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Abstract 

Covered endovascular reconstruction of aortoiliac bifurcation (CERAB) 

configuration is a relatively new technique with encouraging results and increasingly 

being used in favour of the traditional kissing stents technique. When the current gold 

standard for in-stent restenosis of distal to proximal peak systolic velocity ratio > 2.5 was 

used, some patients have had computed tomography angiography (CTA) scan performed 

on them due to false positive results. The additional cost and risk associated with CTA 

could be avoided if a more robust screening tool was available. 

More recently, it was suggested that the use of a unibody stent-graft, designed for 

aneurysm treatment, could have several advantages for the treatment of Aortoiliac 

Occlusive Disease (AIOD) over CERAB. It preserves the aortic bifurcation, avoid limb 

competition in the distal aorta, allow for future endovascular interventions, and protect 

against potentially fatal aortoiliac rupture in heavily calcified lesions. The benefit of the 

Anatomical FiXation (AFX) stent-graft is the fact that radial mismatch is totally 

eliminated because of the one piece bifurcation design. The safety, efficacy, and early 

patency rates of the AFX unibody stent-graft for treatment of AIOD have been examined 

extensively by several groups; high primary and secondary patency rates up to three years 

follow up have been reported.  

The objectives of this thesis are: 

(i) to investigate an appropriate approach allowing for accurate assessment of

hemodynamic changes following treatment in patients with AIOD

(ii) to analyse and compare the hemodynamics of CERAB configuration and AFX

stent-graft to better understand the flow characteristics of these two endovascular

techniques using laser particle image velocimetry (PIV) experiments.

(iii) to develop a novel roller pump for physiological flow to overcome one of

the limitations of the existing flow loop used in laser particle image

velocimetry experiment.

(iv) to validate the computational fluid dynamic method as an viable hemodynamic

assessment tool comparable to experimental method
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To achieve the first objective, a peak systolic velocity (PSV) predictor was developed 

as a possible screening tool to supplement the existing re-stenosis guideline. Initial 

retrospective analysis based on a sample size of 16 patients showed potential of the PSV 

predictor as a screening tool to avoid CTA for patient with elevated PSV however, when 

it was tested on a larger sample size of 25 patients, it has an unacceptably low sensitivity 

value of 42% therefore deemed unsuitable as a clinical screening tool. Manual adjustments 

to the predictor by considering the vessel compliance based on Ankle Brachial Index 

(ABI) and iliac artery asymmetry only resulted in marginal improvement. Flute angle and 

stent height of CERAB configuration when evaluated as independent variables were found 

to have little influence on PSV predictor statistically and failed to improve the predictor. 

Further attempts to improve the PSV predictor by adding ABI and iliac asymmetry as 

independent variables were also not successful. The current PSV predictor is largely based 

on physiological phenomenon therefore further investigation by taking into account the 

biological response especially the auto regulation of blood flow by the brain might help to 

improve the PSV predictor to be a valuable clinical screening tool. 

The second objective dealt with the hypothesis that the AFX stent-graft is a better 

endovascular technique than CERAB configuration in treating AIOD. To test the 

hypothesis, a hemodynamic comparison between the two techniques was performed using 

laser PIV experiments. In that experimental study, more disturbed flow was observed in 

the bifurcation region of AFX stent-graft as compare with CERAB configuration. It was 

confirmed by the quantified hemodynamic outcomes where the mean time average wall 

shear stress (TAWSS) of 0.078 Pa (range: 0.009 to 0.242 Pa) for AFX was significantly 

lower than 0.229 Pa (range: 0.013 to 0.906 Pa) for CERAB, p < 0.001. Moreover, the 

mean oscillatory shear index (OSI) of 0.318 (range: 0.123 to 0.496) for AFX was 

significantly higher than 0.252 (range: 0.055 to 0.472) for CERAB, p < 0.001. Likewise, 

the mean relative residence time (RRT) of 180 Pa-1 (Range: 9 to 3,603 Pa-1) for AFX was 

significantly longer than 88 Pa-1 (Range: 2 to 840 Pa-1) for CERAB, p = 0.0086. These 

research findings suggest that CERAB configuration is more protective of thrombosis as 

compared with AFX stent-graft in the experimental setting and further investigation is 

warranted to confirm whether the undesirable hemodynamic results identified in this study 

are translated into the clinical setting. 

The third objective was to develop a cardiac pump to generate physiological flows 

for bench top testing.  
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The fourth objective was to validate a computational fluid dynamics method as a 

viable hemodynamic assessment tool by comparing its simulation results to that of Laser 

PIV experiments.  

In summary, a PSV prediction tool has been developed as a potential screening tool 

to improve diagnosis of patients treated with CERAB endovascular procedure but falls 

short in sensitivity and specificity therefore deemed unsuitable to be used in clinical 

practice. Further improvement to the predictor are needed to improve its utility for 

clinical applications.  

It was concluded that CERAB is a more superior endovascular technique in treating 

extensive AIOD based on hemodynamic outcomes comparing AFX stent-graft and 

CERAB configuration in an experimental setting. Further investigations are warranted to 

confirm whether the experimental findings are translated into clinical setting.  

It was demonstrated that carotid, suprarenal and infrarenal flow profiles were 

successfully generated by the novel reciprocating roller pump with waveforms conforming 

to human physiology and closely matched the reference profiles therefore it is deemed 

suitable for use in experimental studies of vascular blood flow.  

A computational fluid dynamics method was partially validated. There were 

reasonable agreements between PIV and CFD methods for OSI and RRT in the inflow 

region but poor agreement in the bifurcation region. Further improvements in CFD and 

PIV models are needed to overcome the inherent limitations in order to fully validate the 

CFD method for use as a hemodynamic assessment tool. 
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1.1 Clinical Complications 

Peripheral arterial disease (PAD) was estimated to affect about 200 million people 

globally in 2010 [1]. Aortoiliac occlusive disease (AIOD) accounted for up to 50% of the 

PAD patients [2]. If the 23.5% increase from 2000 to 2010 [1] is extrapolated from 2010 

to 2020, then more than 123 million people might be affected by AIOD globally by the 

year 2020. The treatment of AIOD over the past few decades has shifted significantly from 

open surgery to the less invasive endovascular treatment (EVT) due to its high technical 

success rate, improved patency, low morbidity rate, and short hospital stay [3-14]. In 

addition, newer techniques have been successfully introduced to treat complex 

TransAtlantic Inter-Society Consensus (TASC) type D lesions, especially with covered 

stents [15-22]. Despite that the blood flow is usually restored by the newer EVT techniques 

in treating complicated cases of AIOD, its flow pattern and hemodynamic characteristics 

in the “new normal” are seldom understood and might lead to incorrect diagnosis during 

follow-up. One such clinical problem is the higher than expected blood flow velocity near 

the stented region treated with Covered Endovascular Reconstruction of the Aortoiliac 

Bifurcation (CERAB) configuration. CERAB and AFX stent-graft are two recent EVT 

techniques that are effective in treating TASC type D lesions. However, clinicians are still 

posed with the question of which technique offers a better solution from a haemodynamic 

perspective. This thesis has attempted to address these two clinical issues. 

1.1.1 Background 

AIOD is a subset of PAD and a type of cardiovascular disease (CVD) involving the 

blockage of the abdominal aorta as it transitions into the left common iliac artery (CIA) 

and right CIA due to the presence of plaque in the artery wall. This might result in Leriche 

Syndrome, named after the French surgeon and physiologist René Leriche, who reported 

a syndrome of thrombotic obliteration of the aortic bifurcation in 1940 [23, 24]. Leriche 

Syndrome [23] is typically described in male patients with a triad of intermittent 

claudication in the buttocks and thighs, erectile dysfunction and absent or reduced femoral 

pulses. Since this report in young male patients, older and females patients have been 

reported subsequently [25, 26]. 

Atherosclerosis is a common, degenerative disease with no known single cause [27]. 

Several factors contribute to the formation of atherosclerotic lesions that are commonly 

known as plaques in the arteries [28]. It is understood that biological response to arterial 

injury triggers atherosclerosis. This process and the underlying pathophysiology remains 
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unclear. However, various studies have suggested that mechanical factors, such as 

hypertension [4, 29-32] and low wall shear stress (WSS) [31, 33-35], chemical factors, such 

as hyperlipidaemia [35, 36], hyperglycaemia [32, 37] and homocysteine [38-41,] as well as 

smoking are known to be injurious to the arterial wall. 

Lipid and microphages accumulate in the smooth muscle cells of the arterial wall as an 

inflammatory response to endothelial injury. Thus, it is hypothesised that low WSS allows 

the lipids to pass through the injured wall. Atheroma is comprised of cholesterol, cholesterol 

esters and triglycerides in varying compositions. Some plaques are less stable, and fissures 

occur on the plaque surface that facilitates the contact of circulating platelets with the 

internal constituents of the plaque, causing platelet aggregation. This could result in a fresh 

blood clot or thrombosis, blocking the lumen and causing ischemia to the organ (for 

example, heart attack or stroke). Blood supply can also be affected by the embolization of 

plaque debris and clot from atheroma to smaller vessels beyond the plaque location. 

The velocity of the blood flow through stenosis increases significantly if the lumen is 

compromised by >50%. When this phenomenon occurs in the lower extremities, working 

muscles are short of oxygen supply, which results in ischemia and subsequent claudication. 

In advanced cases, critical tissue ischaemia places the limb at risk, followed by tissue 

loss. However, critical limb ischemia (CLI) is seldom caused by AIOD alone. Commonly, 

in patients with CLI, multiple arterial segments are involved in occlusive atherosclerosis. 

Three distinct arterial segments distal to the visceral bearing portion of the abdominal 

aorta may become diseased by atherosclerosis as follows [24]: 

− Type I atherosclerosis involves the infrarenal aorta and the common iliac arteries 

only. The vessels distal to the common iliac arteries are normal or only minimally 

diseased. This pattern of atherosclerosis is observed in about 5–10% of the PAD 

patients and is more common in women than men. 

− Type II atherosclerosis involves infrarenal aorta and the common and external iliac 

arteries and may extend into the common femoral arteries. This pattern is observed in 

35% of the PAD patients. 

− Type III atherosclerosis is the most severe form and the most common type. This 

pattern of atherosclerosis involves the infrarenal aorta and the iliac, femoral, popliteal 

and tibial arteries. 
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PAD is classified according to TASC, including AIOD and its updated version (2015) 

[42]. According to Figure 1-1, TASC lesion D is the most complicated type and classified 

as AIOD that is recommended for surgical revascularization according to TASC 

guidelines [42]. 

 
Figure 1-1 Inter-Society Consensus for the Management of Peripheral Arterial Disease (TASC) 

classification of aortoiliac lesions. AAA: abdominal aortic aneurysm; CFA: common 

femoral artery; CIA: common iliac artery; EIA: external iliac artery [42]. Reprinted 

with permission from Annals of Cardiovascular Disease, Tokyo, Japan. 

1.1.2 Diagnosis 

Physical examination of the patient with AIOD reveals weakened femoral pulses and a 

reduced ankle-brachial index (ABI). The diagnosis was verified by colour duplex ultrasound 

scanning, which revealed either a peak systolic velocity (PSV) ratio ≥ 2.5 at the site of 

stenosis and/or a monophasic waveform beyond the site. Multidetector CTA was used to 

determine the extent and type of occlusion, and valuable information regarding the patency 

of distal arteries to the lower limbs (e.g. femoral artery) is obtained. The presence of 

https://en.wikipedia.org/wiki/Doppler_ultrasonography
https://en.wikipedia.org/wiki/Doppler_ultrasonography
https://en.wikipedia.org/wiki/Computed_tomography_angiography
https://en.wikipedia.org/wiki/Femoral_artery
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collateral arteries in the pelvis is critical to maintaining blood flow and lower limb viability1. 

A combination of history, physical examination, duplex ultrasound scanning, and CTA are 

used to diagnose AIOD. 

1.1.2.1 ABI 

The ABI is the ratio of the systolic blood pressure (SBP) measured at the ankle, 

followed by that at the brachial artery [43]. The resting ABI is regarded as a reliable, non-

invasive measurement to detect the presence and severity of the lower extremity PAD. It 

also determines the blood flowing by comparing the blood pressure in the legs to that in 

the arms in the supine position using a hand-held Doppler device [43-48]. Figure 1-2 

illustrates the measurement, calculation and interpretation of ABI [45]. The blood pressure 

in the leg is determined by measuring the systolic pressure of posterior tibial and dorsalis 

pedis arteries in both ankles. The blood pressure in the arm is determined by measuring 

the systolic pressure of the brachial artery in both arms.  

ABI calculation: 

Left ABI     =    
Higher of the PT or DP systolic pressure in the left ankle

Higher of the left or right brachial systolic pressure
 (1.1) 

 

Right ABI     =    
Higher of the PT or DP systolic pressure in the right ankle

Higher of the left or right brachial systolic pressure
 (1.2) 

 

Although ABI measurement is recommended by AHA guidelines for patients with 

suspected AIOD and has proven to be a useful and reliable diagnostic tool, drawbacks, 

such as time-consuming measurement, special training and technical expertise are required 

for accurate results [49, 50]. An alternative to manual measurement of resting ABI is the 

recently developed automated, digital ABI based on blood volume plethysmography 

technology with the advantages of ease of use and speed [51-53]. In order to use this new 

technique, no special training is required and it can be conducted at a primary healthcare 

provider’s office in three steps, outlined in Figure 1–3. 

 
1 https://en.wikipedia.org/wiki/Aortoiliac_occlusive_disease - cite_note-diagnosis2-2 

https://en.wikipedia.org/wiki/Aortoiliac_occlusive_disease#cite_note-diagnosis2-2
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Figure 1-2 How to measure, calculate and interpret the ABI. 

DP = Dorsalis pedis, PT = Posterior tibia [45]. Reprinted with permission from Elsevier 

Science and Technologies Journals, Amsterdam, The Netherlands.  

 
Figure 1–3 Digital ABI Measurement in three simple steps: 

(1) Measure both feet; (2) Measure both hands; (3) Print or upload Test Results2. 

Reprinted with permission from Bard Peripheral Vascular, Inc, Tempe, USA 

The diagnosis of PAD is confirmed if the traditional resting ABI reading is ≤0.9 or 

the digital ABI is ≤0.93. Such patients are at risk of early mortality from cardiovascular 

 
2 Source: https://www.crbard.com/CRBard/media/ProductAssets/BardPeripheralVascularInc/PF10069/en-
US/BPV-FLOC-1215-0007-1-v-1.1-QuantaFlo-Sell-Sheet.pdf 

https://www.crbard.com/CRBard/media/ProductAssets/BardPeripheralVascularInc/PF10069/en-US/BPV-FLOC-1215-0007-1-v-1.1-QuantaFlo-Sell-Sheet.pdf
https://www.crbard.com/CRBard/media/ProductAssets/BardPeripheralVascularInc/PF10069/en-US/BPV-FLOC-1215-0007-1-v-1.1-QuantaFlo-Sell-Sheet.pdf
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causes (such as myocardial infarction, stroke and other vascular death). ABI can be used 

to grade the severity; a low ABI reading suggests severe PAD. However, since ABI is not 

sensitive to detect low-grade stenosis in the aortoiliac segment, a treadmill exercise test is 

recommended. Exercising muscles require a greater blood supply than resting ones; 

nonetheless, which will trigger claudication if the stenosis is severe is yet to be identified. 

1.1.2.2 Doppler Ultrasound (DU) 

Ultrasound is defined by the American National Standards (ANSI) as ‘sound at 

frequencies > 20,000 Hz (20 KHz)’. Typically, humans can detect and hear sound waves 

ranging from 20 Hz to 20 KHz. In air at atmospheric pressure of 101,325 N/m2 (Pascal) 

or 760 mm Hg, ultrasound waves have a wavelength of ≤ 19 mm. The first use of medical 

ultrasound was published by Donald et al. in 1958 [54], and all subsequent improvements 

were enhancements of their groundbreaking work [55]. By the year 2000, colour Doppler 

was incorporated into medical ultrasound scanners to measure blood flow velocity in 

blood vessels with enhanced visualization [55]. DU is a non-invasive diagnostic imaging 

modality that is now routinely used to measure blood flow velocity in the cardiovascular 

system [56-58]. Usually, a 3–5 MHz B-mode linear or curved-linear probe incorporating 

a Doppler probe is used to measure the blood flow in vascular anatomy [59]. 

The Doppler principle states that the frequency of reflected ultrasound is altered by a 

moving target, in this case, red blood cells. The magnitude of this Doppler shift is related 

to the velocity of the blood cells, whereas the polarity of the shift reflects the direction of 

the blood flow towards (positive) or away (negative) from the transducer.  

The Doppler equation [60] is defined as follows: 

∆F =  
V x 2Fo x cos θ

c
 (1.3) 

Where 
 

∆F = Doppler shift 
V = Velocity of moving target i.e. red blood cells (m/s) 
Fo = Transducer frequency (Hz) 
ϴ = Angle of incidence (when solving Doppler equation, ϴ is assumed 0o or 180o in cardiac 
application) 
C = Speed of sound in tissue, 1540 m/s 

The blood flow velocity is derived from the Doppler equation as follows: 

V =
∆F x 𝑐 

2Fo x cos θ
 (1.4) 
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Figure 1-4 shows a typical velocity measurement in the common iliac artery (CIA) post-

stenting. The coloured section shows the location and size of the blood vessel being 

investigated, wherein blue represents one direction of flow and yellow, the opposite 

direction with respect to the probe. A ≥ 50% stenosis is defined as a DU peak systolic 

velocity ratio of ≥ 2.5 across the area of narrowing [17, 61-63]. 

 
Figure 1-4 Velocity Measurement using a DU scanner [64]. Reprinted with permission from 

Elsevier Science and Technology Journal, Amsterdam, The Netherlands. 

1.1.2.3 Computed Tomography Angiography (CTA) 

CTA is an imaging technique that uses CT to produce multiple two-dimensional (2D) 

cross-sectional images of blood vessels. It is an appropriate imaging modality for 

diagnosis and preoperative planning of EVT or open surgical treatment [65]. The three-

dimensional (3D) images of the arterial system can be constructed using the 2D images 

acquired during CTA for visualization. The accuracy of the resulting 3D images is similar 

to those achieved from invasive angiography, i.e. digital subtraction angiography (DSA), 

which is an invasive procedure requiring arterial cannulation. However, with CTA, direct 

arterial cannulation is not required, thereby reducing the risk of investigation. Figure 1-5 

illustrates the detection of severe calcification by CTA and DSA [66]. 
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Figure 1-5 CTA technique. (A) Cross-section of vascular anatomy. (B) Occlusion of the left 

common iliac artery (CIA) with severe calcifications detected by CTA and (C) DSA 

high-lighting the occlusion of left CIA [66]. Reprinted with permission from American 

Medical Association, Chicago, IL, USA. 

In addition, the CTA images can also be used to measure the regions of interest for 

preoperative planning purposes [67]. Figure 1-6 illustrates the measurement of the 

diameter and length in an aortic aneurysm based on 2D CTA images. 

 
Figure 1-6 Measurement with CTA. (A) Measurement of diameter; (B) Measurement of length 

[67]. Reprinted with permission from Nancy International Ltd, HK. 
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1.1.3 Treatment options 

The goal of AIOD treatment is to reduce the severity of symptoms of claudication 

and prevent amputation in patients diagnosed with critical limb ischaemia (ischemic rest 

pain with or without tissue loss, such as gangrene or a nonhealing foot ulcer). Such patients 

require urgent evaluation and revascularisation by minimally invasive endovascular 

treatment or open surgery to prevent limb loss. 

Some patients with AIOD may be asymptomatic. The Practice Guidelines Committee 

of the Society for Vascular Surgery (SVS) has developed specific practice 

recommendations for the treatment of asymptomatic AIOD and intermittent claudication 

(IC) in patients with atherosclerotic disease of the lower extremities. This programme 

centres on exercise and medical management of vascular disease, including smoking 

cessation, statin therapy and antiplatelet therapy (aspirin, clopidogrel or aspirin plus 

clopidogrel) [68]. In the case of AIOD patients with symptoms of IC, surgical treatment, 

or minimally invasive EVT can be considered depending on the severity of the disease 

and patient co-morbidities. 

1.1.3.1 Surgical treatments 

Surgical options for AIOD include direct aortic reconstruction [aortoiliac bypass, 

aortofemoral bypass (AFB), aortoiliac endarterectomy), which is the most durable 

procedure; however, it also presents significant morbidity and mortality. In addition, 

AIOD patients deemed to be at high risk for aortic surgery or with suitable anatomy or 

both, extra-anatomical bypasses [iliac-femoral (IFB), axillary-femoral (AxFB), femoral-

femoral bypass (FFB)] are suitable alternatives with low morbidity but less durability [68]. 

1.1.3.2 Minimally invasive endovascular treatments 

A significant paradigm shift has taken place in the last two decades with respect to 

the treatment of AIOD [6]. Although TASC guidelines previously recommended 

endovascular procedures as the primary treatment for focal disease and open surgery for 

advanced disease [7], improvements in endovascular techniques and novel and advanced 

technology has replaced open surgical bypass with EVT as the primary treatment for both 

focal and advanced AIOD in many cases. For minimally invasive EVT of iliac angioplasty 

using stents, long-term results are favourable with open surgery presenting a significantly 

low risk profile [7, 8]. Interestingly, new techniques, including covering long segments, 
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treating total occlusions and using covered stent-grafts [4, 5, 19], are alternatives to 

surgical reconstruction in patients with suitable anatomy. 

Open surgery is now reserved for patients with previously failed endovascular 

interventions or patients with extensive disease and associated with aortic aneurysms that 

is deemed impossible to be treated by EVT. 

1.1.3.2.1 Kissing stents 

In 1991, the first kissing stent procedure was introduced by Palmaz to improve the 

treatment outcome of angioplasty of stenosis at aortic bifurcation [69]. This technique uses 

two stents, typically balloon-expandable, positioned at the two iliac origins distal to the 

aortic bifurcation and deployed simultaneously to avoid compromise of one or the other 

lumen (Figure 1-7). High technical success rate, primary patency and secondary patency 

have been achieved in treating TASC lesions A–D using this technique [3, 10, 70-73]. 

 
Figure 1-7 Schematic representation of atherosclerotic stenosis predominantly affecting the 

aortic bifurcation and origin of the iliac arteries. Bilateral stents placed with the 

cephalic ends contacting in the midline provide support for the most distal portion of 

the aortic wall [69]. Reprinted with permission from Elsevier Science and Technology 

Journal, Amsterdam, the Netherlands. 

1.1.3.2.2 Covered endovascular reconstruction of aortoiliac bifurcation 

(CERAB) 

Groot Jebbink et al evaluated the geometry of kissing stents used to recreate the aortic 

bifurcation. The study suggested that the patency might be adversely affected by the 

mismatch between the stented lumen and the aortic lumen [74]. Also, the radial mismatch 

might give rise to disturbances that might result in the formation of thrombus. Thus, the 
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findings suggested that a different technique such as CERAB is suitable for recreating the 

aortic bifurcation. 

The CERAB technique is an anatomical approach to reconstruct the aortic 

bifurcation and reduces the radial mismatch that is inherent with the traditional kissing 

stent treatment [75]. In the CERAB configuration, three covered stents are used, wherein 

a covered stent is initially positioned about 15–20 mm above the aortic bifurcation, and 

a large balloon is used to inflate the stent against the aortic wall. A funnel may be created 

at the proximal extent by gentle overdilation. Two iliac covered stents are subsequently 

positioned at the distal end of the aortic funnel and deployed simultaneously. 

Consequently, a newly formed bifurcation is created with a tight seal between the aortic 

and iliac stents as shown in Figure 1-8. 
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Figure 1-8 Step-by-step process of the covered endovascular reconstruction of the aortoiliac 

bifurcation (CERAB) technique: A: Placement and expansion of a 12-mm diameter 

balloon-expandable as V12 covered stent-graft in the distal aorta (through a 9 Fr 

introducer). B: Post-dilation of the proximal 12-mm V12 stent to the diameter of the 

native aorta. C: After optimal positioning (±20 mm above the bifurcation) and 

complete expansion, the distal end of the stent becomes funnel-shaped. Bi-lateral 

V12 covered stent-grafts are then placed in this conic segment, in a ‘kissing-stent’ 

configuration. D: Simultaneous inflation of the bilateral stents. E and F: A tight seal is 

then formed between the bilateral iliac stents and the aortic stent, simulating a new 

bifurcation with the hemodynamic aspect of an aortobifemoral prosthesis or ‘flow 

splitter’ of an EVAR prosthesis [75]. Reprinted with permission from The Journal of 

Cardiovascular Surgery, Torino, Italy. 
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1.1.3.2.3 AFX Unibody stent-graft 

An alternative to CERAB for treating AIOD is to use a single unit or unibody and a 

low profile covered stent to reconstruct the aortoiliac bifurcation. One such device is 

manufactured by Endologix and commercially known as the AFX Unibody Stent-graft. It 

was originally designed for the treatment of aortic aneurysms and has been used in AIOD 

as it maintains the bifurcation anatomy for future access. Figure 1-9 shows CTA images 

on the left (A) severe stenosis and CTA image on the right (B) patency after deployment 

of AFX stent. A recent study by Maldonado et al. described the largest patient cohort of 

AIOD patients treated with AFX stents [21]. Then, a total of 91 patients were evaluated in 

the retrospective study. The primary patency rate was > 90%, the primary assisted patency 

rate was > 98%, and the secondary patency rate at 2 years was > 100%. Notably, 82% of 

these patients were diagnosed with TASC D lesions, and the remaining 1%, 13% and 4% 

exhibited type A, B and C lesions, respectively. 

One of the limitations of the AFX stent is that adjunctive stent might be required for 

patients with heavily calcified lesions due to its weak radial force. In this study, 59% of 

the patients required adjunctive stenting using balloon-expandable stents. Despite this 

limitation, it appears that AFX is still a reasonable choice, especially for patients who are 

not suited for open surgery. 

 
Figure 1-9 CTA Images (A) before and (B) after deployment of AFX stent [20, 

21]. Reprinted with permission from ProLitteris, Zurich, Switzerland 
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1.2 Hypothesis of the research 

Significant advances were detected in endovascular treatment of aortoiliac occlusive 

disease since its introduction in the 1990s [69, 76-80], especially in the recent decade when 

sophisticated techniques [5, 8, 9, 12-15, 17, 19, 21, 22, 72, 75, 81-83] have emerged. The 

primary issues of endovascular treatment are that vascular surgeons are now inundated 

with choices of endovascular techniques. In addition, enhanced diagnostic or screening 

tools are needed to help clinicians improve the monitoring of patients during follow-ups. 

Since it is impractical to conduct experiments on live patients due to safety concerns; 

therefore, we aimed to test the hypothesis that computational and in vitro approaches can 

add new knowledge to this research area. Importantly, these approaches need to be 

developed for clinical applications, so that patient safety is not compromised.  

1.3 Objectives 

The main objectives of the present work are outlined below: 

− to investigate an appropriate approach allowing for accurate assessment of 

haemodynamic changes following treatment in patients with AIOD.  

− to analyse and compare the haemodynamics of CERAB configuration and AFX stent-

graft using laser particle image velocimetry (PIV) experiments to understand the flow 

characteristics of these two endovascular techniques and prove the hypothesis that 

AFX stent-graft is a superior technique in treating extensive AIOD. 

− to develop a novel roller pump for physiological flow to overcome one of the 

limitations of the existing flow loop used in the laser particle image velocimetry 

(PIV) experiment. 

− to validate the computational fluid dynamic method as a viable haemodynamic 

assessment tool in comparison to the experimental method. 

Stents and stent-grafts alter the haemodynamics according to their size, shape, stiffness, 

and interaction with the vessel wall. Therefore, interpreting the findings of duplex ultrasound 

surveillance after the procedure is used by clinicians to assess patency and identify 

restenosis. The main objective of this thesis is to investigate an appropriate approach 

allowing for accurate assessment of the haemodynamic changes following treatment in 

patients with AIOD. Computational fluid dynamics (CFD) allow the investigation of local 

haemodynamics at a level not that might be inaccessible with experimental techniques or in 

vivo studies. Velocity flow fields are the main outputs from CFD analysis. In order to 



Chapter One.  Introduction 

16 

achieve the first objective, a screening tool was developed to supplement the gold standard 

of restenosis of velocity ratio > 2.5 between proximal and distal velocities of the stented 

artery. The data obtained from CFD simulations of ideal aortoiliac geometry and design of 

the experimental method were used to develop a PSV predictor to screen for possible 

restenosis. The predicted PSV was compared to DU that measured maximum PSV. If 

accurate, it could be used as a clinical diagnostic tool to help clinicians decide whether CTA 

is warranted in cases with high PSV detected during the follow-ups. 

The second objective of this thesis is to test the hypothesis that AFX stent-graft is a 

more superior endovascular technique for treating extensive AIOD than the CERAB 

configuration due to its one-piece design that eliminates the radial mismatch. Maldonado 

et al. [21] suggested that the unibody and low profile AFX stent-graft has several 

advantages, such as, preserve the aortic bifurcation, avoid limb competition in the distal 

aorta, facilitate future endovascular interventions, and protect against potentially fatal 

aortoiliac rupture in heavily calcified lesions. A haemodynamic comparison would be 

valuable in identifying the best stent. In order to achieve this objective, laser PIV 

experiments were performed to obtain the flow pattern, TAWSS, OSI and RRT in 

aortoiliac flow phantoms deployed with modified transparent AFX stent-graft and 

CERAB configuration for haemodynamic comparison. WSS measures the blood flow-

induced shear stress acting on the arterial wall, whereas OSI measures the degree of 

disturbed flow along the vessel wall. In addition, relative residence time (RRT) derived 

from time-averaged WSS (TAWSS), and OSI can be used to identify the putative 

localization of plaques [84]. Low TAWSS and high OSI have been directly implicated in 

the pathogenesis of atherosclerosis [27, 31, 85, 86], and therefore, CFD analysis of these 

parameters will provide clues to the potential site of restenosis. 

The third objective was to address one of the limitations of the PIV experimental set-

up. The flow phantoms used in the PIV experiments incorporated two renal branches such 

that physiological infrarenal flow profile could be achieved by applying a suprarenal flow 

profile at the inlet of the flow phantom by adjusting the flow resistance and compliance at 

the outlets. However, the unintended consequence was that the laser sheet was partially 

obscured by the renal branch of the AFX phantom, resulting in partial illumination of the 

inflow region. A novel roller pump has demonstrated its ability to overcome this limitation.  

The fourth objective was to perform a hemodynamic comparison of PIV and CFD 

methods on a flow phantom deployed with a modified transparent AFX stent-graft in order 

to validate the CFD model for future clinical applications.  
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1.4 Thesis Overview 

Chapter 1 is an introduction to aortoiliac occlusive disease, its background, 

classification, diagnosis, treatment options with a focus on minimally invasive EVTs, and 

their benefits and drawbacks are discussed. In this chapter, the objectives of the thesis and 

the thesis overview are also presented.  

In Chapter 2, a blood flow velocity prediction in aortoiliac stent grafts using 

computational fluid dynamics and Taguchi method is presented. The maximum PSV 

predictor was developed based on idealized geometries. The predictor was evaluated using 

16 patient-specific Perth cohort cases. It was concluded that the predictor used as a 

screening tool in the retrospective study could avoid some CTAs with the associated cost 

and risks. 

In Chapter 3, the PSV predictor was tested on a larger sample size of 25 patients from the 

Netherlands collaborators, only 42% of Arnhem cohorts would have avoided CTA even 

after manual adjustment of iliac asymmetry and flow split based on the ratio of ABIs 

between left and right limbs. 

In Chapter 4, CFD simulations were performed incorporating fluke angle, stent height 

and anteroposterior angle in the aortoiliac model. The effects of these geometric 

parameters on PSV were evaluated.  

In Chapter 5, details of a large design of experimental study based a 3-level Taguchi 

orthogonal array L27 are presented. It was used to study the effect of three additional 

independent variables, i.e. iliac asymmetry, average ABI, ABI ratio and their interactions 

on PSV. The improved predictor was tested, and the data are presented and discussed.  

In Chapter 6, hemodynamic comparisons of AFX stent-graft and CERAB configuration 

based on the results of laser PIV experiments were used to test the hypothesis that the AFX 

stent-graft is a more superior endovascular technique in treating extensive AIOD when 

compared to CERAB configuration. Flow patterns at inflow and bifurcation regions for 

AFX stent-graft and CERAB configuration were presented and discussed, followed by 

TAWSS, OSI and RRT comparisons. Student t-tests were used to conclude whether there 

were any significant differences between the two endovascular techniques. Limitations of 

the PIV experiments were also discussed, and future investigations recommended.  

In Chapter 7, a novel pulsatile pump based on a modified roller pump design is presented. 

Its ability to generate infrarenal flow profile has the potential to overcome one of the 
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limitations of the PIV experimental set-up highlighted in Chapter 6. It also has the potential 

to simplify the PIV flow circuit significantly by eliminating the two renal branches of the 

aortoiliac model. In addition, the measured flow profiles generated by the novel pump for 

three types of vascular flows, carotid, suprarenal and infrarenal, matched well with 

reference flow profiles deemed suitable for benchtop testing of physiological flow. The 

associated patent filing document for the novel roller pump is described in Appendix F and 

Appendix G. 

In Chapter 8, CFD simulations were performed by modelling the laser PIV 

experimental set-up of the aortoiliac phantom deployed with a modified transparent AFX 

stent-graft as outlined in Chapter 6. The haemodynamic parameters, including flow 

pattern, TAWSS, OSI and RRT, were compared to validate the CFD model for future 

clinical applications.  

Finally, in Chapter 9, the main conclusions were drawn, and future directives were 

proposed to explore opportunities that would improve clinical outcomes of the 

endovascular treatment of AOID. 
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Preamble 

One of the challenges with the use of new stent graft is the fact that the hemodynamic 

changes as a result of the implanted device cannot be evaluated in vivo with the standard 

protocol. Even though the patency of the stent graft can be assessed real-time during EVT 

with the aid of X-ray fluoroscopy, it is not possible to obtain flow pattern and other 

hemodynamic parameters such as WSS or OSI in vivo. Current guidelines to assess 

restenosis is velocity index greater the 2.5 

In the case of CERAB, there is anecdotal evidence in centres here in Australia as well 

as other centres in Europe including Belgium and the Netherlands that follow up velocity 

measurements using DU scanner sometimes show high velocity in the stented region but 

it is not necessarily caused by restenosis. Our aim is to develop a non-invasive PSV 

prediction tool to supplement the velocity index criterion to better understand the ‘new 

normal’ post CERAB procedure. 

This published journal paper begins with an abstract that summarizes the research 

topic, its main objective, methodology, results and conclusions. Outlined in the main 

section where material and method used to develop the PSV predictor was described in 

detail. Results section shows the strength of each independent variable and its effect on 

the dependent variable PSV. The relationship between PSV and the independent variables 

are expressed in the predictor formula. The predictor was evaluated using sixteen patient 

data. In the appendices, supplementary materials are provided for Taguchi method, Design 

of Experiment and Computational Fluid Dynamics. 

  



Chapter Two.  Blood Flow Velocity Prediction 

21 

2.1 Introduction 

Cardiovascular disease (CVD) is a leading cause of death globally. In Australia, it 

accounted for 34% of all deaths in 2008[87]. Peripheral arterial disease (PAD) is part of a 

broad spectrum of atherosclerotic cardiovascular diseases that affect the coronary, 

cerebrovascular, visceral, aortoiliac, and infrainguinal vascular bed. PAD affects 8 to 10 

million people per year in the United States alone [88]. AIOD is a subset of PAD involving 

an atherosclerotic occlusion of the infra-renal aorta, common iliac arteries, or both. 

Treatment of AIOD can be performed either via open surgical repair or by minimal 

invasive endovascular stenting. Most physicians are now using endovascular approaches 

to treat most levels of AIOD [17, 24] with covered or bare stents. There are several 

configurations available; some include the newer technique of relining the entire 

bifurcation with stents (Covered Endovascular Reconstruction of the Aortic Bifurcation 

(CERAB)). Recent studies indicate good patency and clinical outcome with covered stents 

[15, 17, 18, 89]. While CERAB has proven to be effective in treating AIOD[17], its 

hemodynamic effects are not fully understood. There are instances where measurements 

using ultrasound indicate higher than expected PSVmax usually indicating stenosis, but 

subsequent CTA reveals excellent patency and absence of restenosis. To address similar 

concerns, CFD and predictive value of PSV were evaluated and in some cases, treatment 

plans were proposed for clinical applications [90-93]; and to address our specific issue, a 

PSVmax predictor was developed using CFD, Taguchi method and Multiple Linear 

Regression (MLR) with the aim of defining the “new normal” post CERAB and avoiding 

the requirement for CTA during follow up.. 

2.2 Methods 

2.2.1 Design of Experiments  

Taguchi orthogonal array (OA) takes the form La (Bc). The ‘a’ subscript of Latin 

square L represents the number of experimental runs or simulations. B is the number of 

levels in each column and its c exponent is the number of columns in the array. Design Of 

Experiments using Taguchi method can help researchers significantly reduce the time 

required for experimental or simulation investigations. L16 (215) was used by Qi et al [94] 

to analyse the sensitivity of a middle ear finite-element model from nine parameters 

whereas L8 (24) was used by Trabelsi et al [95] to study the influence of four control 

factors and their interactions on Vero cell growth in vaccine production and L12 (211) was 

applied on a Skin Burn Injury Prediction model from 11 control factors by Autrique and 
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Lormel [96]. In our studies, L8 (27) was used to analyse the effects of three control factors 

namely, infra-renal inlet velocity PSV (PSVin), iliac to aortic area ratios (R) and aortoiliac 

bifurcation angles(α); and their two-way interactions on PSVmax in a human aortoiliac 

bifurcation. Appendix A provides a detailed description of Design Of Experiments 

planning, OA selection, and design of the simulation studies. 

2.2.2 Computational Fluid Dynamics (CFD) 

Computer Aided Design (CAD) software SolidWorks (Dassault Systems, Velizy, 

France) and Ansys SpaceClaim (ANSYS, Canonberg, PA, USA) were used to create 

idealized 3D CAD models to mimic the lumen at the aortic bifurcation treated with 

CERAB using Atrium V12 stents manufactured by Atrium Medical Corporation (Hudson, 

New Hamsphire, USA). The 3D CAD models were built based on realistic models of still 

and X-ray images from Groot Jebbink et al [74] and the overall geometrical dimensions 

were derived from Grimme[17]. Surface meshes were created from 3D CAD models using 

ANSYS 17.0 Fluent meshing tool and subsequently discretised into polyhedral elements. 

The governing equations of the fluid domain were computationally solved using 

ANSYS Fluent 17.0, a finite volume method CFD solver. Cardiac blood flow was 

simulated based on the following realistic physiological conditions: 

− Blood density of 1060 kg/m^3 

− Blood Flow was considered to be laminar, incompressible and isotropic. 

− Blood was assumed to be a Non-Newtonian Fluid, its viscosity was estimated using the 

Carreau Model[97] where λ = 3.313 s, n = 0.3568, μ0 = 0.056 pa-s, μ∞= 0.0035 pa-s 

− Non-slip conditions were applied at the artery walls 

− Triphasic pulsatile waveform was applied at the inlet which was obtained from Fraser 

et al [98] based on 21 subjects via User Define Function(UDF) in ANSYS Fluent. 

− An entrance length equal to nine times the inlet diameter of 20mm (9 x 20 mm =180 

mm) was introduced to obtain a realistic velocity profile in the infra-renal aortic 

region[99]. 

− The exit length was set at 200 mm which is more than 16 times outlet diameter 

(D)[100] so that the flow can return to a nearly fully developed state and that the 

outlet boundary does not affect the upstream flow. 

− A constant gauge pressure of 100 mmHg (13332 Pa) was applied at the outlets [98] 
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Based on an average 5L/min cardiac output, 70% of blood flow to the descending 

aorta resulting in 58 mL/s flow rate, an inlet internal diameter of 2.5 cm, dynamic viscosity 

of 4.2 mPa.s and density of 1060  kg/m3 for the blood; Reynold’s number of 891 suggests 

that the vascular blood flow in the region of interest is laminar. CFD simulations were 

conducted on polyhedral volume mesh as shown in Figure 2-1, generated from idealized 

geometry according to the parameter setting as outline in Appendix A, Table A.3. Steady 

state simulation was first performed using laminar model and a semi-implicit SIMPLEC 

solution method in ANSYS FLUENT 17.0 solver with default solution controls. Under 

relaxation factors for pressure and momentum were fine-tuned to 0.36 and 0.78 

respectively to reduce the number of iterations to reach steady state convergence and were 

found to be optimal and subsequently used in all simulations. Transient simulation with 

bounded second order implicit method, 0.01 second fixed time-step were used and a total 

of three cardiac cycles (3 x 0.93s) = 2.79s or 279 number of time-steps were performed 

for each simulation. 

 
Figure 2-1 Polyhedral Volume Mesh 

Appendix B outlines the details of inlet boundary condition, determination of entrance 

length, grid independence and periodicity convergence tests. 
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2.2.3 Acquisition of Patient Specific Data 

All patient data were de-identified in compliance with Human Research Ethics 

requirements. Retrospective patient spectral Doppler data for infra-renal aortic PSVin and 

intrastent PSVmax from common iliac arteries were obtained using Philips CX50 Ultrasound 

Machine (Philips Healthcare, Amsterdam, Netherlands) with a 5-1 MHz curved probe 

operating in pulsed wave mode. Figure 1-4 shows a typical measurement of CIA velocity. 

The associated CTA images for the aortoiliac bifurcation were obtained using GE 

Medical System LightSpeed VCT CT Scanner (GE Healthcare, Chicago, Illinois, USA) 

with 512 x 512 resolution and 0.625mm slice thickness. From the CTA images, linear and 

angular measurement tools in InterViewer software version 4.9.1-P132 (Intelerad Medical 

Systems, Montreal, Quebec, Canada) were used to determine bifurcation angle (α), aortic 

diameter and left and right iliac diameters as shown in Figure 2-2. The aortic diameter was 

measured immediately below the two renal arterials whereas the iliac diameters were 

measured just before they branched into the external and internal iliac arteries. To minimize 

measurement error, six sets of measurements per patient were taken. The first set of 

measurements were taken from the front coronal plane and two subsequent sets of 

measurements from adjacent rotated slices. Likewise three more sets of measurements were 

taken from the back coronal plane. The iliac to aortic area ratio (R) were then calculated as 

(D2
2 + D3

2)/D1
2, as defined in Appendix A, Figure A.1. 

 
Figure 2-2 Angle and Diameters Measurements 
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2.2.4 Statistical Analysis 

In statistics, multiple linear regression (MLR) is an approach for modelling the 

relationship between a dependent variable and two or more independent variables. In our 

studies, SPSS version 23, a statistical analysis software from IBM (Armonk, New York, 

United States) was used to establish a mathematical function between dependent variable 

PSVmax and independent variables PSVin, R and α. A simple linear function MLR model 

with step-wise elimination method was applied. The constant and coefficients from the 

MLR output were used to determine the relationship between the dependent variable 

PSVmax and independent variables PSVin, R and α. Subsequently, an exponential 

function was applied. Adjusted R2, a measure of Goodness of fit was used to compare 

how well the independent variables describe the model where 1 is perfect fit. The purpose 

of the ANOVA is to determine which independent variable, or interactions between 

independent variables, significantly affect the dependent variable. In addition to Degree 

Of Freedom, Sum of Squares (SS) and Mean of Squares (MS), F-Ratio, p-value and 

Contribution (C %) associated with each independent variable was reviewed. The 

ANOVA was performed for a confidence level of 95%. The p-value for each independent 

variable was calculated and it must be less than 0.05 to be statistically significant. 
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2.3 Results 

2.3.1 CFD Simulation Results 

Figure 2-3 below shows the results of PSVmax taken at the peak of the third cardiac 

cycle at time-step 2.0 second as described in Appendix B. 

 
Figure 2-3 CFD Simulation Results: Simulation Run 1 to 8 arranged according to L8 Orthogonal 

Array showing independent variable peak systolic velocity (PSVmax) by varying 
independent variables Inlet peak systolic velocity (PSVin) 0.2 m/s vs 0.7 m/s, Iliac to 
Aorta area ratio 0.71 vs 0.84, bifurcation angle 20o vs 80o.   

2.3.1.1 Signal to Noise Ratio Main Effects 

In Taguchi method, Signal to Noise (S/N) ratio, a measure of robustness, is used to 

identify control factors that reduce variability in a product or process by minimizing the 

effects of uncontrollable factors (noise factors). In our current studies, PSVmax is 

considered as larger the better attribute and S/N of  

PSVmax = -10*log (1/PSVmax*PSVmax).  

The averages or means of the S/N ratio of PSVmax for each level of control factor. 

are shown in Table 2-1 Delta is defined as the difference in responses at level 1 and 2; 

larger Delta implying greater effect of control factor on PSVmax. PSVin with a Delta of 

10.465 ranks the highest followed by R with 1.836 and α.with 0.593. 



Chapter Two.  Blood Flow Velocity Prediction 

27 

Table 2-1 Response table of main effects 

  Mean Value   

Control Factor Level 1 Level 2 Delta Rank 

A PSVin (m/s) -9.829 0.634 10.465 1 

B R -3.679 -5.515 1.836 2 

C α (Degree) -4.893 -4.300 0.593 3 
 

2.3.1.2 Interaction Effects 

Figure 2-4 to Figure 2-6 show the effects of 2-way interaction between the three 

control factors. The parallel plot indicates that there is little or no interaction, whereas the 

size of the angle where the two lines intercept each other indicates the strength of 

interaction between the two control factors. In our case, there are no interaction effects for 

2-way interactions between α and PSVin; and between PSVin and R whereas there is a weak 

interaction effect between R and α. 

 
Figure 2-4 Interactions between α and PSVin 

 
Figure 2-5 Interactions between PSVin and R 
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Figure 2-6 Interactions between R and α 

2.3.1.3 Analysis of Variance 

Table 2-2 shows the results of ANOVA for S/N ratio of PSVmax. Independent 

variables PSVin and R were found to be significant with p-values of 0.000228 and 0.046 

respectively. Whereas the p-values of independent variable α, 2-way and 3-way 

interactions were found to be greater than 0.05 therefore were deemed to be insignificant. 

The contributions were in the following order: PSVin (94.06%), R (3.36%) and the 3-way 

interactions among PSVin, R and α (1.57%). 

Table 2-2 ANOVA table for S/N ratio of PSVmax 

Factor 
Degree Of  
Freedom 

Sum of 
Square 

Mean 
Square F p-value 

Contribution 
(C %) 

Vin 1 224.19 224.19 159.04 0.000228 94.06 

R 1 8.0137 8.0137 5.6849 0.045635 3.36 

α 1 0.5108 0.5108 0.3624 0.579657 0.21 

PSVinxR 1 0.8479 0.8479 0.6015 0.481310 0.36 

Rxα 1 0.8038 0.8038 0.5702 0.492208 0.34 

αxPSVin 1 0.2463 0.2463 0.1747 0.697392 0.10 

PSVinxRxα 1 3.7406 3.7406 2.6536 0.178649 1.57 

Error 0 0     

Total 7 238.35     

(Error) 4 5.6386 1.4097 1.0000  2.37 

2.3.1.4 Predictive Models 

Mathematical models are useful tools to determine the relationship between a 

dependent variable and multiple independent variables and can therefore serve as 

predictive models. MLR analysis using SPSS was first applied to linear function. From 
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the output of SPSS MLR analysis, the independent variable α was ignored after step-wise 

elimination due to its insignificance. The constant was 0.684 and the coefficients for PSVin 

and R of the predictive model were 1.461 and -0.894 respectively. Its equation was 

identified as follows: 

PSVmax-hat = 0.684 + 1.461PSVin - 0.894R  (2.1) 

Where: 
“–hat” stands for predicted value. Adjusted R2 for the linear model was 0.991.  

Two way interactions and α were ignored when investigating exponential function 

since they were found to be insignificant in section 3.1.3. The exponential equation was 

postulated as: 

PSVmax = C· PSVin
x·Ry  (2.2) 

ln(PSVmax) = ln(C)+x·ln(PSVin)+y·ln(R)  (2.3) 

ln(PSVmax) was then considered as the dependent variable whereas ln(PSVin) and 

ln(R) were considered as independent variables. MLR analysis was then performed and 

SPSS yielded constant ln(C) = 0.117, therefore C = e0.117 = 1.124, whereas coefficients for 

ln(PSVin) and ln(R) were 0.989 and -0.979 respectively therefore the predictive equation 

was identified as follows: 

PSVmax-hat = 1.124 PSVin
0.989·R-0.979   (2.4) 

Adjusted R2 for the exponential function MLR model was found to be 0.999 which 

was a 0.8% improvement from using linear function. 

2.3.2 Measurement Results of Patient Data 

Sixteen sets of Doppler Ultrasound Scanner and CTA images were provided by 

collaborating surgeons in Western Australia for retrospective evaluation. All CTA images 

were with 0.625mm slice resolution suitable for evaluation. Diameter and angle 

measurements as described in section 2.3.3 were performed on these CTA images. Table 

2-3 shows patient data with R on column 5, bifurcation angle α on column 6 and PSVin on 

column 7. 
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Table 2-3 Patient data 

 Measurements from CTA Images 
Ultrasound 

Measurements 

Patient 
Number 

Aorta 
Diameter 
(Pixels) 

Right Iliac 
Diameter 
(Pixels) 

Left Iliac 
Diameter 
(Pixels) 

Iliac to 
Aortic Area 
Ratio ( R ) 

Bifurcation 
Angle α 
(Degree) 

Infra-renal Aortic 
velocity, PSVin 

(m/s)  

1 24.82 12.27 16.16 0.67 47.27 1.00 

2 11.25 7.44 6.18 0.74 47.81 0.89 

3 5.73 3.74 3.87 0.88 34.41 1.75 

4 12.12 6.12 5.57 0.47 39.78 0.58 

5 31.59 18.71 18.12 0.68 37.04 0.77 

6 15.95 8.03 7.74 0.49 53.73 0.54 

7 11.52 7.51 7.52 0.85 51.81 1.35 

8 4.46 2.96 3.10 0.92 44.49 2.01 

9 12.54 8.17 7.62 0.79 48.89 0.87 

10 19.42 6.48 6.31 0.22 71.30 0.29 

11 12.76 8.13 7.29 0.73 45.14 0.86 

12 9.69 3.85 3.82 0.31 91.35 0.88 

13 18.50 10.33 9.96 0.60 41.09 0.90 

14 8.65 4.89 4.73 0.62 34.07 0.91 

15 15.69 9.56 7.87 0.62 68.35 0.98 

16 13.02 7.49 6.67 0.59 40.02 1.52 
 

2.3.3 Prediction Results from the Predictive Model 

Using equation (3) and equation (6), predicted PSVmax from linear function analysis 

and exponential function analysis were compared against Doppler Ultrasound Scanner 

measured PSVmax as shown in Table 2-4. The mean prediction error and standard deviation 

reduced from 17.4% and 14.8% in the linear function predictor to 9.9% and 6.4% in the 

exponential function predictor respectively. 
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Table 2-4 Patient Specific Predictions 

 Doppler 
Ultrasound 

Scanner 
Measured 
PSVmax  

(m/s) 

Linear Function MLR Exponential Function MLR 

Patient 
Number 

Predicted 
PSVmax  

(m/s) 

Absolute 
Actual 

vs Predicted 
Error (%) 

Predicted 
PSVmax  

(m/s) 

Absolute 
Actual 

vs Predicted 
Error (%) 

1 1.60 1.54 3.7 1.66 4.0 

2 1.49 1.33 11.1 1.35 9.7 

3 2.27 2.46 8.3 2.22 2.4 

4 1.71 1.55 9.3 1.75 2.4 

5 1.68 1.10 34.8 1.37 18.2 

6 1.53 1.20 21.6 1.27 17.2 

7 1.49 1.02 31.5 1.23 17.5 

8 1.95 1.90 2.4 1.77 9.1 

9 2.87 2.80 2.4 2.43 15.2 

10 1.32 1.26 4.9 1.23 6.5 

11 1.89 0.88 53.6 1.46 23.0 

12 1.39 1.29 7.2 1.32 5.2 

13 2.42 1.55 35.8 2.21 8.6 

14 1.80 1.45 19.3 1.67 7.2 

15 1.77 1.45 18.0 1.64 7.6 

16 2.75 2.36 14.2 2.85 3.7 

Mean 17.4  9.9 

Standard Deviation 14.8  6.4 
 

Figure 2-7 depicts the relationship between Doppler Ultrasound Scanner measured 

and Predicted PSVmax using exponential function mathematical model as the predictor. 

If the predicted PSVmax is of the same value as the Doppler Ultrasound Scanner measured 

PSVmax, then the plotted point will lie on the unity line. Otherwise, the point will either 

lie above the unity line when the predicted value is higher than Doppler Ultrasound 

Scanner measured value, or the plotted point will lie below the unity line if the predicted 

value is lower than the DUS measured value. The +/-15% Prediction Error lines serve as 

the boundary lines for a prediction error <15%. Blue coloured points are within the 15% 

prediction error zone whereas red coloured points are outside the 15% prediction error 

zone therefore CTA is recommended for further investigation for restenosis. 
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Figure 2-7 Predicted vs Doppler Ultrasound measured PSVmax Plot 

2.4 Discussion 

From Taguchi method’s main effect analysis in section 2.3.1.1, PSVin with a main 

effect delta of 10.5 was deemed to be six times more significant than R with a main effect 

delta of 1.8. However, from ANOVA analysis in section 2.3.1.3, PSVin and R were found 

to contribute 94.06% and 3.36% to PSVmax, respectively. This implies that PSVin was 

twenty eight times more significant than R. There seems to be an over-estimation of the 

contribution from PSVin on PSVmax using ANOVA as compared with Taguchi method. 

Although CERAB will generally use iliac stents which are the same diameter, asymmetry 

in iliac diameter may result depending how well they expand in the presence of 

asymmetric iliac disease. This explains the actual iliac measurement results as shown in 

Table 2-3, showing slight asymmetry. Even though we assumed iliac symmetry in the 

CFD simulations, the predicted PSVmax matches well with clinical Doppler Ultrasound 

Scanner measurements with a mean prediction error of 9.9% and a standard deviation of 

6.4%. From the plot in Figure 2-7, five out of sixteen (31%) predicted PSVmax were located 

outside the 15% prediction error zone. It is proposed that for future prospective studies, 
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patients with predicted PSVmax outside this zone are recommended for CTA scan to 

investigate possible restenosis. This criterion might be used in conjunction with the 

restenosis definition of a lesion causing a PSV ratio ≥ 2.5 used by Grimme et al[17] and 

Diehm et al[61]. If this proposed criterion was adapted, 69% or eleven out of sixteen 

patients from these retrospective studies could have avoided CTA. 

Incidentally, the five predicted PSVmax values outside the 15% prediction error zone 

were all lower than the Doppler Ultrasound Scanner measured values as these data points 

were below the unity line indicating a possible bias in the predictor based on limited data. 

A larger population will be required to investigate whether the bias is systematic or 

random. Shakeri et al [101] found that α was an independent and significant predictor of 

aortoiliac atherosclerosis (model r2= 0.662, p = 0.027), but both Taguchi method and 

ANOVA in our current studies revealed that α does not significantly affect PSVmax. Even 

though α does not greatly influence PSVmax in our current studies however, it was 

reported that low wall shear stress contributes to atherosclerosis[102] . 

In our current retrospective studies, infra-renal aortic, and left and right CIA 

diameters were determined from CTA images because these measurements were not 

available from Doppler Ultrasound Scanner images. For future prospective studies, a 

protocol will be established to specify aortic and CIA diameter measurements to be taken 

in addition to PSVin and PSVmax measurements during routine post-procedure Doppler 

Ultrasound Scanner follow-up examinations. 

It could be argued that a further limitation of our study was to assume rigid walls in 

the CFD simulations. Although the in vivo situation is more complex than that, the changes 

in vessel compliance from increasing disease severity, calcification and placement of 

balloon expandable stents are to make the vessel more rigid. 

It might be interesting to investigate the impact of creating an interface between the 

end of the rigid stented iliac artery and a more complaint iliac artery beyond it on PSVmax 

using Fluid Structure Interaction CFD simulations. Since aortoiliac reconstruction 

procedures are relatively new and only some patients have high PSVmax post procedure, 

there is a need to collect more patient data for evaluation. Idealized bifurcation models 

were used in the current CFD simulations studies, further investigations using patient 

specific bifurcations in CFD simulations are planned to confirm the validity of the 

predictor. In addition, experimental validation with patient specific flow phantoms will be 

necessary to validate the accuracy and usefulness of the predictor. 



Chapter Two.  Blood Flow Velocity Prediction 

34 

2.5 Conclusion 

The PSVmax was significantly influenced by PSVin and R. On the other hand, α, 

two-way and three-way interactions among the three control factors were found to be 

insignificant. The combination of CFD simulation, Taguchi Method and MLR modelling 

is potentially a powerful tool to predict PSVmax in patients treated with an aortoiliac 

reconstruction procedure; CERAB. The exponential function predictive model with 

adjusted R2 of 99.9% was evaluated using sixteen sets of patient specific data with a mean 

prediction error of 9.9% and standard deviation of 6.4% when compared against Doppler 

Ultrasound Scanner measured PSVmax. The proposed predictor has a potential to be used 

as a clinical tool to establish the new normal PSVmax post aortoiliac stenting procedure 

and can possibly avoid unnecessary CTA investigation with its attendant cost, radiation 

exposure and contrast risk in cases where Doppler ultrasound measured PSVmax are 

found to be high. 
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Preamble 

In this chapter, the peak systolic velocity (PSV) prediction model was tested using 

large cohort data. Modifications to the PSV prediction model were made by applying 

adjustment factors for iliac asymmetry and ABI asymmetry. The modified predictor was 

evaluated with respect to the status of restenosis according to the gold standard. The 

predictor was found to have 100% sensitivity, 42% specificity, 35% positive predictive 

value (PPV) and 100% negative predictive value (NPV). However, the predictor was still 

less than satisfactory and thus deemed unsuitable for clinical application. 

3.1 Introduction 

The gold standard for EVT follow-up is ABI and velocity measurements using 

ultrasound scanner at 1, 3, 6, 9 and 12 months after the procedure and annually thereafter. 

Patency is determined at follow-ups, according to Rutherford et al [103]. de Smet et al. 

investigated the duplex velocity characteristics of aortoiliac stenosis and found that the 

discriminative value of the PSV ratio was better than that of either the absolute PSV value 

or the PSV difference. For the detection of -> 50% aortoiliac stenoses, a PSV ratio -> 2.8 

provided 86% sensitivity and 84% specificity (PPV: 84%; NPV: 85%). An absolute PSV 

value of 200 cm/s has a high sensitivity (95%) but a low specificity (55%) in identifying 

> 50% stenoses (PPV: 68%; NPV: 91%) [104]. In addition, Ranke et al. found that a PSV 

ratio ≥ 2.4 indicated a > 50% stenosis with a sensitivity of 87% and a specificity of 94% 

[105]. Plato et al. found that PSV ratio ≥ 2.25 could predict > 50% stenosis [93], defined 

as patency, according to Rutherford et al. [103]. In doubtful cases, confirmatory 

arteriography or CTA is necessary before the intervention. In Chapter 2, 16 patient cases 

were available for the evaluation of the predictor. In this study, a large sample size of 25 

patients was used. The present study aimed to incorporate iliac and ABI asymmetries into 

the PSV prediction model by manual adjustment. Gold standard based on multi-slice CTA 

was used as a reference to determine the status of restenosis for the specific case of each 

patient. Statistical methods were employed with respect to sensitivity, specificity, PPV 

and NPV for further evaluation. 
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3.2 Materials and Methods 

A collaboration was established between Curtin University and the University of 

Twente, Enschede, The Netherlands, to assess the usefulness of the predictor to detect 

potential restenosis for patients treated with CERAB. According to the selection criteria, 

patients who have successfully been treated with CERAB with postoperative CTA and 

DU present data to facilitate diameter measurement and infrarenal velocity for use as 

independent variables in the predictor formula. In addition, the ABI data are used to apply 

an adjustment to the predictor by taking into account the resistance and compliance of 

downstream arteries in the left and right extremities. Data from 25/44 CERAB patient 

were selected. Of these, 18 patients were excluded as they did not satisfy the selection 

criteria outlined in Figure 3-1. The diameter of the aorta and iliac arteries were measured 

using TeraRecon software (TeraRecon Inc., Foster City, CA, USA), as shown in Figure 

3-2 and Figure 3-3. 

 
Figure 3-1 Clinical validation of predictor-CERAB patient selection 
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Figure 3-2 Aorta diameter measurement 

 
Figure 3-3 Iliac diameter measurement 

Table 3-1 summarizes the parameters of 25 AIOD patients in our retrospective study 

in Rijnstate Hospital. All patients were diagnosed with aortoiliac stenotic lesions that either 

caused incapacitating claudication symptoms (Fontaine class IIa), pain at rest (fontaine II) 

or non-healing ulcers on legs (fontaine IV). In terms of stenotic lesions, all patients 

presented some form of lesions protruding into the aorta, rendering kissing stents less 

suitable than CERAB. These lesions were relatively complex as compared to that in the 

other cohorts that received iliac stents, indicating more of TASC C and D type lesions. 
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Table 3-1 Table parameters of AIOD patients 

Parameters 
(Male = 12, Female = 13, Total n= 25) Mean 

Standard 
deviation 

Age (years) 67.90 10.90 

Diameter, infrarenal abdominal diameter (mm) 15.31 1.78 

Diameter, left common iliac artery (mm) 8.09 1.94 

Diameter, right common iliac artery (mm) 7.55 1.51 

Velocity, infrarenal (m/s) 0.85 0.32 

Ankle Brachial Index, left 0.95 0.18 

Ankle Brachial Index, right 0.98 0.19 
 

Adjustments to the PSV predictor were made based on the asymmetries of CIA and 

ABI as follows: 

3.2.1 Adjustment factor for iliac asymmetry 

The flow rate is proportional to the cross-sectional area or the square of the diameter. 

Adjustment factor to the left CIA = D2
right / D2

left (3.1) 

Adjustment factor to the right CIA = D2
left / D2

right (3.2) 

Where 
Dright and Dleft are diameters of right and left CIA, respectively. 

The higher of the two iliac asymmetry adjustment factors was applied to the PSV predictor. 

3.2.2 Adjustment factor for ABI asymmetry 

Since ankle systolic pressure is directly proportional to ABI, 

Adjustment factor to the left ABI = ABIright/ABIleft (3.3) 

Adjustment factor to the right ABI = ABIleft/ABIright (3.4) 

Where 
ABIright and ABIleft indicate the patient’s ABI for the right and left ankle/brachial, respectively. 

The higher of the two ABI asymmetry adjustment factors was applied to the PSV predictor. 
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3.2.3 Statistical analysis 

The statistical analyses were performed based on public health definitions of 

sensitivity, specificity, PPV and negative predictive value (NPV) (Table 3-2) [106]. 

Table 3-2 Gold standard re-stenosis screening test 

 

Sensitivity=[a/(a+c)]×100 (3.5) 

Specificity=[d/(b+d)]×100 (3.6) 

PPV=[a/(a+b)]×100 (3.7) 

NPV=[d/(c+d)]×100 (3.8) 

3.3 Results 

Six patients were classified as restenosis cases by a radiologist and vascular surgeon 

based on the CTA gold standard during the follow-up of each patient. These cases are 

highlighted in shaded rows in Table 3-3 and Table 3-4 before and after the application of 

adjustment factors, respectively. The other 19 cases were classified as non-restenosis cases. 
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Table 3-3 Geometric parameters of 25 patients and results of predicted PSV 

Patient 
number 

PSVin 

(m/s) 

Aorta 
diameter 

(mm) 

Right 
CIA dia 

(mm) 

Left  
CIA dia 

(mm) R 
Right 
ABI 

Left  
ABI 

Predicted 
PSV (m/s)  

1 0.81 13.60 7.57 6.55 0.54 1.09 1.05 1.38 
2 0.94 14.43 7.16 6.73 0.46 1.02 1.08 1.64 
3 1.06 15.93 10.87 9.40 0.81 1.10 1.11 1.51 
4 0.65 16.30 7.45 7.06 0.40 1.00 1.01 1.28 
5 0.88 15.97 9.75 11.50 0.89 1.06 1.08 1.17 
6 1.55 18.90 8.17 9.87 0.46 0.70 0.60 2.54 
7 0.44 15.67 4.33 6.04 0.22 0.61 0.80 1.13 
8 1.41 12.65 6.88 6.81 0.59 1.15 1.09 2.22 
9 0.43 16.90 7.09 8.50 0.43 1.08 1.07 0.93 
10 0.85 16.00 9.46 7.99 0.60 1.14 1.21 1.39 
11 0.55 12.50 8.33 7.07 0.76 1.10 1.02 0.80 
12 0.77 14.80 6.44 6.78 0.40 1.10 0.86 1.45 
13 1.00 15.27 7.51 7.07 0.46 0.58 1.01 1.74 
14 1.11 14.20 6.34 6.85 0.43 1.13 1.15 1.92 
15 1.62 13.00 8.32 10.80 1.10 1.07 1.07 2.07 
16 0.63 15.47 8.71 10.90 0.81 1.00 0.64 0.88 
17 0.62 13.27 4.63 7.58 0.45 0.58 0.55 1.19 
18 0.95 17.40 7.85 11.23 0.62 1.25 0.97 1.52 
19 0.92 14.17 7.01 7.61 0.53 0.99 1.00 1.55 
20 0.70 16.27 8.27 11.70 0.78 0.94 0.98 1.01 
21 0.50 17.50 5.27 4.89 0.17 0.73 0.67 1.26 
22 0.44 15.60 7.33 7.93 0.48 0.93 0.89 0.90 
23 0.64 13.47 8.59 7.49 0.72 1.00 1.00 0.98 
24 0.87 14.60 6.52 5.40 0.34 1.07 0.84 1.65 
25 0.96 18.90 8.86 8.58 0.43 1.13 1.09 1.71 
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Table 3-4 Predicted PSV Results adjusted for iliac symmetry and ABI symmetry 

Patient 
number 

Right 
CIA dia 

(mm) 

Left  
CIA dia 

(mm) 

Right 
CIA dia 

(mm) 

Left  
CIA dia 

(mm) 

Predicted 
PSV 

(m/s) 

Iliac 
adjust 

factor 1 

ABI 
adjust 

factor 2 

Adjusted 
predicted 

PSV 3 

1 7.57 6.55 1.09 1.05 1.38 1.34 1.04 1.91 
2 7.16 6.73 1.02 1.08 1.64 1.13 1.06 1.97 
3 10.87 9.40 1.10 1.11 1.51 1.34 1.01 2.04 
4 7.45 7.06 1.00 1.01 1.28 1.11 1.01 1.44 
5 9.75 11.50 1.06 1.08 1.17 1.39 1.02 1.66 
6 8.17 9.87 0.70 0.60 2.54 1.46 1.17 4.32 
7 4.33 6.04 0.61 0.80 1.13 1.95 1.31 2.88 
8 6.88 6.81 1.15 1.09 2.22 1.02 1.06 2.39 
9 7.09 8.50 1.08 1.07 0.93 1.44 1.01 1.35 
10 9.46 7.99 1.14 1.21 1.39 1.40 1.06 2.07 
11 8.33 7.07 1.10 1.02 0.80 1.39 1.08 1.20 
12 6.44 6.78 1.10 0.86 1.45 1.11 1.28 2.06 
13 7.51 7.07 0.58 1.01 1.74 1.13 1.74 3.42 
14 6.34 6.85 1.13 1.15 1.92 1.17 1.02 2.28 
15 8.32 10.80 1.07 1.07 2.07 1.69 1.00 3.49 
16 8.71 10.90 1.00 0.64 0.88 1.57 1.56 2.15 
17 4.63 7.58 0.58 0.55 1.19 2.68 1.05 3.36 
18 7.85 11.23 1.25 0.97 1.52 2.05 1.29 4.01 
19 7.01 7.61 0.99 1.00 1.55 1.18 1.01 1.85 
20 8.27 11.70 0.94 0.98 1.01 2.00 1.04 2.11 
21 5.27 4.89 0.73 0.67 1.26 1.16 1.09 1.59 
22 7.33 7.93 0.93 0.89 0.90 1.17 1.04 1.10 
23 8.59 7.49 1.00 1.00 0.98 1.32 1.00 1.29 
24 6.52 5.40 1.07 0.84 1.65 1.46 1.27 3.06 
25 8.86 8.58 1.13 1.09 1.71 1.07 1.04 1.89 

1 Adjustment factor for iliac asymmetry 
2 Adjustment factor for ABI asymmetry 
3 Predicted PSV adjusted for iliac asymmetry and ABI asymmetry 

The ±15% tolerance bands, as proposed in Chapter 2, were used as screening tools when 

the cases falling outside the tolerance bands were restenosis, whereas those falling inside the 

tolerance bands were deemed as non-restenosis. The data before and after the application of 

adjustment factors are plotted, as shown in Figure 3-4 and Figure 3-5, respectively. 
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Figure 3-4 Predicted vs DU measured PSV plot before adjustment 

 

Figure 3-5 Predicted PSV vs DU-measured PSV adjusted for iliac and ABI asymmetries 
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Table 3-5 shows the statistical data before and after adjustments for iliac and ABI 

asymmetries. Table 3-6 summarises the sensitivity, specificity, PPV and NPV data: 67%, 

11%, 19% and 50% before and 100%, 42%, 35% and 1005 after adjustments for iliac and 

ABI asymmetries. 

Table 3-5 Status of restenosis according to gold standard before and after adjustments for Iiliac 

and ABI aAsymmetries 

 Before adjustment After adjustment  

Outcome 
Has  

restenosis 

Does not 
have 

restenosis Total 
Has  

restenosis 

Does not 
have 

restenosis Total 

Results from predictor screening 
Positive 4 17 21 6 11 17 

Negative 2 2 4 0 8 8 

Total 6 19 25 6 19 25 

Table 3-6 Sensitivity, specificity, PPV and NPV before and after adjustments for iliac and  

ABI asymmetries 

 Before adjustment After adjustment  

Sensitivity   4 

4 + 2
 x 100 = 67% 6

6 + 0 
 x 100 = 100% 

Specificity   2

2 + 17 
 x 100 = 11% 8

 8 + 11
 x 100 = 42% 

PPV   4

4 + 17 
 x 100 = 19% 6 

6 + 11 
 x 100 = 35% 

NPV   2 

2+2 
 x 100 = 50% 8

8 + 0 
 x 100 = 100% 

 

3.4 Discussion 

In this study, iliac and ABI asymmetries were incorporated into the peak systolic 

velocity prediction model and the predictive power was assessed. The adjusted predictor 

has excellent sensitivity and NPV 100%, which implied that all restenosis cases were 

identified as true positive and no false negative. Strikingly, the predicted vs DU measured 

PSV plot before adjustments (Figure 3-4) demonstrated a systematic bias towards the 

measured PSV values as compared to the predicted PSV as most of the plotted points were 

located below the unity line. The lower predicted PSV could be attributed to the symmetry 

of iliac arteries assumed in the development of the predictor. For the predicted vs DU 

measured PSV plot, when iliac and ABI asymmetries were incorporated in the prediction 

model, the 25 data points were evenly distributed, approximately 50% each above and 
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below the unity line. In addition, all six restenosis cases were outside the ‘New Normal’ 

zone, with ±15% from the unity line. Also, the sensitivity improved from 67% to 100%, 

specificity from 11% to 42%, PPV from 19% to 35% and NPV from 50% to 100%. 

A duplex-derived velocity risk prediction model was developed by Hicks et al. [107] 

to predict the disease progression in patients with moderate asymptomatic carotid artery 

stenosis with sensitivity, specificity, PPV and NPV of 80.7%, 64.0%, 22.9% and 96.1%, 

respectively. This predictive model might be useful for identifying high-risk patients who 

would benefit from routine carotid disease surveillance. Coffi et al. compared the PSV 

ratio with intra-arterial pressure measurements (IAPM) when assessing the hemodynamic 

significance of subcritical iliac artery stenosis and found a poor agreement between IAPM 

and PSV ratios. For the PSV ratio of 2.5, the sensitivity was 37%, specificity was 90%, 

PPV was 88% and NPV was 43% and 37%, respectively [56]. In comparison, our predictor 

with 100%, 42%, 35% and 100% sensitivity, specificity, PPV and NPV with similar values 

might be useful as a clinical screening tool to avoid unnecessary CTA. 

One of the limitations of the current study is that the iliac and ABI asymmetries were 

incorporated in the prediction model by manual adjustment. In addition, the correlation 

between PSV and iliac artery cross-sectional area was assumed to be linear. The 

correlation between PSV and ABI was also similar. These correlations might not be 

perfectly linear in nature. The other limitation is that the vessel is assumed to be perfectly 

circular when calculating the cross-sectional area of the arteries. Nonetheless, most blood 

vessels are not perfectly circular.  

Although both sensitivity and specificity in this large population cohort study 

improved significantly from 67% to 100% and 10% to 42.1%, respectively after 

adjustments. Only 8/19 patients or 42% of the non-stenosis cases in this cohort study 

would have avoided CTA if this predictor was used as a screening tool to supplement the 

velocity index criterion of 2.5; therefore, further improvement is required before this tool 

is useful for clinical applications. 

Additional analysis is required to explore the reasons for the unsatisfactory outcome 

of the predictive model. Future investigations to compare the idealized CFD model and 

patient-specific model might be useful. In addition, the assumptions of flow condition 

need further investigation in order to elucidate the underlying cause. 
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3.5 Conclusion 

The incorporation of iliac asymmetry and ABI asymmetry into PSV prediction model 

resulted in improved sensitivity from 67% to 100%, specificity from 11% to 42%, PPV 

from 19% to 35% and NPV from 50% to 100%. These data suggested that the PSV 

predictor has potential for the screening test. In the current retrospective study, 42% of 

non-restenosis cases avoided unnecessary cost and risk associated with the follow-up 

CTA. Nonetheless, further improvement is essential for clinical screening applications. 
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Preamble 

In this chapter, new independent variables are considered. Three-element Windkessel 

models were coupled to output the idealized flow model. Computational fluid dynamic 

(CFD) simulations were performed for each combination of variables. Peak systolic 

velocity (PSV) generated from each combination of variables was analysed statistically to 

assess the influence of new variables on PSV. 

4.1 Introduction 

The vessel geometry and stent configuration affect arterial blood flow [108-112]. A 

study by Greiner et al. assessed the influence of stent overlap on the patency rate of 35 

AIOD patients treated with aortoiliac kissing stents and found that the primary and assisted 

primary patency rates at 2 years for the ‘non-crossing’ group were significantly higher 

(94.1% and 100%, respectively) compared to 33.2% and 45.3%, respectively, for the 

‘crossing’ group (P = 0.01) [113]. Sarafuddin et al. analysed the long-term outcomes 

following stent reconstruction of the aortic bifurcation and the role of geometric 

determinants and found that radial mismatch is the only significant determinant of 

restenosis [114]. Recently, Groot Jebbink et al. analysed the geometrical consequences of 

kissing stents and CERAB configuration in an in vitro model for the endovascular 

reconstruction of aortic bifurcation and found that the CERAB configuration is the most 

anatomical and physiological reconstruction of the aortic bifurcation compared to a bare 

metal kissing stents and covered kissing stents [74]. Nanto et al. conducted a retrospective 

study of five-year patency and its predictors after endovascular therapy in 64 AIOD 

patients and found that a specific stent design E-Luminexx has a high incidence of 

restenosis (in 29 patients, 48%), P = 0.038] [83]. The current study evaluated the influence 

of three geometric parameters of CERAB configuration on PSV: flute angle, cuff length 

overlap and bifurcation angle.  

Figure 4-1 shows some of the geometrical parameters of a CERAB model that can be 

considered for further improvement of the PSV predictor. 
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Figure 4-1 Geometrical parameters of a CERAB model 

Geometrical parameters: 

1. Aorta diameter (10 mm distal to RA, 10 mm proximal to cuff, middle) 

2. CIA diameter (10 mm distal to stent, 10 mm proximal to bifurcation, middle) 

3. EIA diameter (10 and 20 mm distal to bifurcation) 

4. IIA diameter (10 and 20 mm distal to bifurcation) 

5. CIA stent cuff length overlap into aortic stent 

6. Stent height: Distance between distal end cuff and native bifurcation 

7. Distance between proximal end cuff and native bifurcation 

8. CIA stent diameter 

9. Flute angle: Angle between proximal and distal ends of CIA stents 

10. Rotation of AIC stents 

In Chapter 2, parameters 1 and 2 were included in the predictor formula. In this 

section, the cuff length overlap and flute angle, i.e. items 5 and 9 are investigated using 

CFD simulation in addition to the bifurcation angle. These parameters were selected due 

to their correlation with the flow rate. Hence, the velocity stated in Poiseuille’s law is 

described as follows: the flow (Q) of fluid is related to several factors, such as the viscosity 

(n) of the fluid, the pressure gradient across the tubing (P) and the length (L) and diameter 

(r) of the tubing.     
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4.2 Materials and Methods 

Three independent variables, namely flute angle, stent height and bifurcation angle, 

were assessed in this exercise to determine their effects on PSV using CFD simulations. 

The workflow is outlined in Figure 4-2. The ideal 3D geometry of a flow model with 

parameters, 20 mm stent height, 90o flute angle and 40o bifurcation angle was created 

using Ansys SpaceClaim, i.e. a 3D direct modeller computer-aided design (CAD) 

software. The 3D volume of the fluid model was first created using Ansys Fluent 

Meshing with minimum mesh size of 1.5 mm, followed by CFD simulation with inlet 

boundary condition of PSVin = 0.7 m/s using Ansys Fluent 17.2, a finite volume CFD 

solver. The grid independence was tested by reducing the minimum cell size by 0.25 

mm, and the grid refinement was ceased when PSVmax varied by < 1% between the two 

consecutive schemes. In addition, the periodicity could be reached when PSV, end 

systolic velocity (ESV) and peak diastolic velocity (PDV) of two consecutive periodic 

cycles varied by < 1%. 

 
Figure 4-2 Workflow to assess the effects of independent variables on PSV 
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4.2.1 3D Model 

Ansys SpaceClaim is a direct modeller CAD software used to create the 3D geometry 

based on the dimensions from Jebbink et al. [74]: infrarenal proximal diameter = 22 mm, 

distal aorta diameter = 16 mm, taper = 2o and iliac diameter = 8 mm. A 0.25-mm thick 

stent graft was inserted, as shown in Figure 4-3. 

 
Figure 4-3 Aortoiliac bifurcation model with an aortic stent inserted 

Two iliac stents with 0.25 mm thickness and 38 mm length were placed 10 mm above 

the native bifurcation base, as shown in Figure 4-4. 

 
Figure 4-4 Aortoiliac bifurcation model with an aortic stent inserted 
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4.2.2 Meshing 

Fluent meshing was used to generate the fluid volume required for CFD simulation. 

The importation of CAD geometry and the subsequent steps involved in generating the 

polyhedral mesh elements are depicted in the flowchart in Figure 4-5. 

 
Figure 4-5 Fluent meshing flowchart 
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4.2.3 CFD Simulations 

4.2.3.1 Inlet Boundary Condition 

An infrarenal triphasic flow profile was prescribed at the inlet with a PSV of 0.7 m/s 

and 0.93 s period, as shown in Figure 4-6. This inlet boundary condition was implemented 

in fluent CFD using a user-defined function (UDF) via a Taylor series. 

1.7(0.45𝑒−3.47(𝑡−0.14)2 - 0.134𝑒−138.9(𝑡−0.4)2+ 0.04𝑒−3.47(𝑡−0.65)2
  

    +  0.2𝑒346.3(𝑡−0.53)2 +0.04𝑒868.1(𝑡−0.37)2 + 0.085𝑒74.4(𝑡−0.53)2   
    +  0.355𝑒114.8(𝑡−0.058)2+0.01𝑒78.1(𝑡−0.93)2) 

(4.1) 

Where 
t = time in s 

 
Figure 4-6 Infrarenal triphasic flow profile 

4.2.3.2 Outlet Boundary Condition 

Windkessel models are frequently used to describe the load faced by the heart in 

pumping blood through the systemic arterial system. These are also useful in describing 

the correlation between blood pressure and blood flow in the aorta and peripheral arteries: 

arterial compliance and peripheral resistance. 

An early Windkessel model was described by the German physiologist Otto Frank in 

1899 [115, 116]. The model has been applied recently in the modelling of the 

cardiovascular system [117, 118] and studies involving carotid [119] and coronary arteries 

[120]. It likens the heart and systemic arterial system to a closed hydraulic circuit 

comprised of a water pump connected to a chamber. The circuit is then filled with water 

except for a pocket of air in the chamber (Windkessel is the German word for air chamber). 

As water is pumped into the chamber, the water both compresses the air in the pocket and 
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pushes the water out of the chamber back to the pump. The compressibility of the air in 

the pocket simulates the elasticity and extensibility of the major artery, similar to when 

blood is pumped into it by the heart ventricle. This effect is commonly referred to as 

arterial compliance. The resistance water encounters while leaving the Windkessel and 

flowing back to the pump simulates the resistance to the blood flow as it flows through 

the arterial tree from the major arteries to minor arteries, arterioles and capillaries due to 

decreasing vessel diameter. This resistance to flow is commonly referred to as peripheral 

resistance. Assuming the ratio of air pressure to air volume in the chamber is constant and 

the flow of fluid through the pipes connecting the air chamber to the pump follows 

Poiseuille’s law and is proportional to the fluid pressure, the following differential 

equation could relate the flow and pressure of the water:  

 
(4.2) 

where I(t) is the water flow out of the pump as a function of time measured in volume 

per time unit, P(t) is the water pressure as a function of time measured in force per area 

unit, C is the constant ratio of air pressure to air volume and R is the flow-pressure 

proportionality constant. 

The same equation describes the correlation between the current, I(t) and the time-

varying electrical potential, P(t), in the following electrical circuit: 

 
Figure 4-7 Two-element Windkessel model 

In this circuit, IC is the current in the middle branch of the circuit, IR is the current in 

the right branch of the circuit, R is the resistance of the resistor and C is the capacitance 
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of the capacitor. Since there are only two passive elements in this circuit, the resistor and 

capacitor, this model is commonly referred to as the two-element Windkessel model 

(WK2) (Figure 4-7). According to Ohm’s Law, the decline in the electrical potential 

across the resistor is IR R. The drop in the electrical potential across the capacitor is Q/C, 

where Q is the instantaneous charge on the capacitor and [dQ/dt] = IC. According to 

Kirchhoff’s First Law, the net change in the electrical potential around each loop of the 

circuit is zero; therefore, P(t) = IC R and P(t) = Q/C. According to Kirchhoff’s Second 

Law, the sum of currents into a junction equals the sum of currents out of the same 

junction: I(t) = IC+IR. Eliminating IC and IR from the junction equation leads to the 

differential equation stated above. 

During diastole, when there is no blood flow from the heart, I(t) = 0, and the 

Windkessel equation can be solved for P(t): 

 (4.3) 

Where: 
td is the time at the start of diastole and P(td) is the blood pressure in the aorta at the start of diastole. 

Another model of the circulatory system is the Broemser model, which was described 

by the Swiss physiologists, Ph. Broemser and Otto F. Ranke in 1930 [121]. Also known 

as the 3-element Windkessel (WK3) model, the Broemser model adds a resistive element 

to the WK2 model between the pump and the air-chamber to simulate resistance to blood 

flow due to the aortic or pulmonary valve. This model has been recently used to study 

blood pressure and flow in the human aorta [122]. 

Figure 4-8 illustrates a schematic of the electrical circuit corresponding to the WK3 

model. 

 
Figure 4-8 Three-element Windkessel model 
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Using the same circuit analysis technique as for the WK2 model circuit, the 

differential equation for the WK3 model shown in Figure 4-8 is as follows:  

 
(4.4) 

Where: 
Z represents the characteristic resistance due to the aortic valve, and R represents the peripheral 
resistance. I(t), P(t) and C indicate the same parameters as in the WK2 equation. 

The WK3 was implemented in fluent CFD using a UDF provided by Ansys as an 

extension function by prescribing it at both the iliac pressure outlets, as shown in Figure 

4-9. The values of Z, R and C at the left and right CIA were assigned based on the lumped 

parameter model of the cardiovascular system developed by Ghasemalizadeh et al. [117], 

where Z = 2.34×107 kg m-4 s-1, R = 3.94×108 kg m-4 s-1 and C = 4.18×10-9 kg-1m4s2 

 
Figure 4-9 Three-element Windkessel at pressure outlets 
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4.2.3.3 Periodicity 

The periodicity reached convergence approximately after the 7th cardiac cycle, as 

shown in Figure 4-10. The initial pressure (Pint) of the WK3 model was set to 3,500 Pa to 

speed up convergence in the subsequent simulation runs. 

 
Figure 4-10 Periodicity convergence at the 7th cardiac cycle 

4.2.3.4 Parameter of Interest: PSV 

For each CFD simulation, maximum PSV was determined by locating the position 

and magnitude of maximum velocity in the flow domain between the inlet and the outlets. 

A typical post-processing of the streamline flow showing the maximum velocity is 

illustrated in Figure 4-11. 

 
Figure 4-11 Post-processing of CFD simulation showing maximum velocity 
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4.3 Results 

The PSV data from CFD simulations are tabulated in Table 4-1 and Table 4-2, and 

PSV vs flute angle and PSV vs cuff length overlap are plotted as shown in Figure 4-12–

Figure 4-17. No significant difference was detected in PSV when comparing the cuff 

length overlap of 5 mm vs 10 mm, 10 mm vs 15 mm, 15 mm vs 20 mm and 20 mm vs 25 

mm (P = 0.868, 0.360, 0.843 and 0.123, respectively). Similarly, no significant difference 

was detected in PSV when comparing the flute angle: 90° vs 100°, 100° vs 110°, 110° vs 

120° and 120° vs 130° (P = 0.752, 0.667, 0.916 and 0.843, respectively). Moreover, no 

significant difference was observed when comparing the bifurcation angle of 45° vs 90° 

(P = 0.993). SPSS was used to analyse the correlation between PSV and flute angle, and 

it was found that the correlation index (R) was 0.0816, which was insignificant. Also, the 

R-value for PSV and cuff length overlap was 0.0649, which was insignificant. 

Table 4-1 PSV vs flute angle at 40° bifurcation angle and varying cuff length overlap 

 Flute angle 

Cuff-length overlap (mm) 90° 100° 110° 120° 130° 

5 2.681 2.814 2.95 2.762 2.702 
10  2.993 2.98 2.955 2.92 2.695 
15  2.782 2.694 2.717 2.781 2.901 
20  2.702 2.709 2.718 2.71 2.716 
25  2.823 2.818 2.856 2.902 2.926 

Average  2.796 2.803 2.839 2.815 2.788 
 

 
Figure 4-12 PSV vs flute angle plot at 40° bifurcation angle 
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Figure 4-13 Average PSV vs flute angle at 40° bifurcation angle 

Table 4-2 PSV vs Flute Angle at 90o bifurcation angle varying cuff length overlap 

 Flute angle 

Cuff-length overlap (mm) 90° 100° 110° 120° 130° 

5  2.627 2.639 2.693 2.475 2.505 

10  2.631 2.535 2.519 2.442 2.329 

15  2.436 2.393 2.399 2.502 2.475 

20  2.156 2.528 2.588 2.674 2.743 

25  2.513 2.528 2.593 2.736 2.743 

Average  2.473 2.525 2.558 2.566 2.559 
 

 
Figure 4-14 PSV vs flute angle plot at 90° bifurcation angle 
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Figure 4-15 Average PSV vs flute angle at 90° d bifurcation angle 

 
Figure 4-16 Overall PSV vs flute angle 

 
Figure 4-17 Overall PSV vs cuff-length overlap 
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4.4 Discussion 

In this study, 25 CFD simulations were performed on ideal aortoiliac geometry by 

varying the flute angle (90° to 130° in 10° increments) and cuff-length overlap (5 mm to 

25 mm in 5 mm increments) at the bifurcation angle of 45° and 90°, respectively. Based on 

the statistical analysis of CFD simulated data for PSV, the cuff-length overlap and flute 

angle exerted insignificant influence on PSV (P > 0.12 and P > 0.67, respectively). Rigatelli 

et al. evaluated the impact of bifurcation angle and different stent configurations on AIOD 

using CFD [123] and reported that ‘Hi Kissing’ of 20 mm in kissing stents configuration, 

similar to cuff-length overlap of 20 mm in CERAB configuration in our study, was 

considered more physiological as compared to ‘Low Kissing’ of 5 mm or the equivalent of 

5 mm cuff-length overlap. The result of the previous study was in contradiction to our 

finding (P > 0.12). In addition, the study also reported that the bifurcation angle profoundly 

impacts the physiology of aortoiliac bifurcations, which contradicts the finding reported 

previously [64] and also our finding of bifurcation angle having an insignificant impact on 

PSV (P = 0.993). In a retrospective study of 105 AIOD patients treated with kissing stents, 

Vertes et al. demonstrated that the primary patency was significantly poor (P < 0.001) in 

patients with longer (> 20 mm) aortic stent segments [124]. This finding was opposite to 

that of Rigatelli et al., thereby rendering that the aortic segment in the kissing stent is an 

inconclusive predictor. These observations support our finding that cuff-length overlap is 

insignificant as a predictor of PSV, a surrogate measure for stenosis.   

One of the limitations of the current study is that the CFD simulations were based 

on the artery with a rigid wall; however, human arteries are not totally rigid. In addition, 

vessel diameters were assumed to be circular, but the actual arterial might not be perfectly 

circular. Finally, the current study considered the flute angle between 90° and 130°, the 

cuff-length overlap between 5 mm and 25 mm and bifurcation angle 45° and 90°, and 

thus, the conclusions drawn in this study are valid within these range of values.  

4.5 Conclusion 

PSV has a weak correlation with flute angle, cuff length overlap and bifurcation 

angle, which implied that these three independent variables have a negligible influence 

on PSV. The current investigation was inconclusive, and no further improvement was 

added to the PSV predictor. Further investigations are needed to improve the prediction 

model. The CFD simulation model with fluid-structure interaction accounted for the non-

rigid wall of the blood vessels.. 
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Preamble 

In this chapter, asymmetric iliac branches were introduced in the aortoiliac geometry. 

In addition, average ABI and ABI ratio was taken into consideration when setting the 

outlet pressure boundary conditions of CFD simulation based on ideal geometry. With the 

addition of these three independent variables plus the two independent variables 

established in Chapter 2, a total of five independent variables were considered in the PSV 

predictor. A three-level design with five factors orthogonal array was used to reduce the 

total number of simulations (final number to 27). The new PSV predictor was tested on 25 

patients to evaluate its value as a clinical screening tool. 

5.1 Introduction 

In Chapter 3, the PSV predictor was demonstrated to be improved by applying 

adjustment factors taking into account the iliac and ABI asymmetries that were assumed 

symmetrical when the predictor was first developed and outlined in Chapter 2. 

In this chapter, instead of applying manual adjustments to the PSV predictor, iliac 

asymmetry, average ABI, and ABI ratio were treated as independent variables in the 

design of experiments. The correlation between the predicted PSV from CFD simulation 

and the five independent variables was established based on the coefficients for each of 

the independent variable derived from the regression analysis, wherein statistically 

significant variables were incorporated in the prediction model. 

The predicted PSV was plotted against that measured by Doppler ultrasound for the 

25 clinical cases provided by the clinicians during post-stent implant follow-ups. The 

graphical plot with ±15% deviation from the unity line was used as a screening tool 

wherein cases under the ‘new normal’ zone are deemed to be non-restenosis cases and 

those outside the ‘new normal’ zone are deemed to be restenosis cases. Then, the screening 

data were compared to the gold standard used by the clinicians in the determination of the 

status restenosis based on CTA. 

Statistical analysis was performed to evaluate the predictive parameters, including 

sensitivity, specificity, PPV and NPV of the screening tool against the gold standard. 
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5.2 Materials and Methods 

Five independent variables, inlet velocity (PSVin), iliac to aorta area ratio, iliac 

asymmetry, average ABI and ABI ratio, were assessed in this exercise to determine their 

effects on PSV using CFD simulations. The workflow is outlined in Figure 5-1.  

 
Figure 5-1 Workflow for ideal geometry 3D flow model and CFD simulations 

The ideal 3D geometry of an aortoiliac flow model with parameters of 0.8 iliac to 

aorta area ratio and 0.9 iliac asymmetry was created using Ansys SpaceClaim, a direct 

modeller CAD software. The 3D volume of the fluid model was first created using Ansys 

fluent meshing with a minimum mesh size of 1.5 mm, followed by CFD simulation by 

setting inlet boundary condition of PSVin to 1.62 m/s and assigning characteristic 

resistance (Rp), distal resistance (Rd) and compliance (Z) at the two outlets to achieve the 

desired setting of 0.4 for average ABI and 2 for ABI ratio. Figure 5-2 shows a typical CFD 

set-up with boundary conditions assigned to inlet and outlets. Ansys Fluent 17.2, a finite 

volume CFD solver was used for simulation wherein grid independence was tested by 

reducing the minimum cell size by 0.25 mm, and the grid refinement was ceased when 

PSVmax varied by < 1% between the two consecutive schemes. In addition, it was 
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speculated that periodicity was reached when PSV, ESV and PDV of two consecutive 

periodic cycles varied by < 1%. 3D model construction, meshing and CFD set-up were 

implemented as described in Chapter 4, sections 4.2.1 to 4.2.3, and in a total of 27 CFD 

simulations were performed. 

 
Figure 5-2 Typical CFD set-up with assigned boundary conditions 

5.3 Results 

The five independent variables in L27 Taguchi orthogonal array were organized in 

such a way that 27 combinations were sufficient to draw a conclusion for the effects of 

independent variables on the dependent variable. Table 5-1 shows the data of dependent 

variable PSVmax from each of the 27 CFD simulations. 
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Table 5-1 Data of PSVmax from CFD simulations 

Simulation 
number PSVin 

Iliac to aorta 
area ratio 

Iliac 
asymmetry 

Average  
ABI 

ABI ratio 
(ABIleft/ABIright) 

PSVmax  
from CFD 
Simulation 

1 0.43 0.4 0.5 0.4 1 1.384 

2 0.43 0.4 0.5 0.4 1.5 1.237 

3 0.43 0.4 0.5 0.4 2 1.169 

4 0.43 0.6 0.7 0.65 1 0.856 

5 0.43 0.6 0.7 0.65 1.5 0.776 

6 0.43 0.6 0.7 0.65 2 0.824 

7 0.43 0.8 0.9 0.9 1 0.626 

8 0.43 0.8 0.9 0.9 1.5 0.686 

9 0.43 0.8 0.9 0.9 2 0.737 

10 1.025 0.4 0.7 0.9 1 2.619 

11 1.025 0.4 0.7 0.9 1.5 2.618 

12 1.025 0.4 0.7 0.9 2 2.653 

13 1.025 0.6 0.9 0.4 1 1.850 

14 1.025 0.6 0.9 0.4 1.5 1.920 

15 1.025 0.6 0.9 0.4 2 2.046 

16 1.025 0.8 0.5 0.65 1 1.702 

17 1.025 0.8 0.5 0.65 1.5 1.796 

18 1.025 0.8 0.5 0.65 2 1.890 

19 1.62 0.4 0.9 0.65 1 4.021 

20 1.62 0.4 0.9 0.65 1.5 4.114 

21 1.62 0.4 0.9 0.65 2 4.386 

22 1.62 0.6 0.5 0.9 1 3.077 

23 1.62 0.6 0.5 0.9 1.5 2.934 

24 1.62 0.6 0.5 0.9 2 3.005 

25 1.62 0.8 0.7 0.4 1 2.651 

26 1.62 0.8 0.7 0.4 1.5 2.635 

27 1.62 0.8 0.7 0.4 2 2.682 
 

Based on the main effects plot in Figure 5-3, the mean values of the dependent variable 

PSVmax were plotted for each level of the dependent variables. PSVin has the strongest effect 

on the predicted PSV, followed by iliac to aorta area ratio, iliac asymmetry, average ABI 

and ABI ratio. The data of multivariable regression analysis are shown in Table 5-2, and 

the prediction equation was established, as shown in equation (5.1). 
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Figure 5-3 Main effects plot 

Table 5-2 Data of multivariable regression analysis 

SUMMARY OUTPUT 
Multiple R 0.984 

     

R square 0.967 
     

Adjusted R square 0.960 
     

Standard error 0.219 
     

Observations 27 
     

ANOVA 
  df SS MS F F 

 

Regression 5 29.686 5.937 124.283 0.000 
 

Residual 21 1.003 0.048 
   

Total 26 30.689       
 

  Coefficients Standard 
error 

t  P-value Lower 
95% 

Upper 
95% 

Intercept 0.817 0.328 2.486 0.021 0.134 1.500 
PSVin 1.980 0.087 22.873 0.000 1.800 2.160 
Iliac to aorta area ratio -2.444 0.258 -9.488 0.000 -2.980 -1.908 
Iliac asymmetry 0.609 0.258 2.365 0.028 0.073 1.145 
Average ABI 0.307 0.206 1.489 0.151 -0.122 0.735 
ABI ratio (ABIleft/ABIright) 0.068 0.103 0.655 0.519 -0.147 0.282 
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Predictive equation (5.1) was used to calculate PSV based on each of the 25 patient-

specific geometries and ABI measurements.  

PSV-cap = 0.817+1.98PSVin-2.44R+0.609IA+0.307AA+0.068AR (5.1) 

Wherein: 
PSV-cap is the predicted PSV 
PSVin is inlet PSV 
R is iliac to aorta area ratio 
IA is iIliac asymmetry (area ratio of left CIA over right CIA) 
AA is average ABI between left and right ankle/brachial 
AR is ratio of right ABI over left ABI 

Six patients with restenosis of the aortoiliac lesion were identified by clinicians during 

post-stenting follow-up based on gold standard CTA method in determining restenosis. 

These six cases are marked with shaded rows in Table 5-3.  

The predicted PSV was plotted against measured PSV by Doppler ultrasound 

measured PSV, as shown in Figure 5-4 Predicted vs DU measured PSV for improved PSV 

predictor 

the six red dots indicate restenosis cases. A screening tool for restenosis was adjusted 

to ±15% from the unity line as the upper and lower bounds where points inside the ‘new 

normal’ upper and lower bands were deemed to be free from restenosis and points outside 

the ‘new normal’ zone were deemed to have the condition of restenosis.  

Table 5-4 shows the status of restenosis based on the gold standard as compared to 

the screening tool. Sensitivity, specificity, PPV and NPV for the improved predictor were 

found to be 83%, 47%, 33% and 90%, respectively. 
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Table 5-3 Predicted PSV based on the improved PSV predictor 

Patient 
number 

PSVin 

(m/s) 

Aorta 
diameter 

(mm) 

Right 
CIA dia 

(mm) 

Left  
CIA dia 

(mm) R 
Right 
ABI 

Left  
ABI 

Predicted 
PSV 
(m/s)  

1 0.81 13.60 7.57 6.55 0.54 1.09 1.05 2.24 

2 0.94 14.43 7.16 6.73 0.46 1.02 1.08 2.56 

3 1.06 15.93 10.87 9.40 0.81 1.10 1.11 2.08 

4 0.65 16.30 7.45 7.06 0.40 1.00 1.01 2.12 

5 0.88 15.97 9.75 11.50 0.89 1.06 1.08 1.56 

6 1.55 18.90 8.17 9.87 0.46 0.70 0.60 3.85 

7 0.44 15.67 4.33 6.04 0.22 0.61 0.80 2.54 

8 1.41 12.65 6.88 6.81 0.59 1.15 1.09 3.15 

9 0.43 16.90 7.09 8.50 0.43 1.08 1.07 1.83 

10 0.85 16.00 9.46 7.99 0.60 1.14 1.21 2.25 

11 0.55 12.50 8.33 7.07 0.76 1.10 1.02 1.21 

12 0.77 14.80 6.44 6.78 0.40 1.10 0.86 2.34 

13 1.00 15.27 7.51 7.07 0.46 0.58 1.01 2.61 

14 1.11 14.20 6.34 6.85 0.43 1.13 1.15 3.02 

15 1.62 13.00 8.32 10.80 1.10 1.07 1.07 2.70 

16 0.63 15.47 8.71 10.90 0.81 1.00 0.64 1.28 

17 0.62 13.27 4.63 7.58 0.45 0.58 0.55 2.75 

18 0.95 17.40 7.85 11.23 0.62 1.25 0.97 2.77 

19 0.92 14.17 7.01 7.61 0.53 0.99 1.00 2.36 

20 0.70 16.27 8.27 11.70 0.78 0.94 0.98 1.82 

21 0.50 17.50 5.27 4.89 0.17 0.73 0.67 2.32 

22 0.44 15.60 7.33 7.93 0.48 0.93 0.89 1.51 

23 0.64 13.47 8.59 7.49 0.72 1.00 1.00 1.45 

24 0.87 14.60 6.52 5.40 0.34 1.07 0.84 2.90 

25 0.96 18.90 8.86 8.58 0.43 1.13 1.09 2.67 
 



Chapter Five.  Improvement to PSV Predictor 

71 

 
Figure 5-4 Predicted vs DU measured PSV for improved PSV predictor 

Table 5-4 Status of restenosis based on ’gold standard’ for improved PSV predictor 

Outcome 
Has  

restenosis 
Does not have 

restenosis Total 

Results from Predictor Screening 

Positive 5 10 15 

Negative 1 9 10 

Totals 6 19 25 
 

Sensitivity = 5

5 + 1 
 x 100 = 83% (5.2) 

Specificity: = 9

 9 + 10
 x 100 = 47% (5.3) 

PPV = 5 

5 + 10 
 x 100 = 33% (5.4) 

NPV = 9

9 + 1 
 x 100 = 90% (5.5) 
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5.4 Discussion 

In the current study, a Taguchi L27 orthogonal array was constructed using five 

independent variables (PSVin, iliac to aorta area ratio, iliac asymmetry, average ABI and 

ABI ratio). The data of PSV obtained from the 27 CFD simulations were compared to the 

corresponding value measured using duplex ultrasound. Using CTA as reference for 

restenosis, the sensitivity, specificity, PPV and NPV were assessed for their suitability as 

a screening tool. The findings were similar to those obtained in Chapter 0 when manual 

adjustments for the iliac and ABI asymmetries were incorporated into the prediction 

model: sensitivity was 83% vs 100%, specificity was 47% vs 42%, PPV was 33% vs 35% 

and NPV was 90% vs 100%. These results are less predictive as compared to the 

demonstrated sensitivity of 87.6% and specificity of 94.7% for Duplex ultrasound in 

detecting stenosis, as reported in a meta-analysis by Visser et al. [125]. Based on another 

meta-analysis of screening tests by Alberg et al. [126], represented by green triangles, and 

Maxim et al. [127], represented by blue circles, (Figure 5-5), most of the screening tests 

have coordinates of sensitivity and specificity congregating at the upper right corner of the 

specificity vs sensitivity plot.  

 
Figure 5-5 Sensitivity vs specificity plot for existing screening tests 

The screening test with PSV predictor adjusted for iliac and ABI asymmetries outlined 

in Chapter 3 is represented by a red hexagon, whereas the PSV predictor modelled on five 

independent variables outlined in this chapter is represented by a yellow diamond. 
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Nevertheless, the present study has some limitations. First, it is a retrospective study 

inherently associated with selection bias and lesser evidence as compared to prospective 

studies. Second, a small sample size of 25 AIOD patients was available to determine the 

sensitivity, specificity, PPV and NPV of the predictor. Third, the wall was assumed to be 

rigid in CFD simulation, but the artery wall is not totally rigid. Finally, the arteries are 

assumed to be of circular morphology, but human arteries are usually not perfectly circular.  

5.5 Conclusion 

The improved PSV predictor based on five independent variables has the potential to 

be used as a screening tool based on high sensitivity. In the current retrospective study of 

a cohort of 25 patients, 47% of non-restenosis cases would have avoided unnecessary cost 

and risk associated with follow-up CTA. However, with 83% sensitivity, one of the six 

restenosis cases would have slipped through the screening test as a false-positive. 
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Preamble 

Minimally invasive endovascular treatment of complex aortoiliac occlusive disease 

with stents is now a preferred option as compared with open surgery due to its high 

technical success, high patency rate and shorter hospital stay. However vascular surgeons 

are inundated with choices of stents especially treatment strategies using newer and more 

advanced stent designs. In this chapter, we compared hemodynamic parameters including 

wall shear stress, oscillatory shear index and relative resident time obtained for CERAB 

and AFX stents using laser particle image velocimetry experiments.  

A manuscript based on the experimental research comparing hemodynamics of 

CERAB and AFX stents was submitted on the 23rd of June, 2020 and it has been accepted 

for publication by the Journal of Endovascular Therapy on the 29th of September, 2020 

subject to revisions suggested by the reviewers.  

6.1 Introduction 

The covered endovascular reconstruction of aortic bifurcation (CERAB) technique 

is a relatively new approach in treating extensive AIOD [75, 128]. One of the advantages 

of the CERAB configuration is that it reduces radial mismatch defined as the discrepancy 

between the stented lumen and the vessel lumen after stent placement as compared to the 

traditional kissing stent procedure [129]. This leads to more favourable flow conditions. 

Initial clinical data for CERAB are encouraging, with 87.3% and 82.3% primary patency 

rate at one and two year follow up in a group of 103 patients with 88% TransAtlantic 

Inter-Society Consensus II D lesions [129] as compared with 91.5% primary patency rate 

at two year follow up for open surgery [130]. Taeymans et al [131] further updated the 

CERAB results with a total of 130 patients showing a primary patency of 82.0% was 

achieved at three year follow up. 

More recently, it was suggested that the use of a unibody stent-graft, designed for 

aneurysm treatment, could have several advantages for the treatment of AIOD over 

CERAB. It preserves the aortic bifurcation, avoid limb competition in the distal aorta, 

allow for future endovascular interventions, and protect against potentially fatal aortoiliac 

rupture in heavily calcified lesions. The AFX stent-graft (Endologix, Inc, Irvine, CA, 

USA) is a thin-walled expanded polytetrafluoroethylene (ePTFE) sheath with an 

endoskeleton made of Elgiloy (cobalt-chromium alloy). The benefit of the AFX stent-graft 

is the fact that radial mismatch is totally eliminated because of the one piece bifurcation 

design. The safety, efficacy, and early patency rates of the AFX unibody stent-graft for 
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treatment of AIOD were examined by several groups, totalling 128 patients [20-22, 132]. 

Primary patency rate for these studies were reported in the range of 80% to 100% at one 

year follow up. The primary and secondary patency for the largest study with ninety 

patients were 78.8% and 100% at three years follow up. 

Even though both of these minimally invasive endovascular treatment modalities are 

effective in treating extensive AIOD, the hemodynamic differences between CERAB and 

AFX stents are currently unknown therefore a vitro study might provide new and valuable 

information for existing stent manufacturers and vascular surgeons to make further 

improvement in treatment of AIOD patients. Particle image velocimetry (PIV) is a 

powerful experimental method to analyse hemodynamic parameters such as flow pattern, 

wall shear stress (WSS) and oscillatory flow index (OSI) in an in vitro setting with flow 

phantoms. Laser PIV is the current gold standard for flow imaging [133-135]. The aim of 

this study is to test the hypothesis that AFX stent-graft is superior to CERAB in terms of 

flow pattern and hemodynamic outcomes. 

6.2 Materials and methods 

6.2.1 Model designs and stent deployment 

Two identical aortoiliac bifurcation anatomy mimicking flow models were used in 

this experimental study [74]. A CERAB configuration with modified covered stents was 

deployed in one flow model and a modified AFX unibody stent in the other. The detailed 

production process for making these flow models were previously described [74]. The 

CERAB model was configured by using three in-house covered stents comprising of two 

8-mm and one 12-mm balloon expandable stents. These stents were derived from Advanta 

V12 stents (Getinge Group, Wayne, MA, USA) where the ePTFE graft covers were 

manually removed and subsequently individually coated with a transparent polyurethane 

(Tecoflex TPU clear; The Lubrizol Corporation, Wickliffe, Ohio, United States) cover 

using a dip coating process which facilitated the visualization of flow patterns inside the 

flow model [129] and [57]. The polyurethane dipping process was not suitable to replace 

the ePTFE cover of AFX stent because of the large spaces between unibody struts in its 

expanded configuration. The AFX ePTFE cover was made of two cylindrical shaped grafts 

and stitched together to form the unibody. A manual stitching method was used to replicate 

the ePTFE cover with a low density polyethylene (LDPE) film. The covering material was 

on the outer layer as with the original stent. Details of AFX transparent cover making 

process are found in Appendix C. Figure 6-1 shows the computed tomography (CT) 
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images of the AFX and CERAB flow models. The segmented CT images were used as a 

guide to determine inflow and bifurcation region of interest. 

 
Figure 6-1 Computed Tomography (CT) images of the flow phantoms. A: Anterior view of AFX. B: 

Lateral view of AFX. C: Superior view of AFX. D: Anterior view of CERAB. E: Lateral view of 

CEERAB. F: Superior view of CERAB. The red lines indicate the location of the lase sheet. 

6.2.2 Experimental flow circuit 

An experimental flow circuit as shown in Figure 6-2 was used to study and compare 

hemodynamic s in the AFX and CERAB. The flow loop was driven by a positive 

displacement pulsatile pump, SuperPump and its accompanying software Vivitest (Vivitro 

Labs Inc., Victoria, CA). A blood mimicking fluid (BMF) comprising of water (47.4%), 

glycerol (36.9%) and urea (15.7%) was used to obtain a fluid with refractive index optically 

matching that of PDMS model and physiologically matching that of human blood (dynamic 

viscosity 4.3cP, density 1244 kg/m3) [136]. The BMF was drawn from the reservoir by 

Vivitro pump and a suprarenal flow profile mimicking human resting conditions with a 

mean flow rate of 1.6L/min or a stroke volume of 26.7mL and 60 beats per minute heart 

rate was generated by the Vivitest software using a custom flow profile. A CORRI_FLOW 

M55 Coriolis flow meter (Bronkhorst High-Tech) B.V., AK Ruurlo, the Netherlands) was 

used to provide real time display of the desired suprarenal flow profile. Three UF8B 

ultrasound flow sensors (Cynergy3 Components Ltd, Wimborne, Dorset, United Kingdom) 

and three needle valves were connected to left renal outlet, right renal outlet and the 

combined iliac outlets. A display unit provided real-time display of flow rates of BMF 

flowing through the ultrasound flow sensors. The needle valves were manually adjusted to 

achieve a mean pressure of 100 mmHG and approximately 25% outflow or 0.4L/min at the 
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left and right renal outlet and approximately 50% or 0.8L/min outflow at the combined iliac 

outlet. In addition, the two iliac outlets were connected to a single compliance chamber. A 

DS44 hand held Sphygmomanometer (Welch Allyn, Skaneateles Falls, New York) was use 

to set the distal peripheral pressure between 80 and 120 mmHg. 

 
Figure 6-2 Experimental flow circuit and laser particle image velocimetry (PIV) set-up 

6.2.3 Flow visualization 

In order to facilitate the visualization of flow pattern inside the phantom, a continuous 

laser sheet was projected horizontally into the centre of the stented lumen region of 

interest. The position of the phantom was manually adjusted in such a way that the laser 

sheet was projected onto the centre of inflow and bifurcation Regions Of Interest as shown 

in Figure 6-3. The Regions Of Interests for the AFX and CERAB are not identical due to 

minor differences in their configurations. The laser sheet was slightly obscured by the 

renal branch at the inflow proximal section of AFX stent therefore its inflow Region Of 

Interest was shifted distal slightly as compared with that of CERAB inflow. In addition, 

the bifurcation Regionb Of Interest for the AFX stent was close to matching the native 

bifurcation because the configuration of unibody AFX stent was designed to mimic the 

native bifurcation. However, the bifurcation Regionb Of Interest for the CERAB was 

shifted proximally about 20 mm towards the renal vessels due to how the CERAB 

bifurcation was reconstructed using one aortic stent and two iliac stents. 
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Figure 6-3 Images of bifurcation region illuminated by laser during PIV experiment. A: CERAB 

configuration, B: AFX stent-graft. The red dots are the origins and the red lines are 

the segment along vessel wall where wall shear data were analysed. (a) CERAB 

inflow, (b) CERAB bifurcation right edge, (c) CERAB bifurcation left edge, (d) AFX 

inflow, (e) AFX bifurcation right edge, (f) AFX bifurcation left edge, x: position in 

vertical axis, y: position in horizontal axis, u: velocity in vertical axis, v: velocity in 

horizontal axis. 

Rhodamine-coated fluorescent polymethyl methacrylate particles (size, 1-20μm; 

density, 1190 kg/m3) were suspended in the BMF solution. Digitized photographic images 

were produced by using a continuous-wave laser (5W DPSS laser, 532 nm; Chlibri, 

Lightline, Germany) and a high speed camera (FASTCAM SA-Z; Photron Inc, West 

Wycombe, Buckinghamshire, UK). The images with 1,024 x 1,024 pixels resolution and 

8 bit/pixel grey scale intensity were captured at a frequency of 2000 Hz. The camera was 

mounted with its optical axis perpendicular to the laser sheet. Two sets of images were 

captured for the CERAB phantom at proximal inflow and aortoiliac bifurcation and then 

repeated for the AFX phantom. 

6.2.4 Data processing 

Data processing was described previously [129]. Since there are two regions of 

interest per stent configuration data processing was performed on a total of four data sets. 

For each data set, twelve cardiac cycles were obtained and averaged to provide one 

averaged cycle per data set. Using an in-house developed MATLAB (version 2016ba; The 

MathWorks Inc, Natick, Mass) script, the following hemodynamic parameters were 

calculated along the vessel wall. At the inflow, bifurcation right edge and bifurcation left 

edge were as shown in Figure 6-3. TAWSS, OSI and RRT were computed according to 

equations (6.1), (6.2) and (6.3). 
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Wall Shear Stress (WSS), 𝜏𝑤  =  µ
𝜕𝑢

𝜕𝑦
, 

Where: 

µ is dynamic viscosity and 
𝜕𝑢

𝜕𝑦
 is the rate of change of axial velocity with respect to the distance 

perpendicular to the direction of blood flow along the vessel wall. 

Time Averaged Wall Shear Stress (TAWSS) = 1

𝑇
∫ |𝜏𝑤|𝑑𝑡

𝑇

0
  (6.1) 

Oscillatory Shear Index (OSI) = 1

2
(1 - ∫ 𝜏𝑤𝑑𝑡

𝑇
0

∫ |𝜏𝑤|𝑑𝑡
𝑇

0

) (6.2) 

Relative Residence Time (RRT) = ((
1

(1−2∙𝑂𝑆𝐼)∙|𝑇𝐴𝑊𝑆𝑆|
) (6.3) 

 

TAWSS is computed as the average WSS over a cardiac cycle where only the 

magnitude of the shear stress is taken into consideration. It is the average shear stress 

axially exerted on the vessel wall due to the blood flow motion akin to rubbing action 

along the vessel wall. A value of 0.5 to 1.2 Pa is considered as physiological WSS in 

human arterial blood flow and values below and above this range are considered low and 

high WSS, respectively. [137, 138] On the other hand OSI takes into account the WSS 

direction with respect to the mean blood flow direction during the cardiac cycle. The OSI 

can vary from 0 to 1, 0 meaning no cyclic variation, 0.5 implying 50% forward flow and 

50% reverse flow and 1 a complete 180-degree change in the WSS direction or 100% 

reverse flow. OSI has been studied as a relevant biomarker, for the assessment of vessel 

areas that are predisposed to develop atherosclerosis plaque.[139-141] RRT indicates the 

time of residence the molecules spent at vessel wall and it is an appropriate tools for 

atherosclerosis localization where high RRT distribution might imply possible regions of 

atheromatic concentrations [84]. 

Time points, as indicated in Figure 6-4, for peak systolic velocity (PSV), end-systolic 

velocity (ESV), and peak diastolic velocity (PDV), were chosen to compare flow patterns 

between AFX and CERAB models. 
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Figure 6-4 Flow waveform: Red line represents flow waveform obtained with flow sensor at the 

inlet of the system. Blue line represents flow profile in the phantom determined by 

PIV analysis. The shadow bars represent two standard deviations (SD) over ten 

cycles. The red dots indicate peak systolic velocity (PSV), end systolic velocity (ESV) 

and peak diastolic velocity (PDV) time-points used for the hemodynamic analysis 
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6.3 Results 

6.3.1 Inflow pattern 

Figure 6-5 shows the inflow patterns for AFX and CERAB at PSV, ESV and PDV 

time points. At the PSV time-point, the maximum velocity was achieved as the BMF 

accelerated into the phantom. A disturbed flow pattern was observed at the AFX inflow 

especially at the ESV time point as shown in Figure 6-5B. Flow reversal was observed 

during the end-systolic phase and re-circulation was noticeable in the AFX phantom 

(Video 13, online only; Figure 5B). In contrast, unidirectional flow was observed in the 

CERAB inflow without noticeable disturbances (Video 24, online only; Figure 5E).At the 

PSV time-point, the maximum velocity was achieved as the BMF accelerated into the 

phantom and achieved a fully developed velocity flow profile in both the AFX and 

CERAB model. Disturbed flow pattern was observed at AFX inflow especially at the ESV 

time point as shown in Figure 6-5(B). Flow reversal was observed during the end-systolic 

phase and re-circulation was noticeable in the AFX phantom (Figure 6-5(B)). In contrast, 

laminar and streamline flow was observed in the CERAB inflow without noticeable 

disturbed flow (Figure 6-5(E). 

 
Figure 6-5 Inflow patterns: (A) AFX at PSV time-point, (B) AFX at ESV time-point, (C) AFX at PDV 

time-point, (D) CERAB at PSV time-point, (E) CERAB at ESV time-point and (F) CERAB 

at PDV time-point 

 
3 https://vimeo.com/manage/427987384/general 
4 https://vimeo.com/manage/427996402/general 
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6.3.2 Bifurcation flow pattern 

Bifurcation flow pattern for AFX and CERAB at PSV, ESV and PDV time-points are 

shown in Figure 6-6. Disturbed flow was observed in the AFX stent in all three phases of 

the triphasic flow especially more pronounced during the end-systolic phase (Video 35, 

online only; Figure 6-6(A), (B) and (C)). In contrast, only slightly disturbed flow was 

observed in the CERAB configuration during the end-systolic phase (Video 46, online 

only; Figure 6-6(E)). 

 
Figure 6-6 Bifurcation flow pattern: (A) AFX at PSV time-point, (B) AFX at ESV time-point, (C) 

AFX at PDV time-point, (D) CERAB at PSV time-point, (E) CERAB at ESV time-point and 

(F) CERAB at PDV time-point. 

6.3.3 Hemodynamic comparison 

Table 6-1 summarizes the hemodynamic comparison (TAWSS, OSI and RRT) of 

AFX and CERAB at the inflow section and the bifurcation. The mean and range for each 

set of TAWSS, OSI and RRT data were determined and presented in the table. In addition, 

the p-values for each pairwise Student’s t-test between AFX stent-graft and CERAB 

configuration are also included in the table. The quantified hemodynamic parameters are 

in agreement with the observation of more disturbed flow in the bifurcation of the AFX 

stent-graft as compared with CERAB configuration. More details of hemodynamic plots 

of TAWSS, OSI and RRT along the vessel wall can be found in Appendix B. as compared 

with 28.8 +/- 42.1 Pa-1 and 87.7 +/- 158.2 Pa-1 for CERAB configuration.

 
5 https://vimeo.com/manage/428009757/general 
6 https://vimeo.com/manage/428016420/general 
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Table 6-1 TAWSS, OSI and RRT results at inflow and bifurcation for AFX stent-graft and CERAB configuration  

  TAWSS (Pa) OSI RRT (Pa-1) 

Region of  interest Stent Mean Range P-value Mean Range P-value Mean Range P-value 

Inflow 

 AFX (n=20) 0.185 0.036 -0.296 0.0048 0.316 0.207-0.475 0.283 55 8 -342 0.646 

 CERAB (n=22) 0.116 0.064-0.175 0.340 0.304-0.428 44 15-158 

Bifurcation 

Right Edge AFX (n=114) 0.074 0.013-0.186 0.0019 0.307 0.123-0.496 <0.001 134 13-1,744 0.351 

 

CERAB (n=61) 0.145 0.013-0.654 0.237 0.055-0.472 103 2-840 

Left Edge AFX  (n=57) 0.088 0.009-0.242 <0.001 0.339 0.217-0.482 0.93 273 9-3,603 <0.001 

 CERAB (n=12) 0.695 0.448-0.906 0.337 0.250-0.387 5 3-7 

Total AFX (n=171) 0.078 0.009-0.242 <0.001 0.318 0.123-0.496 <0.001 180 9-3,603 0.0086 

 CERAB (n=73) 0.229 0.013-0.906 0.252 0.055-0.472 88 2-840 
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6.4 Discussion 

In the current study, a new method in making transparent cover for AFX stent-graft 

was introduced. Laser PIV experiments were performed in AFX and CERAB flow 

phantoms. The images obtained from the experiments were processed and analysed to 

produce flow patterns, TAWSS, OSI and RRT for comparison. A more disturbed and 

oscillatory flow was observed in the flow pattern of the bifurcation region in the AFX 

stent-graft as compared to the CERAB covered stent configuration that showed an 

undisturbed flow pattern. This result was supported by the quantified hemodynamic 

parameters where TAWSS was lower in AFX and RRT was higher in AFX stent-graft as 

compared to the CERAB configuration. This was contrary to the hypothesis of our study. 

The AFX stent-graft designed for treatment of aneurysmal disease, but used by some 

surgeons for treatment of occlusive disease, has the advantage over a CERAB 

configuration because radial mismatch between the stented lumen and vessel lumen is 

eliminated due to its unibody design. Moreover, the aortic bifurcation is preserved 

permitting repeated long-term endovascular access. However, from flow pattern and 

hemodynamic perspective, this study showed that CERAB configuration potentially has 

the advantage of preventing thrombosis due to less disturbed flow, higher TAWSS, lower 

OSI and RRT as compared with AFX.  

TAWSS and OSI in this study ranged from 0.009 to 0.906 Pa and 0.1 to 0.496, 

respectively as compared with mean inflow WSS at PSV, ESV and PDV time-points of 1 

Pa, -0.3 Pa and 0.4 Pa; and OSI ranged from 01 to 0.2 at the bifurcation in the previous 

similar hemodynamic study [129] which is in line with this current study. In addition, 

WSS values ranging from 0 to 0.80 Pa and OSI values ranging from 0.01 to 0.49 were 

obtained in the CERAB results involving WSS study [33] also in agreement with our 

current study. There was a slightly more disturbed flow at ESV at the CERAB bifurcation 

in the current study compared with what was observed in the control model of the previous 

hemodynamic comparison study [129]. The higher WSS values in the CERAB 

configuration in the bifurcation could also be attributed to the fact that the flow transition 

from the bifurcation in the distal aorta to the iliac branches is more orderly with higher 

velocity near the boundary layer along the vessel wall which might provide protection 

from thrombosis. It is important to note that the TAWSS observed in both the AFX stent-

graft and the CERAB configuration at the inflow and at the bifurcation in this in vitro 

study were lower than the physiological WSS value of 0.5 to 1.2 Pa in human arteries 

[137-139]. In addition, the maximum value of TAWSS for CERAB at inflow was 0.906 
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Pa at the bifurcation which was significantly higher than 0.242 Pa for AFX therefore more 

protective of thrombosis for CERAB in the bifurcation region (p = 5.53 x 10-6). Since 

blood is not in direct contact with endothelial cells, due to the ePTFE graft material used 

in the covers of both AFX stent-graft and Atrium V12 stents, the graft material provides 

protection even though TAWSS might be below physiological values of 0.5 Pa [137].  

There are several limitations to our study: firstly, this in vitro study used polyurethane 

and LDPE for the modified transparent covers with coefficient of friction (0.12 to 0.70) and 

(0.20 to 2.5) respectively which are slightly higher than that of the original opaque ePTFE 

covers (0.05 to 0.10) therefore might influence the WSS. Secondly, the PIV method is a 

two-dimensional analysis of a three-dimensional flow phenomenon therefore only one slice 

of the 2D-flow pattern centred on the lumen could be recorded for each PIV analysis. 

Multiple slices would be required to get a more complete picture of 3D flow across the 

lumen as a whole, which could reveal areas of stagnant flow with low TAWSS in the helical 

CERAB configuration. Thirdly, the laser sheet was obscured by the renal branch of the 

AFX phantom therefore unable to capture PIV images upstream of the AFX stent-graft. An 

alternative approach would be to apply an infrarenal flow profile at the inlet directly using 

a roller pump [142], or a similar pump, in order to eliminate the renal branches in the flow 

model as to allow an unobstructed laser sheet entry into the model to produce complete 

AFX inflow. Finally, the proximity of the AFX to the renal arteries could explain part of 

the re-circulations in the inflow [33] which could generate strong flow disturbances that are 

less normalized at the AFX relative to the CERAB. However, clinically AFX is likely to 

be deployed nearer to the renal arteries than CERAB which remains low.  

The disturbed and oscillatory flow might have been caused by the inner skeleton of 

the AFX stent-graft, protruding into the vessel lumen. In addition, the infolding of the graft 

material could also be a factor as the stent-graft was slightly oversized. In the current study 

a transparent AFX device was designed, in order to enable laser-PIV, considered the gold 

standard of flow imaging. Future studies using the original AFX, in combination with 

ultrasound-PIV might confirm whether infolding of LDPE graft material contributed to 

the disturbed flow. Another future study using computational fluid dynamics (CFD) 

methods to simulate the experimental set-up can be performed to predict the 

hemodynamics of the 3D flow model. When the results of this study are combined with 

previous literature [129] the hemodynamic consequences of bare metal stent, covered 

kissing stents, CERAB configuration and the AFX stent-graft for treating AIOD can be 

compared. From a hemodynamic perspective, CERAB seems to have a slightly better 

performance compared with the other three types of stents. The AFX stent-graft has the 
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geometric advantage of eliminating radial mismatch but this is counteracted by disturbed 

flow in the bifurcation region. Therefore, it might be beneficial to investigate design 

improvement such as an inner ePTFE graft to smoothen the protruding strut links. This 

approach potentially reduces disturbed flow if it is to be considered a definitive treatment 

for occlusive disease rather than aneurysm for which it was designed. 

6.5 Conclusion 

In this in vitro study, it was found that the flow pattern of a modified AFX stent-graft 

was more disturbed in the bifurcation region and the associated low TAWSS and high OSI 

and RRT may predispose to thrombosis and are, thus, less desirable as compared to a 

CERAB configuration. Further investigations are warranted to confirm whether the in 

vitro hemodynamic results identified in this study are translated into the clinical setting 

and correlate with an increased incidence of thrombosis. 
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Preamble 

One of the limitations of the laser particle image velocimetry experimental set-up is 

that a complicated flow loop is required in order to obtain physiological flow in the 

aortoiliac bifurcation with a suprarenal flow profile as input. Two renal arterials with 

needle valves located in each renal artery plus two needle valves located at the iliac arteries 

and a compliance chamber located at the combined output of the iliac arteries are included 

in the flow loop in order to obtain the desired triphasic flow profile at the aortoiliac 

bifurcation. It is achieved by adjusting the resistances of the needle valves and the pressure 

of the compliance chamber to match the physiological velocity and pressure profiles at 

infrarenal inlet and iliac outlets.     

A novel roller pump was developed to mimic physiological flow profile based on the 

principle of reciprocating actuators. It was demonstrated that the novel pump is capable of 

generating carotid, suprarenal and infrarenal flow profiles matching those of human 

physiological flow profiles. The results of this innovation was published in the Artificial 

Organs journal on the 17th of February, 2020 in electronic format and print version was 

published on the 1st of August, 2020.  https://doi.org/10.1111/aor.13670   

This published journal paper begins with an abstract that summarizes the research 

topic, its main objective, methodology, results and conclusions. Outlined in the main 

section where material and method used to develop the novel roller pump was described 

in detail. Results section shows that the novel roller pump is capable of mimicking flow 

profiles at carotid, suprarenal and infrarenal arteries with similarity index ranging from 

0.96 to 0.99. The novel roller pump is deemed suitable for bench top testing. 

Computational Fluid Dynamics. 

  



Chapter Seven.  A Novel Roller Pump for Physiological Flow 

91 

7.1 Introduction 

Experimental flow phantoms for blood flow simulation are used by researchers to 

carry out experiments without subjecting living subjects to potential risk of injuries or 

damage to living organs. It is an indispensable tool for in vitro studies, especially in 

relation to the study of stenosis, aneurysms and failing heart valves. Furthermore, it has 

been successfully used by researchers to study and validate new treatment methods such 

as minimally invasive endovascular stent treatments [33, 129]. In addition, computational 

fluid dynamics (CFD) numerical method was validated by running particle imaging 

velocimetry (PIV) experiments with flow phantoms [133, 143, 144]. The requirements of 

flow setups to reproduce realistic arterial flow waveforms were reviewed extensively by 

Law et al. [145, 146], Holdsworth et al [146] and Hoskins et al. [147]. The basic 

requirement is that it must be capable of reproducing pulsatile flow mimicking human 

arterial flow physiology and that it is easy to program.  

These authors have also provided thorough reviews of previous work. Previous 

devices can be classified according to the type of pumps used in the setup i.e. gear, piston 

or roller/peristaltic. Gear pumps have been used by Groot Jebbink et al. [129], Boersen et 

al. [33] and Hoskins [147] to generate pulsatile waveforms. However, the disadvantage of 

gear pump is that suspended particles are easily damaged and it is sensitive to cavitation 

produced by the hydrodynamic action of the gears. Holdsworth, [146], Rudenick et al 

[148] and Poot et al. [149] simulated peripheral arterial flow with piston pumps. This class 

of pumps shares the general disadvantage of difficulty in programming. Standard 

peristaltic pumps were modified by Law et al. [145] and DouVille et al. [150] to generate 

physiological flow waveforms based on mechanical manipulation of the actuating back 

plate and computer control of the roller. This technique allows the generation of a limited 

number of waveforms however, it is difficult to program new waveforms and even harder 

to produce reverse flow which is physiological relevant to simulate.  

More recently Shkolnikov et al. [151] and Neto et al. [152] developed a roller-free 

peristaltic pump using actuators to produce pulsatile waveforms. However, these pumps 

were developed for use in microfluidic applications at low flow rates and are not suitable 

for larger arteries. The main limitation of the standard roller pump is that it generates 

approximately a sinusoidal waveform at low speed in rotations per minute (RPM) and 

approaches continuous flow at higher RPM to generate higher stroke volume which do not 

conform to human blood flow physiology. The reciprocating roller pump proposed here is 

an improved version, which circumvents the limitation of the standard roller pump with a 
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unique mechanical design, combined with precision digital motion control technology. 

Three types of vascular flow namely carotid, suprarenal and infrarenal flows were 

generated from a proof of concept prototype and the measured flow profiles were 

compared against reference flow profiles. 

7.2 Materials and Methods 

7.2.1 Experimental Flow Circuit 

A novel, reciprocating roller pump was developed based on the principle of 

reciprocating peristaltic movements on two parallel straight tracks as outlined in Figure 

7-1. The main pumping chamber consisted of two occluding rollers driven by two sets of 

2 Nm hybrid servo stepper motors (NEMA23, model number 57J1880EC-1000) and 

closed loop hybrid servo drives (2HSS57, Just Motion Control, Shenzhen, China) and two 

roller carriers driven by a further two sets of stepper motors and drives. Each occluding 

roller was mounted offset from the shaft of the stepper motor whereby the tubing can be 

occluded by rotating the shaft in one direction and released by rotating the shaft in the 

opposite direction. Each roller carrier was mounted on a linear guide and attached to a 

toothed belt (ZLW-0630 drylin linear guide, Igus, Cologne, Germany) driven by a stepper 

motor. An Arduino compatible, high speed microcontroller Teensy 4.0 (PJRC.com, LLC 

14723, SE Brooke, CT Sherwood, OR 97140 USA) with a 600MHz processor was used 

to generate control signals that drive the movement of the stepper motors.  

Smooth motion and low noise were achieved by means of micro stepping. Masterflex 

platinum-cured silicone tubing I/P82 (Cole-Parmer, Vernon Hills, Illinois, USA) with 

tubing internal diameter of 12.5 mm was used to contain carotid, suprarenal and infrarenal 

flows in this study. The tubing connected to a port located at the lower section of the 

reservoir to the pumping chamber is the inlet tubing whereas the tubing connected to the 

pumping chamber to a high precision ultrasound flow meter ES-Flow 1131 (Bronkhorst 

High-Tech B.V. Nijverheidsstraat 1A, NL-7261 AK Ruurlo, The Netherlands) is the outlet 

tubing. A blood mimicking fluid (BMF) comprising of 40% by volume of Glycerine 

(Sanofi Consumer Healthcare, 87 Yarraman Place, Virginia QLD 4014, Australia) and 

60% water by volume was used as a working fluid in the flow circuit as its density and 

viscosity approximates that of human blood.  

A flow loop was created by circulating the BMF from the reservoir to the pumping 

chamber via the inlet tubing and then to the flow meter via the outlet tubing and finally 
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discharging the BMF back into the reservoir to complete the flow circuit. The circulation 

was achieved by occluding the roller located near the inlet tubing in the initial position as 

shown in Figure 7-1 but not the roller located near the outlet tubing then moving the roller 

carriers away from the reservoir hence creating the first cardiac cycle. The next cardiac 

cycle is achieved by occluding the roller near the outlet tubing but not the roller near the 

inlet tubing and subsequently moving the roller carriers toward the reservoir. A continuous 

cycle is then created by alternating movement of the roller carrier between the two tracks 

of the pumping chamber. 

 
 

Figure 7-1 Experimental flow circuit. (a) Experimental flow circuit with ultrasonic flow meter 

and camera motion analysis set-up (b) Details of tubing occlusion mechanism and 

locations of fluorescent stickers 

7.2.2 Flow Profiles 

The flow rates at 10 ms intervals of a carotid flow profile based on Sousa et al. were 

digitized manually by placing a tracing graph paper on top of an enlarged copy of a 

periodic cycle obtained from a clinical Doppler ultrasound scanner as shown in Figure 7-2 

[153]. The flow rate at each time-point was calculated by multiplying the cross-sectional 
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area of the common carotid artery (CCA) by the average velocity. Assuming fully 

developed flow in CCA therefore average velocity is half of centre line velocity. Based on 

CCA diameter of 0.7cm and PSV of 76.43 cm/s [153], the flow rate at PSV time-point was 

determined to be 0.88L/min. A look-up table with 100 pairs of flow rate vs time values 

was then created for use by the in-house developed motion control software to drive the 

reciprocating roller pump. 

Figure 7-2 Manual Digitization of Flow Profile 

The suprarenal flow profile used in this study was based on Lee et al. [154] where 

the flow rate Q in L/min was represented by a trigonometric formula as shown in 

Equation (7.1) 

Q = C1+C2cos(2πt/T)+C3cos(4πt/T)+C4sin(2πt/T)+C5sin(4πt/T) (7.1) 

Where: 
C1=1.281, C2=0.064, C3=-1.03, C4=0.885, C5=-0.166, and t is the time in second. 

The period T and coefficient C1 were modified from 0.83 and 2.891 to produce zero 

End Systolic Velocity (ESV) and 60 beats per minute or 1 Hz (T= 1 s), resting heart rate 

to match the suprarenal profile used by Groot Jebbink et al. [129][1]. Infrarenal flow 

profile based on Fraser et al. [98][16] was digitized manually with 100 time points at 10 

ms intervals. The effective flow rate was adjusted from 13.3 to 12.5 mL and heart rate 

adjusted from 64.5 to 60 beats/minute. Table 7-1 shows the flow rate values at Peak 

Systolic Velocity (PSV), End Systolic Velocity (ESV) and Peak Diastolic Velocity (PDV) 

time-points for carotid, suprarenal and infrarenal flows. The flow profiles as shown in 
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Figure 7-3 were loaded into the roller pump Arduino sketch (Arduino IDE, Arduino 

Holdings, Somerville, MA, USA). 

Table 7-1 Reference flow rates at PSV, ESV and PDV time-points for carotid, suprarenal and 

infrarenal flow 

 Programmed flow rate at specific time-point (L/min) 
Flow Type PSV ESV PDV 

Carotid 0.880 0.319 0.520 

Suprarenal 3.500 0 1.453 

Infrarenal 4.250 -1.213 0.391 
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Figure 7-3 Reference flow profiles (a) carotid (b) suprarenal and (c) infrarenal flow 

7.2.3 Flow Profile Generation 

Flow profiles were generated based on human physiological resting conditions with 

effective volumetric flow rates of 0.36, 1.5 and 0.75 L/min or stroke volumes of 6, 25 and 

12.5 mL for carotid, suprarenal and infrarenal flows respectively. A stop watch was used 

to count the number of strokes per minute and the desired 60 beats/minute heart rate was 

achieved by adjusting the Heart Beat control knob on the user interface panel. The volume 

of BMF from ten strokes was collected into a 400mL graduated glass beaker (Pyrex 

No.1000, Corning Inc., NY, USA) from the outlet tubing and the stroke volume was then 

calculated by dividing the content in the beaker by ten. The desired stroke volume was 

achieved by adjusting the Stroke Volume control knob on the user interface panel. 

7.2.4 Flow Profile Measurements 

An ultrasonic flow meter (Bronkhorst ES-Flow 1131) with a minimum polling time 

of 10 ms was used to provide fast response and a real time display of the flow profile. In 

addition, twelve periodic cycles of a carotid flow profile were captured, stored and later 

retrieved for further analysis. Since the maximum flow rate for the Bronkhorst ES-Flow 
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1131 was 1.5 L/min, it was only suitable for carotid flow profile with a PSV flow rate of 

0.88 L/min. For flows with a PSV flow rate higher than 1.5 L/min, an indirect method 

based on motion analysis was developed to determine its suitability. A Cynergy3 

ultrasonic flow sensor (Type UF8B; Cynergy3 Components Ltd, Wimborne, Dorset, 

United Kingdom) was used to guide the set-up of the desired flow rate for suprarenal and 

infrarenal flows as it is able to measure flow rates up to 10 L/min with a 100 ms response 

time. An Apple iPhone 7 (Apple Computer Inc., 1 Apple Park Way, Cupertino, California, 

USA) mounted on top of the roller pump as shown in Figure 7-4(a) was used to capture 

images with 1280 x 720 pixel resolution at 240 frames per second and an in-house 

developed Matlab (MathWorks, Natick, Massachusetts, USA) script was used to analyse 

the movement of fluorescent stickers. The clarity of the fluorescent stickers was enhanced 

by illuminating ultraviolet light in a dark room during the recording as shown in Figure 

7-4(a). Segmentation of the images to extract the centroid position of the fluorescent 

sticker was achieved based on thresholding of the image as shown in Figure 7-4(b). A 200 

mm x 10 mm reflective tape (Scotchlite, 3M Company, Maplewood, Minnesota, USA) 

was used to calibrate the camera pixel dimensions in the captured image. The velocity of 

the centroid was calculated based on displacement of the centroid between two successive 

frames. Smoothing was applied by averaging five adjacent displacements to remove 

vibrations and lighting artefacts. The volumetric flow was determined by multiplying 

velocity and internal cross-sectional area of the tubing. For each flow type, twelve profiles 

were averaged for statistical and similarity analyses. 

(a) 

 

(b) 

 

Figure 7-4 Flow rate measurement by motion analysis. (a) Recording of fluorescent stickers with 

ultraviolet light and (b) Segmentation of a fluorescent sticker recording. 

Specific time points at Peak Systolic Velocity (PSV), End Systolic Velocity (ESV) 

and Peak Diastolic Velocity (PDV) in each flow profile as described were used to compare 

how well a flow profile generated by the reciprocating roller pump matched the reference 

profile that was programmed into the machine. In addition, cosine similarity was used to 
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compare measured versus programmed profile, where the similarity index is defined as 

given in Equation (7.2). 

similarity index =  cos (ɵ) =
𝐴·𝐵

||𝐴||||𝐵||
=  

∑ 𝐴𝑖𝐵𝑖
𝑛
𝑖=1

√∑ 𝐴𝑖
2𝑛

𝑖=1 √∑ 𝐵𝑖
2𝑛

𝑖=1

   (7.2) 

Where: 
𝐴 · 𝐵 is the dot product of two vectors: vector A contains the programmed values and vector B contains 

the measured values of the flow profiles. ||𝐴|| and ||𝐵|| are the magnitudes of the vectors A and B 

respectively.  

The resulting similarity index ranges from zero to one.  

7.3 Results 

Table 7-2 summarizes the test results comparing measured versus programmed flow 

profiles. Flow profiles measured directly from the ultrasonic flow meter and indirectly 

through motion analysis of the fluorescent stickers attached to pump roller matched well 

for the carotid profile with similarity indices of 0.97 and 0.99. Therefore, the motion 

analysis was deemed as a quantitative measurement method. In addition, similarity indices 

between measured and programmed profiles based on the motion analysis method for 

suprarenal and infrarenal flow profiles were 0.99 and 0.96, respectively. 

Table 7-2 Test results of comparison between measured and programmed flow profiles 
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Mean 
Std 
Dev  Mean 

Std 
Dev Mean 

Std 
Dev 

Carotid 
(Ultrasound 
Flow Meter) 

0.880 0.894 0.021 0.319 0.333 0.016 0.520 0.514 0.013 0.97 

Carotid 
(Motion 
Analysis) 

0.880 0.883 0.016 0.319 0.342 0.007 0.520 0.485 0.009 0.99 

Suprarenal 
(Motion 
Analysis) 

3.500 3.497 0.014 0 0.004 0.003 1.453 1.656 0.073 0.99 

Infrarenal 
(Motion 
Analysis) 

4.250 4.179 0.024 -1.213 -1.147 0.015 0.391 0.339 0.017 0.96 
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7.3.1 Carotid Flow 

Twelve cycles of carotid flow profile measured with ultrasonic flow meter method 

and motion analysis method are as shown in Figure 7-5(a) and Figure 7-5 (b). There was 

a small difference for flow rates at PSV time-point between even and odd cycles indicating 

a slight systematic difference between the two tracks of the pumping chamber. Figure 7-6 

shows the plots of mean flow rate with +/- one standard deviation (SD) for measured flow 

profile against the programmed profile. The measured carotid flow profiles for direct and 

indirect methods matched well with reference profile except, the PSV time-point for 

measured profile occurred about 0.1 and 0.05 second later as compared with programmed 

profile for direct and indirect method respectively. Measured mean flow rate and SD vs 

programmed flow rate at PSV, ESV and PDV time-points were: 0.894/0.021 and 

0.883/0.016 vs 0.880; 0.333/0.016 and 0.342/0.007 vs 0.319; 0.514/0.013 and 0.485/0.009 

vs 0-.520 L/min for ultrasonic flow meter and motion analysis method respectively. 

  

Figure 7-5 Carotid flow profile measured with (a) ultrasonic flow meter and (b) motion analysis 

method. 

 
Figure 7-6 Carotid flow profile measured vs reference 



Chapter Seven.  A Novel Roller Pump for Physiological Flow 

99 

7.3.2 Suprarenal Flow 

From Figure 7-7(a), flow rate at PSV time-point was consistent from cycle to cycle, 

however at PDV time-point, the flow rate from odd cycles were slightly lower than those 

from even cycles indicating a slight systematic difference between the alternating tracks. 

Figure 7-7(b) shows the plot of mean with +/- one SD for the measured flow profile based 

on motion analysis method against the programmed profile. Measured suprarenal mean 

and SD vs programmed flow rate at PSV, ESV, and PDV time-points were: 3.497/0.014 

vs 3.500, 0.004/0.003 vs 0 and 1.656/0.073 vs 1.453 L/min respectively. In addition, PSV 

time-point from motion analysis method was about 0.05 second sooner than reference 

whereas PDV time-point was about 0.05 second later than reference. 

  

Figure 7-7 Suprarenal flow profile. (a) Measured suprarenal flow profile (twelve cycle) (b) 

Measured vs programmed suprarenal flow profile. 

7.3.3 Infrarenal Flow 

Figure 7-8(a) shows a plot of twelve cycles when the pump was selected to generate 

infrarenal flow. The measured flow rate at PSV time-point based on the motion analysis 

method matched well with reference. In contrast, the measured flow rates at ESV and PDV 

time-points were slightly lower as compared with reference. In addition, these time-points 

also occurred about 150 ms later in the cycle compared with the programmed ESV and 

PDV time-points. The delay might be caused by backlash when the roller carrier was 

changing direction. Measured infrarenal mean and SD vs programmed flow rate at PSV, 

ESV, and PDV time-points were: 4.179/0.024 vs 4.250, -1.147/0.015 vs -1.213 and 

0.339/0.017 vs 0.391 L/min respectively. 
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Figure 7-8 Infrarenal flow profile. (a) Measured infrarenal flow profile (twelve cycles) (b) 

Measured vs programmed infrarenal flow profile. 

7.4 Discussion 

In this study, it was demonstrated that the flow profile generated by the reciprocating 

roller pump and measured with a high precision ultrasound flow meter matched well with 

programmed profile with a similarity index of 0.98. In addition, the magnitude of the 

measured flow rates at PSV, ESV and PDV time-points also matched well against reference. 

Moreover, it was also demonstrated that the indirect method based on motion analysis 

produced good results with a similarity index of 0.99 and well matched flow rates at PSV, 

ESV and PDV time-points therefore suitable as a surrogate flow measurement method. The 

main advantage of this novel pump compared with other commercially available pumps is 

its simplicity in generating peripheral flow profiles.  

Traditionally, two needle valves located at renal artery outlets, an air chamber and a 

needle valve in series located at the combined common iliac artery outlets representing a two-

element Windkessel were used [33, 129, 155, 156] to simulate vessel resistance and 

peripheral compliance in order to generate flow profile with reverse flow in the early diastolic 

phase. With the reciprocating roller pump design, it can produce back flow in the peripheral 

artery without the use of renal artery flow in the circuit, therefore it simplifies the flow circuit 

for in vitro studies involving infrarenal aorta, iliac, femoral and other peripheral arteries.  

In this study only flow profiles were measured and no resistance was applied at the 

outflow apart from the resistance created by the inline ultrasonic flow meter. Future work to 

accurately simulate in vivo blood pressure is required. In a real-time programmable pulsatile 

flow pump for in vitro cardiovascular experimentation, Mechoor et al. [157] reported that a 

feedback algorithm could reduce normalized RMS error by 5.5% in six iteration. A similar 

algorithm is being considered for the reciprocating roller pump where it might improve the 

accuracy of the desired flow rates at each time point.  
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Tubing material used in the roller pump was found to have different performance and 

durability, as investigated by G.J. Peek et al. [158], therefore it might be beneficial to 

conduct future studies to compare performance and durability of various biocompatible 

tubings and to identify an optimum tubing for the reciprocating roller pump. Another issue 

that may be of interest is to study the flow patterns after the pump. A non-invasive 

occluding roller may be added at either the inlet or the outlet of the roller pump to act as a 

pressure regulating or one-way check valve. In particular when looking at the valve at the 

inlet, this may be interesting to investigate swirling flow in the aortic arch.  

One of the limitations of the current study is that two ultrasonic flow meters were 

used. The high precision, fast response Bronkhorst ES1311 was used to guide set-up as 

well as measure flow profile with a flow rate of less than 1.5 L/min and to validate the 

indirect motion analysis method. The slower response Cynergy3 UF8B with a maximum 

sampling rate of 10 Hz was used to guide the flow set-up with flow rates up to 10 L/min. 

A fast response ultrasonic flow meter with sampling rate higher than 25 Hz, accuracy 

better than +/-1% and maximum flow rate >5 L/min or a Coriolis flow meter such as 

Bronkhorst M55 can be useful to validate the suprarenal and infrarenal flow profiles.  

The roller pump is a proven technology which has been widely used in 

cardiopulmonary bypass (CPB) and extracorporeal membrane oxygenation (ECMO) 

procedures [159, 160]. Its main advantage is the fact that there is no contact between the 

pump driving components and the liquid. In addition, the pumping chamber, i.e. the tubing 

is disposable [161], which ensures the sterility and avoids cross-contamination [162, 163]. 

The reciprocating roller pump can be programmed to ensure non-total occlusion of tubing 

therefore it has the potential to reduce damage to blood cells in these procedures. 

A cardiac pump patent based on the reciprocating roller design was submitted to 

Australian Patent Office on July 2018. Details of the patent can be found in Appendix E. 

7.5 Conclusion 

The reciprocating roller pump was capable of generating waveforms conforming to 

human physiology and closely matched the reference profiles therefore it is deemed 

suitable for use in experimental studies of vascular blood flow. It might also have the 

potential to be used in CPB and ECMO procedures due to its simplicity in design and low 

cost of disposable tubing. 
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Preamble 

CFD method is a special area of mathematics and a branch of fluid mechanics. It is 

applied routinely in a diverse range of safety-critical engineering systems, which is 

increasingly applied to the cardiovascular system. It has revolutionised the research and 

development of devices, such as stents, mechanical valves and ventricular assist devices. 

Combined with cardiovascular imaging, CFD simulation enables detailed characterisation 

of complex physiological pressure and flow fields and the computation of metrics that 

cannot be measured directly; for example, wall shear stress, oscillatory shear index and 

relative residence time. CFD models are also being translated into clinical tools so that the 

physicians could use them across the spectrum of coronary, valvular, congenital, 

myocardial and peripheral vascular diseases as they effectuate minimally-invasive patient 

assessment. Patient-specific modelling enables individualised risk prediction and virtual 

treatment planning. This represents a significant departure from traditional dependence 

upon ideal geometry, registry-based or population-averaged data. Model integration is 

progressively moving towards ‘digital patient’ or ‘virtual physiological human’ 

representation. When combined with population-scale numerical models, these models 

have the potential to reduce the cost, time and risk associated with clinical trials. The 

adoption of CFD modelling signals a new era in cardiovascular medicine. However, these 

computational methods are validated against the experimental data to assess their 

agreement with the actual measured physical quantities. Previous experimental validations 

of CFD have investigated anatomy including, carotid bifurcation [164-167], cerebral 

aneurysm [133, 168] and abdominal aortic aneurysm [169, 170] but none of the studies 

has investigated aortoiliac anatomy. 

This chapter compares the flow patterns and haemodynamic parameters including 

wall shear stress, oscillatory shear index and relative residence time between laser particle 

image velocimetry (PIV) in vitro method and CFD method in order to validate the CFD 

model at the aortoiliac bifurcation.    

  



Chapter Eight.  Comparison of Particle Image Velocimetry and Computational Fluid Dynamics Method 

105 

8.1 Introduction 

In Chapter 6, particle image velocimetry (PIV) method using the gold standard in 

flow imaging was applied to compare the flow patterns and haemodynamics between the 

two endovascular techniques, AFX stent-graft and CERAB configuration for the treatment 

of advanced aortoiliac occlusive disease (AIOD). In that study, the hypothesis that AFX 

stent-graft is a more superior technique in treating AIOD compared to CERAB 

configuration, due to its one-piece design eliminating radial mismatch and preserving the 

aortic bifurcation for possible future endovascular intervention, was proven. However, the 

experimental data revealed that low time-averaged wall shear stress (TAWSS), high 

oscillatory shear index (OSI) and prolonged relative residence time (RRT) in the 

bifurcation region and disturbed flow associated with AFX stent-graft contradicted the 

hypothesis that AFX stent-graft is a better technique than CERAB configuration. An in 

vivo study in either animal or human subjects should be able to confirm whether the 

experimental data can be translated to real-life clinical situations. In order to conduct a 

clinical study comparing the two endovascular techniques, two live subjects with identical 

anatomy are required, which is impractical to find in real life. In addition, the costs and 

risks associated with such in vivo experiments are high and difficult to justify. Thus, an 

alternative approach is to perform a CFD simulation, and the data have been validated 

with respect to cerebral aneurysm [133], thoracic aorta [134], intracranial aneurysm [135] 

and stenosed carotid bifurcation [171] using PIV method by researchers. The current study 

aimed to use haemodynamic results obtained from PIV experiments to validate the CFD 

simulation replicating the experimental set-up of the AFX stent-graft model.  

8.2 Material and Methods 

Haemodynamic parameters determined from PIV experimental method, as described 

in Chapter 6, were used as a reference to compare to the parameters obtained from CFD 

simulation method based on the same anatomically realistic aortoiliac model deployed 

with a modified transparent AFX stent-graft. The parallels between the two methodologies 

are as depicted in the flowchart, as shown in Figure 8-1. 
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Figure 8-1 Flowchart comparing PIV and CFD methodologies 

8.2.1 PIV Methodology 

The laser PIV experimental set-up (Figure 8-2) consists of two sub-systems. The first 

sub-system is the fluid circulation loop driven by a programmable hydraulic piston-driven 

pump (SuperPump) and the corresponding software Vivitest (Vivitro Labs Inc., Victoria, 

CA, USA). The reference is blood-mimicking fluid (BMF) comprising of water (44.1%), 

glycerol (34.5%) and urea (21.4%) with a refractive index optically matched to that of 

PDMS model and physiologically matched to that of human blood (dynamic viscosity 4.2 

mPa.s and density 1114 kg/m3) [172]. The pump draws the BMF from the reservoir, 

generates a physiological suprarenal flow profile with a mean flow rate of 1.6L/min, 60 

beats per minute (bpm) heart rate and circulates it through a CORRI-FLOW M55 Coriolis 

flowmeter (Bronkhorst High-Tech B.V., Ruurlo, The Netherlands) with an extended 

entrance length (20 x inlet diameter), a flow phantom, a compliance chamber, three units 

of UF8B ultrasound flow sensors (Cynergy3 Components Ltd, Wimborne, Dorset, UK), 

three units of needle valves and completed flow loop by returning the BMF to the 

reservoir. The needle valves were manually adjusted to achieve a mean pressure of 100 

mmHg and approximately 25% outflow or 0.4 L/min each at renal outlets and 

approximately 50% outflow or 0.8 L/min at the combined iliac outlet. In addition, the two 

iliac outlets were connected to a single compliance chamber. A DS44 hand-held 
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sphygmomanometer (Welch Allyn, Skaneateles Falls, NY, USA) was used to set the distal 

peripheral pressure between 80 and 120 mmHg.  

The second sub-system comprises of a continuous-wave laser (5 W DPPS laser, 532 

nm; Cohlibri, Lightline, Germany) projecting the laser sheet through a deflector to 

illuminate the flow phantom. Rhodamine-coated fluorescent polymethyl methacrylate 

particles (size 1–2 0μm; density, 1190 kg/m3) were suspended in the BMF solution 

enabling the visualization of the flow images. A high-speed charge-coupled device (CCD) 

camera (FASTCAM SA-Z; Photron Inc., West Wycombe, Buckinghamshire, UK) was 

used to capture the images at 1,024 × 1,024 pixels resolution and 8 bit/pixel greyscale 

intensity at a frequency of 2000 Hz. The camera was mounted with its optical axis 

perpendicular to the laser sheet. Two sets of images were captured for the AFX flow 

phantom at proximal inflow and bifurcation regions for ten cardiac cycles. Data were 

processed as described in section 6.2.4 to generate a flow pattern and haemodynamic 

parameters, including TAWSS, OSI and RRT. These PIV data were used to validate the 

corresponding results predicted with CFD simulation. 

 
Figure 8-2. Laser particle image velocimetry experimental set-up comprises (a) Vivitro pump, (b) 

extended entrance length, (c) Bronkhorst M55 Coriolis flow meter, (d) flow phantom, 

(e) compliance chamber, (f) Cynergy3 UF8B ultrasound flow sensor x 3, (g) needle 

valve x 3, (h) manometer, (i) flow meter display x 3, (j) reservoir, (k) laser source, (l) 

deflector, (m) high speed CCD camera, (n) laser sheet and (o) laser shield. 
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8.2.2 CFD Methodology 

In order to compare the PIV and CFD methods, the discretised models utilized to 

perform CFD simulation were matched to the physical models used in the PIV 

measurement. These include stent struts, PDMS Sylgard-184 model, exit lengths of iliac 

outlets and the associated resistance, compliance elements represented by needle valves 

and compliance chamber in the experimental flow circuit. Non-Newtonian fluid models 

were adopted by some researchers to study blood flow [173-176], while Newtonian fluid 

models were used by others to characterize blood flow in human arteries [177-179]. In the 

case of PIV experiment, the fluid flow is incompressible, isothermal, steady and 

Newtonian. Compatible to the experiment, the wall boundaries of the CFD model are 

assumed to be rigid and impermeable. Based on the maximum inlet volumetric flow rate 

of 68 mL/s, an inlet internal diameter of 2.5 cm, dynamic viscosity of 4.2 mPa.s and 

density of 1114 kg/m3 for the BMF; Reynold’s number of 1045 suggests laminar fluid 

flow. A generic finite volume laminar flow CFD code ANSYS-FLUENT 19.2 was utilized 

to solve the Navier–Stokes equations. Numerical solutions were obtained through the 

iterative algebraic multi-grid solver with the advection terms approximated via the second-

order upwind differencing scheme. Ansys Windkessel extension module7 was adopted in 

the CFD simulation to account for the Windkessel effects at the iliac outlets. In the present 

study, steady-state simulation was performed and convergence was achieved within 120 

iterations with 10-6 residual criteria. A fixed time step of 0.0005 s was adopted for transient 

simulations for three periodic cycles. Periodicity was observed at the third cardiac cycle 

with < 0.2% maximum iliac outlet pressure at the PSV time-point. The data from the first 

two cardiac cycles were discarded and only those of the third cardiac cycle were used in 

the subsequent analyses. 

8.2.2.1 Struts of AFX stent-graft 

The struts of the AFX stent-graft were physically measured using an Absolute 

Digimatic 0–200 mm #500-172-30 digital Vernier calliper (Mitutoyo Corporation, 

Sakado, Takatsu-ku, Kawasaki, Kanagawa, Japan). The diameter of the strut wire was 0.3 

mm, whereas the length of each individual strut varies from 15–25 mm. Four types of 

distinct linkages were identified in the AFX Stent-graft where the strut wires were joined 

to form a self-expandable stent as shown in Figure 8-3. The entire stent was reconstructed 

 
7 Source: https://catalog.ansys.com/product/5b3bc6857a2f9a5c90d32ee8/windkessel 

https://catalog.ansys.com/product/5b3bc6857a2f9a5c90d32ee8/windkessel
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using Ansys SpaceClaim Release 19.2, a 3D direct modelling CAD software (Ansys Inc. 

Canonsburg, PA, USA). 

 
Figure 8-3 Reconstructed AFX stent-graft showing four types of linkages used to 

join the strut wires together. 

8.2.2.2 Flow phantom 

The 3D CAD drawing generated by SolidWorks 2018 (Dassault Systems Concord, 

MA, USA) used to fabricate the PDMS model was first imported into Ansys SpaceClaim 

Release 19.2 software. A 40-micron thick LDPE film replicating the modified transparent 

cover of AFX stent-graft was then added to the inside wall of the PDMS model. Lastly, 

the struts of the AFX stent-graft created in section 8.2.2.1 were then inserted into the 

PDMS model to replicate the physical phantom shown in Figure 8-4. 
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Figure 8-4 Laser particle image velocimetry (PIV) and computational fluid dynamics comparison 

(CFD). A: Physical PDMS model used in PIV measurement; B: Equivalent digitized 

model used in CFD simulation. 

8.2.2.3 Boundary conditions 

In order to minimize the simulation time, a fully developed pulsatile flow profile was 

prescribed at the infrarenal aorta inlet. The extended exit lengths were added to the left iliac 

artery (LIA) and the right iliac artery (RIA) to minimize the end effects of the openings 

(Figure 8-5). Since an average flow rate of 1.6 L/min was generated by the positive 

displacement pump at the suprarenal aorta and equally distributed to the renal and iliac 

arteries in the flow phantom, a flow rate of 0.8 L/min was prescribed at the infrarenal aorta 

in the CFD simulation. Three-element Windkessel models were prescribed at LIA and RIA. 

The initial values of total resistance (RT) and compliance (C) at the iliac outlets were 

adopted from a previous study [117]. The 5.6% ratio of proximal resistance (Z) to RT and 

94.4% of distal resistance (R) to RT was adopted from another study [122]. Subsequently, 

R, Z and C were fine-tuned to produce an outflow of 0.4 L/min at LIA and RIA and a 

cardiac pressure of 80–120 mmHg. 
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Figure 8-5 Boundary condition set-up for CFD model. 
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8.2.2.4 Meshing 

Fluent meshing was used to generate polyhedral meshes. The three meshes 

were created for grid independence and periodicity convergence analyses. The 

coarse, medium and fine meshes with 51,564, 160,744 and 478,338 cells, 

respectively, were used in the CFD simulations as shown in Figure 8-6.  

 
Figure 8-6 Polyhedral meshes A: 46,806 cells coarse mesh, B: 160,132 cells 

medium mesh, C: 470,857 cells fine mesh.  
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8.2.2.5 Grid independence and periodicity convergence tests  

The hemodynamic parameters for inflow and bifurcation regions were determined 

based on the distance from the origin matching that of PIV analyses (Figure 8-7). The 

predicted maximum outlet pressure at the iliac arteries between the medium and fine 

meshes was at a discrepancy of 0.2%. Pair-wise Student’s T-test confirmed no significant 

difference between medium and fine meshes (P > 0.05). 

 

Figure 8-7 Region of interest in CFD simulation, (a) Inflow region, (b) bifurcation right edge and 

(c) bifurcation left edge. 
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8.3 Results 

8.3.1 Grid-independent convergence  

Figure 8-8–Figure 8-10 show the plots of TAWSS, OSI and RRT for coarse, medium 

and fine meshes, respectively, indicating little difference between medium and fine 

meshes. Students’ T-tests were used to compare the predicted TAWSS, OSI and RRT at 

the inflow and bifurcation regions (P > 0.05; Table 8-1 – Table 8-3). The values obtained 

led to the conclusion that the fine mesh could be employed in obtaining grid-independent 

solutions. Hereafter, the prediction results in the subsequent sections are based on fine 

mesh.  

(a) 

 

(b) 

 

(c) 

 

Figure 8-8 Results of TAWSS, OSI and RRT from CFD simulations in the inflow region for (a) 

coarse, (b) medium and (c) fine meshes.  

 

Table 8-1 P-values for Student’s T-test pair-wise comparison of TAWSS, OSI and RRT in the AFX 

inflow region for coarse, medium and fine meshes 

 TAWSS (Pa) OSI RRT (Pa-1) 
Mesh 

(elements) Mean Range 
P-

value Mean Range 
P-

value Mean Range 
P-

value 

46806 0.669 0.447 - 1.209 
 

0.308 0.177 - 0.458 
 

5 1.6 - 24 
 

0.720 0.049 0.241 

160132 0.653 0.689 - 1.535 0.340 0.148 - 0.498 26 1 - 877 

0.376 0.070 0.681 

470857 0.617 0.244 - 1.484 0.310 0.149 - 0.499 37 1.2 - 1028 
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(a) 

 

(b) 

 

(c) 

 
Figure 8-9 Results of TAWSS, OSI and RRT from CFD simulations in the AFX bifurcation right 

edge for (a) coarse, (b) medium and (c) fine meshes. 

 

Table 8-2 P-values for Student’s T-test pair-wise comparison of TAWSS, OSI and RRT in the AFX 

bifurcation right edge for coarse, medium and fine meshes 

 TAWSS (Pa) OSI RRT (Pa-1) 
Mesh 

(elements) Mean Range 
P-

value Mean Range 
P-

value Mean Range 
P-

value 

46806 1.554 0.621–2.595 
 

0.191 0.111–0.392 
 

1.7 0.5–7.5 
 

0.021 0.016 0.004 

160132 1.290 0.446–3.089 0.312 0.110–0.481 4.3 0.4–45.3 

0.796 0.588 0.224 

470857 1.256 0.391–3.818 0.221 0.112–0.460 3.1 0.3–23.5 
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(a) 

 

(b) 

 

(c) 

 
Figure 8-10 Results of TAWSS, OSI and RRT from CFD simulations in the AFX bifurcation left edge 

for (a) coarse, (b) medium and (c) fine meshes. 

 

Table 8-3 P-values for Student’s T-test pair-wise comparison of TAWSS, OSI and RRT in the AFX 

bifurcation left edge for coarse, medium and fine meshes 

 TAWSS (Pa) OSI RRT (Pa-1) 
Mesh 

(elements) Mean Range 
P-

value Mean Range 
P-

value Mean Range 
P-

value 

46806 1.878 1.412–2.502 
 

0.098 0.029–0.173 
 

0.7 0.5–1.4 
 

0.145 0.590 0.124 

160132 1.730 0.962–2.802 0.101 0.041–0.145 0.7 0.4–1.3 

0.404 0.206 0.290 

470857 1.665 0.901–2.435 0.106 0.051–0.130 0.8 0.5–1.3 
   

  



Chapter Eight.  Comparison of Particle Image Velocimetry and Computational Fluid Dynamics Method 

117 

8.3.2 Inflow pattern 

At the PSV time-point, the maximum velocity was achieved as the BMF accelerated 

into the phantom in both PIV and CFD methods. A disrupted flow pattern was observed 

at the left side of the aorta for both PIV and CFD, especially at the ESV phase (Figure 

8-11(B); Video 18, online only and Figure 8-11(E); Video 59, online only). The data 

obtained using PIV and CFD methods were consistent. 

 
Figure 8-11 Inflow patterns of laser PIV and CFD. A: PIV at PSV time-point, B: PIV at ESV time-

point, C: PIV at PDV time-point, D: CFD at PSV time-point, E: CFD at ESV end-point 

and F: CFD at PDV time-point 

  

 
8 https://vimeo.com/manage/427987384/general 
9 https://vimeo.com/manage/429844328/general 
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8.3.3 Bifurcation flow pattern 

The flow pattern at the bifurcation at PSV, ESV and PDV time-points for PIV and 

CFD methods is shown in Figure 8-12. The recirculation was distinctly observed, 

especially at the ESV phase in the PIV method (Figure 8-12(B); Video 210, online only), 

as compared to that in the CFD method (Figure 8-12(E); Video 611, online only).  

 
Figure 8-12 Bifurcation flow patterns. A: PIV at PSV, B: PIV at ESV, C: PIV at PDV, D: CFD at PSV, E: 

CFD at ESV, and F: CFD at PDV. 

8.3.4 Hemodynamic comparison 

Table 8-4 summarizes the results of haemodynamic comparison (TAWSS, OSI and 

RRT) between the PIV and CFD methods at the inflow and bifurcation regions. The mean 

and range for each hemodynamic parameter were calculated from the raw data, and P-

value of pair-wise Student’s T-test was included in the table; P > 0.05 indicated an 

agreement between the two methods, while P < 0.05 implied a disagreement between the 

two methods. 

 
10 https://vimeo.com/manage/427996402/general 
11 https://vimeo.com/manage/429849657/general 
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Table 8-4 TAWSS, OSI and RRT data at inflow and bifurcation for PIV and CFD 

  TAWSS (Pa) OSI RRT (Pa-1) 

Region of interest Stent Mean Range P-value Mean Range P-value Mean Range P-value 

Inflow 

 PIV (n=39) 0.185 0.036–0.296 <0.001 0.316 0.207–0.475 0.068 55 8–342 0.304 

 CFD (n=67) 0.617 0.244–1.484 0.310 0.149–0.499 37 1–1028 

Bifurcation 

Right Edge  PIV (n=114) 0.074 0.013–0.186 <0.001 0.307 0.123–0.496 <0.001 134 13–1,744 <0.001 

 

CFD (n=105) 1.264 0.391–3.818 0.221 0.112–0.460 3 0.3-24 

Left Edge PIV (n=57) 0.088 0.009–0.242 <0.001 0.339 0.217–0.482 <0.001 273 9–3,603 <0.001 

 CFD (n=72) 1.665 0.901–2.435 0.108 0.053–0.138 0.8 0.5–1.3 

Total  PIV (n=171) 0.078 0.009–0.242 <0.001 0.318 0.123–0.496 <0.001 180 9–3,603 <0.001 

 CFD (n=177) 1.406 0391–3.818 0.177 0.053–0.460 2.3 0.3–24 
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8.3.5 Hemodynamic plots 

Figure 8-13 to Figure 8-15 show the plots of TAWSS, OSI and RRT along the vessel 

wall at the inflow, bifurcation right edge and bifurcation left edge, respectively. 

(a) 

 

(b) 

 

(c) 

 

Figure 8-13 TAWSS, OSI and RRT plots at the inflow region for PIV and CFD methods. 

 

(a) 

 

(b) 

 

(c) 

 

Figure 8-14 TAWSS, OSI and RRT plots at the bifurcation right edge for PIV and CFD methods. 

 

(a) 

 

(b) 

 

(c) 

 

Figure 8-15. TAWSS, OSI and RRT plots at the bifurcation left edge for PIV and CFD methods. 
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8.4 Discussion 

In the current study, a new method to reconstruct the AFX stent-graft was introduced. 

CFD simulations were performed using a fluid flow model that replicated the PIV 

experimental set-up. The CFD results of TAWSS, OSI and RRT were compared to those 

of the PIV method using pair-wise Student’s T-tests. A poor agreement was observed 

between the two methods for TAWSS in the inflow region as the mean TAWSS of 0.617 

Pa predicted by CFD was significantly higher than 0.185 Pa measured with PIV method 

(P < 0.001). However, reasonable agreements were noted for OSI and RRT in the inflow 

region (P = 0.068 and 0.304, respectively). These values indicated no significant 

differences were detected between the OSI and RRT predicted by CFD and those 

measured with PIV method in the inflow region. Furthermore, the strongest agreement 

was for RRT in the inflow region, wherein the P-value was more than six-fold of the 

significant value 0.05. In contrast, a poor agreement was detected in the bifurcation region 

with P < 0.001 for TAWSS, OSI and RRT. Intriguingly, CFD over-estimated TAWSS and 

underestimated OSI and RRT in the bifurcation region. The mean TAWSS of 1.406 Pa 

predicted by CFD was significantly higher than 0.078 Pa measured by PIV method (P < 

0.001). The mean OSI of 0.177 predicted by CFD was significantly < 0.318, determined 

by the PIV experiment. Similarly, the mean RRT of 2.3 predicted by CFD was 

significantly lower than 180 by the PIV method. This was in agreement with the 

overestimated velocity in the CFD method as compared to PIV or ultrasound measurement 

methods, as reported previously [168, 171].  

The current study was in agreement with a previous study by Gallo et al. to validate 

CFD results with respect to PIV findings of pulsatile blood flow [134]. Also, the findings 

were consistent between PIV and CFD methods near the inlet section of the flow as 

compared to a weaker agreement close to the outlet section of the flow. In the study, the 

velocity magnitude in the downstream region of aortic flow showed a poor agreement with 

the experimentally measured counterpart. However, in the current study, a reasonable 

agreement of OSI and RRT between PIV and CFD methods was established with P = 

0.068 and 0.304 in the inflow region, respectively, as opposed to a poor agreement with P 

< 0.001 in the downstream bifurcation region. Raschi et al. [135] reported marked 

differences between PIV and CFD in regions close to the wall, in regions of slow flow and 

during the diastolic phase. This phenomenon could be ascribed to the poor agreement in 

the bifurcation region in the current study. 
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As pointed out by Bordone et al. [180], spatial velocity resolution might contribute to 

the discrepancies observed in the shear stresses between PIV and CFD methods because 

it is limited by seeding density of the 10-micron fluorescent rhodamine-B particles. Thus, 

it was speculated that the seeding density of the particles affected the spatial resolution of 

the PIV measurements, specifically those close to the flow boundaries. This phenomenon 

was evident when the overestimation of WSS by the CFD method was similar to that in 

the bifurcation region. 

The rigid wall was assumed in our CFD simulation; however, the PDMS phantom 

presented a Young modulus of 0.5–2 MPa [181]. Moreover, the silicone tubes used in the 

flow loop are also not rigid. When a compliant carotid model was compared to a rigid wall 

model, the peak WSS was reported to be 40% higher and TAWSS 19% higher in the rigid 

wall than in the compliant wall [182]. Although a wall-less PDMS was used in our PIV 

experiment, the dispensability of the PDMS phantom and silicone tubing could have 

contributed to the overestimation of TAWSS in our study. 

One of the limitations of our CFD model is that the struts of the AFX stent-graft 

reconstructed using 3D CAD software might not be the replica of the actual stent-graft and 

its position in the 3D model might not match perfectly with the model used in the PIV 

experiment. Scanning and reconstructing the phantom using a micro-CT scanner [133, 

168, 183, 184] might improve the accuracy of the CFD model. Secondly, the selection of 

the region of interest in the PIV method, as described in section 6.2.3, and the CFD 

method, as described in section 8.2.2.5, does not allow for a precise superimposition 

between the experimental and CFD geometries. This drawback could be overcome to 

improve alignment by embedding the ROI markers in the flow phantom such that the laser 

sheet can be aimed precisely in the PIV experiments, and the corresponding region of 

interest locations can be determined accurately when scanning the phantom with micro-

CT scanner for 3D reconstruction in the CFD method. Thirdly, the CFD scheme is a well-

validated laminar scheme for blood flow analysis based on the Reynold number < 2300; 

therefore, any transition from a steady flow to disturbed flow in the reverse flow phase is 

not accounted for in the CFD.  
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8.5 Conclusion 

In this comparison study, a disrupted flow was observed in the inflow and bifurcation 

regions, especially at the end-systolic phase in the PIV experiments in comparison to 

corresponding results from CFD simulations. The CFD predictions overestimated TAWSS 

in inflow and bifurcation regions resulting in poor agreement between the two methods. 

However, a reasonable agreement was established between PIV and CFD methods for OSI 

and RRT in the inflow region but a poor consistency in the bifurcation region. Thus, 

further improvements in CFD and PIV models are needed to overcome the inherent 

limitations in order to substantiate the use of CFD method as a clinical tool for diagnosis 

and provide an in-depth insight into the haemodynamic behaviour in vascular flow. 
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Conclusions and Future Directions 
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This thesis describes several chapters on AIOD. AIOD results from stenotic lesions 

present at the distal aorta, and the proximal iliac arteries are the most difficult stenoses to 

treat due to their complexity and location. The treatment using CERAB configuration and 

AFX stent-graft are addressed extensively. These chapters also address topics that 

combine biofluidics, medical insights and their clinical implications. The ultimate goal is 

to make an evidence-based decision to justify the choices in the treatment of AIOD to 

improve the long-term outcomes.  

9.1 Conclusions 

Regarding the first research objective, we combined the ideas of CFD simulations, 

design of experiment and multivariate regression tool and established a PSV predictor as 

a potential screening tool to supplement the current restenosis gold standard of a lesion 

with a PSV value ratio > 2.5 [158]. However, with 47% specificity and 83% sensitivity 

based on the retrospective studies, the PSV predictor is deemed unsuitable as a clinical 

screening tool.  

In the second research objective, we sought to test the hypothesis that AFX stent-graft 

is a more effective endovascular treatment of AIOD compared to CERAB configuration 

due to its one-piece design, eliminating radial mismatch and restoring the native bifurcation 

for possible future endovascular interventions. The results of the haemodynamic 

comparison between the two endovascular techniques demonstrated a disturbed flow in the 

bifurcation region of AFX stent-graft as compared to CERAB configuration. Subsequently, 

the quantified hemodynamic outcomes showed a significantly lower mean TAWSS of 

0.078 (range: 0.009–0.242) Pa, a significantly higher mean OSI of 0.318 (range: 0.123–

0.496) and a significantly prolonged mean RRT of 180 (range: 9–3,603) Pa-1 by PIV 

analysis in the bifurcation region of the AFX stent-graft as compared to a mean TAWSS of 

0.229 (range: 0.013–0.906) Pa, a mean OSI of 0.252 (range: 0.055–0.472) and a mean RRT 

of 88 (range: 2–840) Pa-1 in the bifurcation region of the CERAB configuration (P < 0.001). 

Thus, we could conclude that CERAB configuration is more protective of thrombosis and 

therefore, more effective in treating AIOD as compared to the AFX stent-graft in an 

experimental setting. 

Furthermore, a novel roller pump has been developed to resolve one of the limitations 

of the PIV experimental set-up that applied the suprarenal flow profile at the inlet of the 

phantom eliminating the renal branches and allowing a laser sheet to illuminate the inflow 

region of the AFX flow phantom. The measured flow profiles for the three types of 
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vascular flows, carotid, suprarenal and infrarenal, generated by the novel pump matched 

well with reference flow profiles. Thus, it could be concluded that the novel roller pump 

is suitable for benchtop testing of physiological flow.  

In addition, the study comparing the haemodynamics of laser PIV experiments and 

CFD simulations on the flow phantom deployed with a modified transparent AFX stent-

graft concluded that reasonable agreements were found between CFD and PIV methods for 

OSI and RRT in the inflow region. However, a poor agreement was established for TAWSS 

in the inflow region. Also, a poor agreement was noted for TAWSS, OSI and RRT in the 

bifurcation region, (P < 0.001). Further improvements to overcome the limitations inherent 

to PIV and CFD models are needed for better haemodynamic agreements between the two 

methods in order to validate the CFD model for clinical applications. 

Our data were validated by a well-developed method based on the parameters described 

in the literature. CFD is a well-established technique for the investigation of haemodynamics 

in cardiovascular disease. We also used laser PIV because it is the gold standard for in vitro 

flow studies of the cardiovascular system. Thus, AIOD researchers will gain a better 

understanding of flow pattern, velocity and haemodynamic parameters post-stenting. 

Clinicians might use our findings to select the appropriate type of stent for their patients to 

improve the diagnosis and monitor the patients following endovascular treatments. 

The de facto standard non-invasive flow measurement techniques in research 

laboratories are based on optical principles; the most prominent current method is laser 

PIV. One of the limitations of this method is that it is a 2D technique, thereby necessitating 

multiple experiments on a pseudo-3D flow field in the region of interest. However, the PVI 

method would not be able to measure components along the z-axis (towards/away from the 

camera). These components might also introduce interference in the data for the x/y-

components caused by parallax. These issues do not exist in stereoscopic PIV, which uses 

two cameras to measure all the three velocity components. A stereoscopic PIV will is 

expensive, and its data acquisition complex. In addition, the accuracy of the experimental 

results is dependent on the spatial resolution, and hence, a high-resolution camera, a small 

region of interest and thick laser sheet would produce better results but at a high cost. 

Another limitation is the use of class IV laser, a safety constraint. An alternative echo-PIV 

method is the emerging ultrasound PIV, but it not yet widely available. 

In summary, a PSV prediction tool has been developed as a potential screening tool to 

improve the diagnosis of patients treated with CERAB endovascular procedure; however, 
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the sensitivity and specificity are inadequate, thereby deeming the tool unsuitable for 

clinical practice.  

Herein, we concluded that CERAB is a more superior endovascular technique in 

treating extensive AIOD based on haemodynamic outcomes in comparison to AFX stent-

graft and CERAB configuration.  

9.2 Future Directions 

CFD simulations and laser PIV experiments avoid the use of live subjects and 

facilitate the investigation of the haemodynamics of human anatomy using an in vivo 

method. Our study improves the understanding of biofluidics of human aortoiliac 

bifurcation. These research findings would assist in the diagnosis and improve long-

term treatment outcomes. However, a few suggestions for further research are outlined 

as follows:  

− Future study to improve the predictive and CFD models. 

− Prospective studies to evaluate the sensitivity and specificity of the PSV predictor 

using a smart-phone application, as described in Appendix E.    

− Re-evaluate the PSV predictor with CFD simulations incorporating fluid-structure 

interaction to account for the non-rigid blood vessel.  

− In vivo study of the haemodynamics of AFX stent-graft and CERAB configuration 

using ultrasound image velocimetry (UIV) and compare with the laser PIV findings. 

− Perform laser PIV experiments using flow phantom embedded with markers and 3D 

reconstruction with micro-CT scanning for alignment of regions of interest between 

PIV and CFD methods and validate the CFD simulation. 

− Study the effect of various pulsatile flow profiles on the surplus haemodynamic 

energy (SHE), a surrogate measure of microcirculation during cardiopulmonary 

bypass procedure using a novel pump based on the design outlined in Appendix G.  

 

The computational resource will be a critical element of future research, especially 

supercomputer, might be required to carry out computational simulations involving 

resources that demand fluid-structure interactions.  
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Appendix A Design of Experiment 

Planning 

The region of interest in our study is the shaded section of aortoiliac bifurcation as 

outlined in Figure A.1. Based on literature review, Smedby[185] and Shakeri et al[101] 

found that iliac to aortic area ratio 𝑅 = (𝐷22 + 𝐷32)/𝐷12 and bifurcation angle (α) are 

potential risk factors for the formation of atherosclerotic plaque in the aortoiliac 

bifurcation. In addition, Fraser et al[98] have characterized the abdominal aortic velocity 

or infra-renal Peak Systolic Velocity (PSVin) for in vitro and in silico investigations.  

 
Figure A.1 A Basic Human Aortoiliac Bifurcation Model 
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Table A.1 shows the range of these three parameter values obtained in literature [98, 

101, 185] describing the aortoiliac geometry and physiology. 

Table A.1 Aortoiliac bifurcation geometry and physiology from references 

Parameter/ 
Control 
Factor  Symbol Unit Authors Mean 

Std 
Dev 

Upper 
Limit* 

Lower 
Limit* 

Infra-Renal 
PSV 

PSVin  m/s Fraser et al 0.454 0.128 0.2 0.7 

Iliac to Aortic 
Area Ratio 

R Dimensionless Smedby 0.78 0.038 0.71 0.84 

Bifurcation 
Angle 

Α Degree Shakeri et al 51 14 20 80 

*p=0.05 

CFD solver was used to solve the fluid flow problem governed by Navier –Stokes 

equations and to determine PSVmax for each combination of PSVin, R and α. Since there 

was no prior knowledge of the potential interaction effects between these three control 

factors on PSVmax, their two-way interactions were included in our investigations. To 

reduce the number of simulations, two levels for each of the control factors were used. 

Design 

The outputs from the planning were used as inputs to the design namely, 

− Number of control factors to be investigated 

− Number of levels for each control factor 

− Specific 2-way and 3-way interactions to be investigated 

Orthogonal Array is a partial factorial design used in the design of experiments to 

minimize the number of experiments or simulations, and yet be able to draw similar 

conclusions as compared to full factorial experiments. In order to choose a suitable 

Orthogonal Array, firstly the total Degrees Of Freedom need to be counted which dictates 

the minimum number of simulation runs. One Degree Of Freedom is associated with 

overall mean regardless of the number of control factors being investigated. As a general 

principle, the number of Degree Of Freedoms associated with a control factor is equal to 

one less than the number of levels being investigated. The Degree Of Freedom associated 

with interactions between two control factors is the product of the Degree Of Freedom for 
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each control factor. A suitable Orthogonal Array was selected based on the total Degree 

Of Freedom. In our case, 

− Number of control factors = 3 

− Number of levels per control factor = 2 

− Total Degree Of Freedom for 3 control factors = 3 x (2-1) = 3 

− Number of Interactions considered = 3 

− Degree Of Freedom for interaction = 3x1x1=3 

− Minimum no. of simulations=Total Degree Of Freedom (3+3)+1=7 

The Latin Square with symbol Ln(mf) is used as an Orthogonal Array representation 

where L stands for Latin Square and n is the total number of experimental or simulation 

runs, m represents the number of levels per factor and f is the number of factors. The 

Taguchi L8 (27) Orthogonal Array satisfies the minimum required number of simulations 

based on the Degree Of Freedom criterion [24]. The assignment of two levels for each of 

the three control factors based on references [14,17,23] and are as summarized in Table 

A.2. 

Table A.2 Assignment of 2-level control factors 

Control Factor 
Level 

1 2 

A PSVin(m/s) 0.2 0.7 

B R 0.71 0.84 

C α(Degree) 20 80 
 

A total of 7 control factors with two levels each can be assigned to the L8 (27) 

Orthogonal Array. The L8 linear graph as shown in Figure A.2 was used as a guide to 

assign each control factor to a column in the Orthogonal Array layout. The dots represent 

control factors and the line connecting the two dots represents the interaction between the 

two associated control factors. Since there are three control factors under our 

investigation, only three columns will be assigned i.e. columns 1, 2 and 4 whereas column 

3, 5, 6 and 7 were left empty so that their two-way interactions can be assessed. The 

interactions between columns 1 and 2, 1 and 4 and 2 and 4 appear in column 3, 5 and 6 

respectively. Column 7 is not connected to any control factor and therefore considered as 

an independent point or it can be used to estimate three-way interactions. 
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Figure A.2 L8 Linear Graph 

In our studies, interactions between Vin and R, R and α; and between α and Vin appear 

in column 3, 5 and 6 respectively as shown in Table A.3 

Table A.3 L8 Orthogonal array 

Stimulus 
Number 

Column 
Iliac to 
Aortic 

Area Ratio 
(R) 

Vin 
(m/s) 3 

Bifurcation 
Angle 

α(Degree) 5 6 7 

1 0.71 0.2 A1B1 20 B1C1 A1C1 A1B1C1 

2 0.71 0.2 A1B1 80 B1C2 A1C2 A1B1C2 

3 0.71 0.7 A2B1 20 B1C1 A2C1 A2B1C1 

4 0.71 0.7 A2B1 80 B1C2 A2C2 A2B1C2 

5 0.84 0.7 A2B2 20 B2C1 A2C1 A2B2C1 

6 0.84 0.7 A2B2 80 B2C2 A2C2 A2B2C2 

7 0.84 0.2 A1B2 20 B2C1 A1C1 A1B2C1 

8 0.84 0.2 A1B2 80 B2C2 A1C2 A1B2C2 

Factor Assignment 
 B A AxB C BXC AXC AXBXC 
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Appendix B Computational Fluid Dynamics 

Inlet Boundary Condition 

A pulsatile boundary condition was prescribed as the inlet velocity. Its profile was 

derived from [17] with a cardiac cycle of 0.93 second and PSV of 0.45 m/s at 0.14 second. 

The cardiac cycle of 0.93 second was kept however PSVin of 0.2 m/s and 0.7 m/s were 

used in these studies therefore the profile in the vertical axis was scaled proportionally. 

Figure B.1 shows the pulsatile inlet velocity profile with a PSVin of 0.7 m/s and the black 

dot indicates the PSVin at 2.0 second in the third cardiac cycle. 

 
Figure B.1 Pulsatile inlet velocity profile with a PSVin of 0.7 m/s and the black 

dot indicates the PSVin at 2.0 second in the third cardiac cycle 

Entrance length to Evaluate Velocity Profile 

A 220mm long cylinder with 20mm diameter was used to evaluate entrance length 

required to establish fully developed velocity profile.  The cylinder was created by 

SolidWorks CAD software and meshed with Fluent Meshing tools and then CFD 

simulation was performed by ANSYS Fluent 17.0 software using 0.2m/s as Plug Flow 

Velocity (PFVin) at the inlet, as shown in Figure B.2. Velocity profiles at 20mm intervals 

from the inlet were evaluated and it took about 120mm for the velocity profile to fully 

develop in the first cardiac cycle. However, the second and subsequent cardiac cycles did 

not fully develop into parabolic profile up to 220mm at the end of the cardiac cycle due to 

pulsatile nature of PFVin In all subsequent transient CFD simulations, entrance length of 

180mm was introduced to obtain a realistic velocity profile in the infra-renal aortic region. 

PSV at 180 mm from the inlet was then defined as the infra-renal PSV or PSVin as defined 
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in Appendix A, Figure A.1. The ratio of PFVin/PSVin for the 3rd cardiac cycle was found 

to be 0.927 in the cylinder model. For example, by applying a 0.927 m/s PFVin at the Inlet, 

PSVin of 1 m/s can be expected at 180 mm from the Inlet. 

 
Figure B.2 Velocity Profile Evaluated at 200 mm Entrance Length 

Intervals from Inlet 

Reading PSVmax in the Stented Segment 

PSVmax was obtained from CFD simulation by examining the velocity vectors in 

Common Iliac Arteries (CIA) in the stented segment 50 mm downstream from the 

bifurcation as shown in Figure B.3. After each CFD simulation, PSVin was checked to 

see if the desired value was achieved. Minor adjustment to inlet Plug Flow Velocity 

(PFVin) was made where necessary to achieve the desired PSV in and CFD simulation 

was repeated accordingly. 

 
Figure B.3 Instantaneous velocity profiles in the aortoiliac bifurcation 

model at peak inlet velocity 
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Grid Independence Tests. 

Polyhedral elements with boundary layers were meshed using unstructured Fluent 

meshing due to improved computational convergence and reduced computation time as 

compared with tetrahedral elements proposed by Spiegel et al [25]. Four types of meshes 

coarse, medium, fine and finer were used to test grid convergence mas shown in Table 

B.1. The CFD simulation was assumed to have achieved grid independence when further 

refinement of cells resulted in less than 1% change in the parameter of interest, in our case, 

PSVmax. Fine mesh with minimum 0.5 mm cells and about 100,000 elements were used in 

all the CFD simulations performed on a Dell Precision T1700 desktop computer (Dell 

Computer, Round Rock, Texas, U.S.A.), with a typical 1 hour computation time running 

8-cores in parallel. 

Table B.1 Grid independence test 

Mesh Type Min. Cell (mm) Cell Count PSVmax (m/s) Change* (%) 

Coarse 1.5 65,245 0.893 2.54 

Medium 1.0 73,861 0.915 1.30 

Fine 0.5 96,677 0.927 0.82 

Finer 0.25 124,982 0.920  

*from previous period 
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Periodicity Convergence Test 

The simulation was assumed to have achieved its periodicity when the changes in 

PSVmax at various time-steps are less than 1% from the previous cardiac cycle. Table B.2 

shows periodicity reached in the third cardiac cycle. 

Table B.2 Periodicity convergence test 

Cardiac Cycle 
(0.93s Period) Time Step (s) PSVmax (m/s) Change* (%) 

First 0.14 0.998  

 0.15 1.002  

 0.40 0.463  

Second 1.07 0.903 9.52 

 1.08 0.911 9.08 

 1.33 0.420 9.29 

Third 2.00 0.898 0.55 

 2.01 0.908 0.33 

 2.26 0.419 0.24 

Fourth 2.93 0.898 0 

 2.94 0.908 0 

 3.19 0.419 0 

*from previous period 
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Appendix C AFX Transparent Cover-Making Process 

Step Description Process 

1 Remove ePTFE cover from the original 
AFX stent-graft 

 
2 Cut LDPE film to the desired shape  

 
3 Heat-weld the LDPE films to form 

cylindrical shape 

 
4 Stitch the two parts wit sutures to form the 

LDPE cover 

 
5 Insert the collapsed stents into silicone 

tubes.  
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Step Description Process 

6 Insert collapsed stent strut into LDPE cover 

 
7 Pull silicone tube out of stent strut, it will 

self-expand in the LDPE cover. Stitch the 
three openings with suture.  

 
8 Insert collapsed LDPE cover into silicone 

tubes.  

 
9 Insert collapsed stent with LDPE cover into 

flow phantom 

 
10 Pull out silicone tubes, the AFX stent with 

LDPE cover will expand inside the flow 
phantom  
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Appendix D Hemodynamic Plots 

 
Figure D.1 Time averaged wall shear stress (TAWSS), oscillatory shear index (OSI) and 

relative residence time (RRT) plots at the inflow region of AFX-stent-graft 

and CERAB configuration. 

 
Figure D.2 Time averaged wall shear stress (TAWSS), oscillatory shear index (OSI) and 

relative residence time (RRT) plots at the bifurcation region of AFX-stent-graft 

and CERAB configuration. 
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Appendix E A Smart-phone Application for 

PSV Predictor 

(a) 

 

(b) 

 

(c) 

 

(d) 

 
Figure E.1 Smart-phone Application for PSV Predictor. (a) the PSV Predictor welcome 

screen, (b) user is prompted to enter geometric details of the aortoiliac bifurcation; 

these data were determined from routine follow-up using duplex ultrasound 

scanning, (c) user is prompted to enter details of cardiac pressures from ABI 

measurements, (d) upon entry of the requested data, the Predictor Application will 

perform prediction calculation and determine whether the predicted PSV fall within 

an acceptable range and display the outcome accordingly. 
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Appendix F Provisional Filing of Novel 

Cardiac Pump 
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Appendix G Provisional Filing of Cardiac Pump 

for Surgical Procedures 
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Appendix H Conference Proceedings 

The 9th Congress of Asian Society of Cardiovascular Imaging conference at the Le 

Meridien, Kuala Lumpur, Malaysia, 11 – 13 June 2015 
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One Curtin International Conference (OCPC) 2017 
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