Cheng, C., Helderman, F., Tempel, D., Segers, D., Hierck, B., Poelmann, R., van Tol, 

A., Duncker, D. J., Robbers-Visser, D., Ursem, N. T. C., van Haperen, R., 



 

113 

Wentzel, J. J., Gijsen, F., van der Steen, A. F. W., de Crom, R. and Krams, R. 

(2007) ‘Large variations in absolute wall shear stress levels within one species 

and between species.’, Atherosclerosis, 195(2), pp. 225–35. 

Chiastra, C., Gallo, D., Tasso, P., Iannaccone, F., Migliavacca, F., Wentzel, J. J. and 

Morbiducci, U. (2017) ‘Healthy and diseased coronary bifurcation geometries 

influence near-wall and intravascular flow: A computational exploration of the 

hemodynamic risk’, Journal of Biomechanics, 58, pp. 79–88. 

Crossley, K. J., Allison, B. J., Polglase, G. R., Morley, C. J., Davis, P. G. and Hooper, 

S. B. (2009) ‘Dynamic changes in the direction of blood flow through the 

ductus arteriosus at birth.’, The Journal of physiology, 587(Pt 19), pp. 4695–

704. 

Dehlaghi, V., Shadpoor, M. T. and  ajarian, S. (2008) ‘Analysis of wall shear stress 

in stented coronary artery using 3D computational fluid dynamics modeling’, 

Journal of Materials Processing Technology, 197(1–3), pp. 174–181. 

Duraiswamy,  ., Schoephoerster, R. T. and Moore Jr., J. E. (2010) ‘Comparison of 

Near-Wall Hemodynamic Parameters in Stented Artery Models’, 131(6), pp. 

1–22. 

Farooq, V.,  ogas, B. D. and Serruys, P. W. (2011) ‘Restenosis: Delineating the 

numerous causes of drug-eluting stent restenosis’, Circulation: 

Cardiovascular Interventions, 4(2), pp. 195–205. 

Feltes, T. F., Bacha, E., Beekman, R. H., Cheatham, J. P., Feinstein, J. a, Gomes, A. 

S., Hijazi, Z. M., Ing, F. F., de Moor, M., Morrow, W. R., Mullins, C. E., 

Taubert, K. a and Zahn, E. M. (2011) ‘Indications for cardiac catheterization 

and intervention in pediatric cardiac disease: a scientific statement from the 

American Heart Association.’, Circulation, 123(22), pp. 2607–52. 

Fung, Y.-C. (1993) ‘The Flow Properties of Blood’, in Biomechanics. Springer, New 

York, NY, pp. 66–108. 

Fytanidis, D., Soulis, J. and  iannoglou,  . (2014) ‘Patient-specific arterial system 

flow oscillation’, Hippokratia, pp. 162–165. 

Gadelrb, E., Samra, N. M., Amin, S. A., Borayek, H. A. and Abdelrazek, G. (2020) 

‘Platelets and platelet derived growth factor and ductus arteriosus in preterm 

neonates’, Progress in Pediatric Cardiology. Elsevier Ireland Ltd, 57, p. 

101226. 



 

114 

 alantowicz, M. and Cheatham, J. P. (2005) ‘Lessons Learned from the Development 

of a New Hybrid Strategy for the Management of Hypoplastic Left Heart 

Syndrome’, Pediatric Cardiology 2005 26:2. Springer, 26(2), pp. 190–199. 

Gewillig, M., Boshoff, D. E., Dens, J., Mertens, L. and Benson, L. N. (2004) ‘Stenting 

the Neonatal Arterial Duct in Duct-Dependent Pulmonary Circulation: New 

Techniques, Better Results’, Journal of the American College of Cardiology, 

43(1), pp. 107–112. 

Gibbs, J. L., Uzun, O., Blackburn, M. E., Wren, C., Hamilton, J. R. and Watterson, K. 

 . (1999) ‘Fate of the stented arterial duct.’, Circulation, 99(20), pp. 2621–

2625. 

Glor, F. P., Ariff, B., Hughes,  a D., Crowe, L. a, Verdonck, P. R., Barratt, D. C., 

Thom, S. a M., Firmin, D.  . and Xu, X.  . (2004) ‘Image-based carotid flow 

reconstruction: a comparison between MRI and ultrasound’, Physiological 

Measurement, 25(6), pp. 1495–1509. 

Gnasso, A., Irace, C., Carallo, C., De Franceschi, M. S., Motti, C., Mattioli, P. L. and 

Pujia, A. (1997) ‘In Vivo Association Between Low Wall Shear Stress and 

Plaque in Subjects With Asymmetrical Carotid Atherosclerosis’, Stroke, 28(5), 

pp. 993–998. 

 ournay, V. (2011) ‘The ductus arteriosus: physiology, regulation, and functional and 

congenital anomalies.’, Archives of cardiovascular diseases, 104(11), pp. 578–

85. 

Gundert, T. J. (2011) Improving Cardiovascular Stent Design Using Patient-Specific 

Models and Shape Optimization. Marquette University. 

 undert, T. J., Dholakia, R. J., McMahon, D. and LaDisa, J. F. (2013) ‘Computational 

Fluid Dynamics Evaluation of Equivalency in Hemodynamic Alterations 

Between Driver, Integrity, and Similar Stents Implanted Into an Idealized 

Coronary Artery’, Journal of Medical Devices, 7(1), p. 011004. 

He,  ., Duraiswamy,  ., Frank, A. O. and Moore, J. E. (2005) ‘Blood flow in stented 

arteries: a parametric comparison of strut design patterns in three dimensions.’, 

Journal of biomechanical engineering, 127(4), pp. 637–647. 

Her, A.  . and Shin, E. S. (2018) ‘Current management of in-stent restenosis’, Korean 

Circulation Journal, 48(5), pp. 337–349. 

Iannaccone, M., Gatti, P., Barbero, U., Bassignana, A., Gallo, D., de Benedictis, M., 

Helft, G., Morbiducci, U., Doronzo, B. and D’Ascenzo, F. (2019) ‘Impact of 



 

115 

strut thickness and number of crown and connectors on clinical outcomes on 

patients treated with second-generation drug eluting stent’, Catheterization and 

Cardiovascular Interventions, (January), pp. 20–25. 

Jiménez, J. M. and Davies, P. F. (2009) ‘Hemodynamically driven stent strut design.’, 

Annals of biomedical engineering, 37(8), pp. 1483–94. 

Johari,  . H., Hamady, M. and Xu, X.  . (2020) ‘A Computational Study of the Effect 

of Stent Design on Local Hemodynamic Factors at the Carotid Artery 

Bifurcation’, Artery Research, 26(3), p. 161. 

Kastrati, A., Mehilli, J., Dirschinger, J., Dotzer, F., Schühlen, H., Neumann, F. J., 

Fleckenstein, M., Pfafferott, C., Seyfarth, M. and Schömig, A. (2001) 

‘Intracoronary stenting and angiographic results: strut thickness effect on 

restenosis outcome (ISAR-STEREO) trial.’, Circulation, 103(23), pp. 2816–

21. 

Khalil, M., Jux, C., Rueblinger, L., Behrje, J., Esmaeili, A. and Schranz, D. (2019) 

‘Acute therapy of newborns with critical congenital heart disease’, 

Translational Pediatrics. AME Publications, 8(2), p. 114. 

Khanafer, K. M.,  adhoke, P., Berguer, R. and Bull, J. L. (2006) ‘Modeling pulsatile 

flow in aortic aneurysms: effect of non- ewtonian properties of blood.’, 

Biorheology, 43(5), pp. 661–79. 

Kori, M. I., Osman, K., Khudzari, A. Z. M. and Taib, I. (2020) ‘Computational Fluid 

Dynamics Application in Reducing Complications of Patent Ductus Arteriosus 

Stenting’, in. Springer, Singapore, pp. 201–218. 

Kori, M. I., Osman, K. and Taib, I. (2017) ‘Hemodynamic prediction in patent ductus 

arteriosus morphologies’, ARPN Journal of Engineering and Applied Sciences, 

12(10), pp. 3156–3160. 

Koskinas, K. C., Chatzizisis, Y. S., Antoniadis, A. P. and Giannoglou, G. D. (2012) 

‘Role of endothelial shear stress in stent restenosis and thrombosis: 

Pathophysiologic mechanisms and implications for clinical translation’, 

Journal of the American College of Cardiology. Elsevier Inc., 59(15), pp. 

1337–1349. 

Krichenko, A., Benson, L. N., Burrows, P., Möes, C. A. F., McLaughlin, P. and 

Freedom, R. M. (1989) ‘Angiographic classification of the isolated, 

persistently patent ductus arteriosus and implications for percutaneous catheter 

occlusion’, The American Journal of Cardiology, 63(12), pp. 877–880. 



 

116 

Ladisa, J. F., Guler, I., Olson, L. E., Hettrick, D. A., Kersten, J. R., Warltier, D. C. and 

Pagel, P. S. (2003) ‘Three-dimensional computational fluid dynamics 

modeling of alterations in coronary wall shear stress produced by stent 

implantation’, Annals of Biomedical Engineering, 31(8), pp. 972–980. 

LaDisa, J. F., Olson, L. E., Guler, I., Hettrick, D. a, Audi, S. H., Kersten, J. R., Warltier, 

D. C. and Pagel, P. S. (2004) ‘Stent design properties and deployment ratio 

influence indexes of wall shear stress: a three-dimensional computational fluid 

dynamics investigation within a normal artery.’, Journal of applied physiology 

(Bethesda, Md. : 1985), 97(1), pp. 424–30; discussion 416. 

Lee, A. J., Mowbray, P. I., Lowe, G. D. O., Rumley, A., Fowkes, F. G. R. and Allan, 

P. L. (1998) ‘Blood Viscosity and Elevated Carotid Intima-Media Thickness 

in Men and Women’, Circulation. Lippincott Williams & Wilkins, 97(15), pp. 

1467–1473. 

Liu, X., Sun, A., Fan,  . and Deng, X. (2014) ‘Physiological Significance of Helical 

Flow in the Arterial System and its Potential Clinical Applications.’, Annals of 

biomedical engineering. 

Matter, M., Almarsafawey, H., Hafez, M., Attia, G. and Abuelkheir, M.-M. (2013) 

‘Patent ductus arteriosus stenting in complex congenital heart disease: early 

and midterm results for a single-center experience at children hospital, 

Mansoura, Egypt.’, Pediatric cardiology, 34(5), pp. 1100–6. 

Michel-Behnke, I., Akintuerk, H., Thul, J., Bauer, J., Hagel, K.-J. and Schranz, D. 

(2004) ‘Stent implantation in the ductus arteriosus for pulmonary blood supply 

in congenital heart disease.’, Catheterization and cardiovascular 

interventions : official journal of the Society for Cardiac Angiography & 

Interventions, 61(2), pp. 242–52. 

Morgan, B. C. (1978) ‘Incidence, etiology, and classification of congenital heart 

disease’, Pediatric Clinics of North America. Elsevier Masson SAS, 25(4), pp. 

721–723. 

Murphy, J. and Boyle, F. (2007) ‘Comparison of Stent Designs using Computational 

Fluid Dynamics’, in 10th Annual Sir Bernard Crossland Symposium. 

Murphy, J. and Boyle, F. (2010) ‘Predicting neointimal hyperplasia in stented arteries 

using time-dependant computational fluid dynamics: a review.’, Computers in 

biology and medicine. Elsevier, 40(4), pp. 408–18. 



 

117 

Murphy, P. J. (2005) ‘The fetal circulation’, Continuing Education in Anaesthesia, 

Critical Care & Pain, 5(4), pp. 107–112. 

Nakazawa, G., Yazdani, S. K., Finn, A. V., Vorpahl, M., Kolodgie, F. D. and Virmani, 

R. (2010) ‘Pathological Findings at Bifurcation Lesions. The Impact of Flow 

Distribution on Atherosclerosis and Arterial Healing After Stent Implantation’, 

Journal of the American College of Cardiology. Elsevier Inc., 55(16), pp. 

1679–1687. 

Olsson, K. W., Jonzon, A. and Sindelar, R. (2012) ‘A high ductal flow velocity is 

associated with successful pharmacological closure of patent ductus arteriosus 

in infants 22-27 weeks gestational age.’, Critical care research and practice, 

2012(January 2006), p. 715265. 

Omeh, D. J. and Shlofmitz, E. (2020) Restenosis, StatPearls Publishing. 

Pache, J., Kastrati, A., Mehilli, J., Schühlen, H., Dotzer, F., Hausleiter, J., 

Fleckenstein, M., Neumann, F. J., Sattelberger, U., Schmitt, C., Müller, M., 

Dirschinger, J. and Schömig, A. (2003) ‘Intracoronary stenting and 

angiographic results: strut thickness effect on restenosis outcome (ISAR-

STEREO-2) trial.’, Journal of the American College of Cardiology, 41(8), pp. 

1283–8. 

Pant, S., Bressloff,  . W., Forrester, A. I. J. and Curzen,  . (2010) ‘The influence of 

strut-connectors in stented vessels: a comparison of pulsatile flow through five 

coronary stents.’, Annals of biomedical engineering, 38(5), pp. 1893–907. 

Pennati,  ., Bellotti, M. and Fumero, R. (1997) ‘Mathematical modelling of the human 

foetal cardiovascular system based on Doppler ultrasound data.’, Medical 

engineering & physics, 19(4), pp. 327–35. 

Qureshi, A. M., Goldstein, B. H., Glatz, A. C., Agrawal, H., Aggarwal, V., Ligon, R. 

A., McCracken, C., McDonnell, A., Buckey, T. M., Whiteside, W., Metcalf, C. 

M. and Petit, C. J. (2019) ‘Classification scheme for ductal morphology in 

cyanotic patients with ductal dependent pulmonary blood flow and association 

with outcomes of patent ductus arteriosus stenting’, Catheterization and 

Cardiovascular Interventions. John Wiley and Sons Inc., 93(5), pp. 933–943. 

Rafieian-Kopaei, M., Setorki, M., Doudi, M., Baradaran, A. and Nasri, H. (2014) 

‘Atherosclerosis: Process, Indicators, Risk Factors and  ew Hopes’, 

International Journal of Preventive Medicine. Wolters Kluwer -- Medknow 

Publications, 5(8), p. 927. 



 

118 

Recto, M. R., Doyle, S.,  uerra, V. C.,  ui  ang, S. and  eh, T. (2013) ‘Morphology 

of the patent ductus arteriosus does not preclude successful patent ductus 

arteriosus stent implantation in high-risk patients undergoing hybrid stage i 

palliation: Recommendations to optimize ductal stent positioning’, 

Catheterization and Cardiovascular Interventions, 82(4), pp. 519–525. 

S. LeRoy RN, M. (2012) Patent Ductus Arteriosus | CS Mott Children’s Hospital: 

University of Michigan Health System. 

Santoro, G., Gaio, G., Giugno, L., Capogrosso, C., Palladino, M. T., Iacono, C., 

Caianiello,  . and Russo, M.  . (2015) ‘Ten-years, single-center experience 

with arterial duct stenting in duct-dependent pulmonary circulation: Early 

results, learning-curve changes, and mid-term outcome’, Catheterization and 

Cardiovascular Interventions. John Wiley & Sons, Ltd, 86(2), pp. 249–257. 

Schneider, D. J. (2012) ‘The patent ductus arteriosus in term infants, children, and 

adults.’, Seminars in perinatology. Elsevier Inc., 36(2), pp. 146–53. 

Schneider, D. J. and Moore, J. W. (2006) ‘Patent ductus arteriosus.’, Circulation, 

114(17), pp. 1873–82. 

Schneider, M., Zartner, P., Sidiropoulos,  a, Konertz, W. and Hausdorf, G. (1998) 

‘Stent implantation of the arterial duct in newborns with duct-dependent 

circulation.’, European heart journal, 19(9), pp. 1401–9. 

Siogkas, P. K., Papafaklis, M. I., Sakellarios, A. I., Stefanou, K. A., Bourantas, C. V., 

Athanasiou, L. S., Exarchos, T. P., Naka, K. K., Michalis, L. K., Parodi, O. and 

Fotiadis, D. I. (2015) ‘Patient-Specific Simulation of Coronary Artery Pressure 

Measurements: An In Vivo Three-Dimensional Validation Study in Humans’, 

BioMed Research International. Hindawi Limited, 2015. 

Sotelo, J., Urbina, J., Valverde, I., Tejos, C., Irarrazaval, P., Andia, M. E., Uribe, S. 

and Hurtado, D. E. (2016) ‘3D Quantification of Wall Shear Stress and 

Oscillatory Shear Index Using a Finite-Element Method in 3D CINE PC-MRI 

Data of the Thoracic Aorta’, IEEE Transactions on Medical Imaging, 35(6), 

pp. 1475–1487. 

Suess, T., Anderson, J., Danielson, L., Pohlson, K., Remund, T., Blears, E., Gent, S. 

and Kelly, P. (2016) ‘Examination of near-wall hemodynamic parameters in 

the renal bridging stent of various stent graft configurations for repairing 

visceral branched aortic aneurysms’, Journal of Vascular Surgery. Elsevier, 

64(3), pp. 788–796. 



 

119 

Taib, I. (2016) Improvement of Haemodynamic Stent Strut Configuration for Patent 

Ductus Arteriosus. Universiti Teknologi Malaysia. 

Taib, I., Hao, K. S., Shafii, N. S., Khudzari, A. Z. M. and Osman, K. (2015) ‘Finite 

element analysis for stent in patent ductus arteriosus (PDA)’, in Proceedings - 

2015 2nd International Conference on Biomedical Engineering, ICoBE 2015. 

Institute of Electrical and Electronics Engineers Inc. 

Taib, I., Kadir, M. R. A., Azis, M. H. S. A., Md Khudzari, A. Z. and Osman, K. (2013) 

‘Analysis of Hemodynamic Differences for Stenting Patent Ductus 

Arteriosus’, Journal of Medical Imaging and Health Informatics, 3(4), pp. 

555–560. 

Texakalidis, P., Giannopoulos, S., Kokkinidis, D.  . and Lanzino,  . (2018) ‘Effect 

of Open- vs Closed-Cell Stent Design on Periprocedural Outcomes and 

Restenosis After Carotid Artery Stenting: A Systematic Review and 

Comprehensive Meta-analysis’, Journal of Endovascular Therapy. SAGE 

Publications Inc., 25(4), pp. 523–533. 

Thiriet, M., Delfour, M. and  aron, A. (2015) ‘Vascular Stenosis: An Introduction’, 

in Lanzer, P. (ed.) PanVascular Medicine. 2nd edn. Berlin, Heidelberg: 

Springer, pp. 781–868. 

Valdeomillos, E., Jalal, Z., Boudjemline, Y. and Thambo, J. B. (2020) ‘Transcatheter 

ductus arteriosus stenting in paediatric cardiology: Indications, results and 

perspectives’, Archives of Cardiovascular Diseases, 113(2), pp. 129–141. 

Vasava, P., Jalali, P., Dabagh, M. and Kolari, P. J. (2012) ‘Finite element modelling 

of pulsatile blood flow in idealized model of human aortic arch: study of 

hypotension and hypertension.’, Computational and mathematical methods in 

medicine, 2012, p. 861837. 

Vida, V. L., Speggiorin, S., Maschietto, N., Padalino, M. a, Tessari, C., Biffanti, R., 

Cerutti, A., Milanesi, O. and Stellin,  . (2010) ‘Cardiac operations after patent 

ductus arteriosus stenting in duct-dependent pulmonary circulation.’, The 

Annals of thoracic surgery. Elsevier Inc., 90(2), pp. 605–9. 

Wernick, M. H., Jeremias, A. and Carrozza, J. P. (2006) ‘Drug-eluting stents and stent 

thrombosis: a cause for concern ’, Coronary artery disease, 17(8), pp. 661–5. 

Wespi, R., Knirsch, W., Callegari, A., Logoteta, J. and Kretschmar, O. (2021) 

‘Outcome of Interventional Stenting of the Patent Ductus Arteriosus in 



 

120 

Neonates with Duct-Dependent Pulmonary Perfusion’, The Thoracic and 

Cardiovascular Surgeon. Georg Thieme Verlag KG, 69(S 02), p. DGPK-V7. 

 uan, S. M. and Jing, H. (2009) ‘Palliative procedures for congenital heart defects’, 

Archives of Cardiovascular Diseases, 102(6–7), pp. 549–557. 



 

122 

LIST OF PUBLICATIONS 

Kori, M.I., Osman, K. and Taib, I. (2017). Hemodynamic prediction in patent ductus 

arteriosus morphologies. ARPN Journal of Engineering and Applied 

Sciences.  12(10), 3156–3160. 

Kori, M.I., Jamalruhanordin, F.L., Taib, I., Mohammed, A.N., Abdullah, M.K., 

Ariffin, A.M.T. and Osman, K. (2017). Wall shear stress distributions on 

stented patent ductus arteriosus. In AIP Conference Proceedings. 


	DECLARATION
	DEDICATION
	ACKNOWLEDGEMENT
	ABSTRACT
	ABSTRAK
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF ABBREVIATIONS
	LIST OF SYMBOLS
	LIST OF APPENDICES
	CHAPTER 1    INTRODUCTION
	1.1 Problem Statement
	1.2 Research Objectives
	1.3 Significance of Research
	1.4 Scope of Research

	REFERENCES
	LIST OF PUBLICATIONS

